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Abstract 
 

The approach employed in this research in resolving the challenge of welding induced stresses on 

the dissimilar material joints of cladded pipes and the aftermath of weld is unique in approach 

compared to other researchers in that the transient heat recorded with high temperature 

thermocouples (positioned at strategic points) and Pico logger uncovered the trend and rate of heat 

transmitted throughout the dissimilar material welded joint during welding. This further revealed 

that the rate depended on the nature of the material, the distance from the weld line, weld axis, weld 

start, the thermal conductivity of material, phase change and not just the assumed proximity to the 

heat source. Hence the thermocouple closest to the heat source was not necessarily the first to 

receive the heat neither received the highest amount of heat compared to the rest of the 

thermocouples, most especially those placed farthest. This was further validated with the aid of 

finite element analysis of the welded joint of dissimilar materials and was confirmed for different 

clad thicknesses. 

Butt welding of two dissimilar materials: stainless steel of grade AISI 316 and mild steel of grade 

CR4 was carried out with the aid of the tungsten arc weld at a voltage of 240v using metal filler 

elements of A15 copper wire and 304/316 SS filler metals for the carbon steel and stainless steel 

sections of the weld, at the Brunel University laboratory.  

In this thesis different thicknesses (2mm and 12mm) of stainless steel clad in the dissimilar material 

clad joints has been investigated using scanning electron microscope (SEM), EBSD, XRD and 

EBSD to examine the dissimilar interface region and carbides in adjacent clads to generate the 

diffusion interface occurring in the dissimilar welded joint in order to guarantee the structural 

integrity of the structures for improved product quality and reliability. This resulted in generation 

of diffusion representation of the microstructural occurrences by reason of the results obtained from 

the microscopic and macrostructural analysis which stands out from all other authors.  

The approach of resolving the thermally induced weld stresses using the Gaussian theorem also 

differs from the approaches of other researchers and proved effective in the FEA of modelling and 

validation of both thermal and stress models and with respect to the weld direction. It was 

discovered from the weld induces direction, the radial and axial shrinkage effects radial shrinkage 

increase with increasing angle of inclination whereas the axial shrinkage at lower increments differs 

from those at higher increments of the axial length – cause of creep effect experienced at higher 

shrinkages.   
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1 INTRODUCTION   

 

Welding is a fundamental joining technology which has been widely used for joining pipelines 

in the oil and gas industry. The weld joints are amongst the most vulnerable parts in the 

structural integrity failure assessments arising from such a system.  The thermal and 

mechanical loading in the process has a profound impact on the integrity of the pipeline over 

its service life. An accurate and thorough assessment of the process on the associated residual 

stress and its effect on the structural properties of the pipeline is necessary since the dynamic 

stress analysis carried out in this research resulted from thermal heating. This primarily calls 

for understanding the thermal distribution within such a system, even at the time of weld in 

order to appreciate the changes and stresses induced in the body or such system.  

Pipeline failure has been a frequent and severe occurrence around the world as a result of 

several factors such as ageing pipelines, environmental assisted cracking, corrosion of pipelines 

and fatigue. All these have posed a great challenge to pipeline operators and there is therefore 

the need for better design scenario to withstand all these factors. Single walled pipelines do not 

have sufficient strength to withstand the pressures from the environment, especially in deep 

offshore operations and also from the flowing fluid within the pipes. One way of solving this 

problem is to enhance the strength of the pipes with clad. The cladding of pipelines involves 

technology which enhances the mechanical properties of pipelines, enabling them to perform 

under stable conditions and prolong their life by improving the operating performance of the 

pipelines.  

As emphasis on health, safety, environment and security issues increases, pipeline operators 

will need to broaden their focus from the initial feasibility stage right through to operations. A 

major technical goal of these companies is managing the integrity of pipelines for incident-free 
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operation. Achieving this will allow them to continue the safe and reliable transportation and 

supply of oil and natural gas to their customers without adversely affecting people or the 

environment. Cladding is also used in other industrial practices such as nuclear industry to 

house fuel pellets and retain fission products, preventing direct contacts between coolant and 

fuel (Rajan, 2016). 

The safety and reliability of subsea pipeline in high consequence/impact areas is a flow 

assurance and pipeline integrity related project which aims at making the transportation of gas 

and oil feasible and convenient in all circumstances, if possible. 

The ability of man to harness/ optimize the situation begins with the investigation of welding 

and the aftermath of phenomenal occurrences (thermal and residual stress) which is key to the 

stability and duration of any pipeline because firstly, no pipeline is designed to be infinitely 

long in original length and secondly, if a structure is to fail, it will commence from the weakest 

point - the joint, which in this case is the welded joint.    

 

1.1 Background of Research 

 

Welding is a joining technology used in the fabrication and manufacturing process. The several 

benefits of welding as a joining technology include cost effectiveness, flexibility in design, 

enhanced structural integrity (by optimized design as a result of optimized weld parameters, 

reduced rate of failure and improved product life), and composite weight reduction.  However, 

thermal stress is usually initiated on the weld and the base metal (Lampman, 2001; Goldak, 

2005; Youtsos, 2006; Muhammad, 2008). Poorly welded joints result in leakages, pipe failures 

and bursts, which lead to possible environmental hazards, loss of lives and loss of properties.  
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The integrity of welded joints in pipelines and structures is crucial whether in the atmospheric 

environment or the marine environment, as encountered on the seabed of both shallow and 

deep offshore operations. The welding of cylindrical objects is complex and poses a source of 

concern in manufacturing processes. There have been attempts made in the past to investigate 

the weld induced imperfections at research centres and prestigious institutions however, 

majority of these emphases were placed on prediction of weld induced imperfections such as 

deformation and residual stresses in plates/ sheet welds and T-joints structures. Limited work 

and significant contributions (Javadi, 2015; Javadi et al, 2013; Yaghi et al., 2006; Jiang et al, 

2011; Sinha et al, 2013; Dar et al., 2009; Feli et al, 2011; Ren, 2016; Ren et al., 2018) were 

carried out for welding residual stress field distribution and effects on the structural integrity 

and performance of sheets rolled circumferentially welded thin-walled cylinders and the critical 

study of these structures is yet to be explored. This calls for immediate attention of complex 

phenomenon in these types of structures. The optimized design as a result of optimized weld 

parameters reduced rate of failure and improved product life of cylindrical welded shell 

structures that are cladded with dissimilar materials – these are the major contributions of this 

research. Two different thicknesses of the clad are considered and comparison of the 

performance with respect to the welded joint is explored in this research.  

Residual stresses are the internal stress distributions confined within the body of a material. 

Invariably, they are the stresses remaining in a body after all external forces have been 

removed. Although there are elastic residual stresses, and residual stresses without plastic 

deformations such as thermal misfit strains in parts with more than one material or chemically 

induced misfit strain, because of constraints in the deformation which can be elastic constraint 

or plastic constraint. In this research, stresses within the body are induced by plastic 

deformation within the immediate environment of the weld as a result of the heating and 

subsequent cooling of the clad metal, the filler material and base metal in a quick succession. 



  

4 
 

Research has shown that when weld-induced residual stress is of same magnitude as the yield 

stress of a material; it leads to deformation, thereby reducing the reliability of the welded 

structures (Dar et al., 2009). The issues concerning welding as a joining technology are many 

and varied. Variables that affect welding such as the weld type, temperature, component 

thickness and weld travel speed; all impact on the residual stress distributions. The impact of 

these variables is of key interest to researchers, as they continue to pose challenges to the 

industry. This is particularly true in regions close to the point of weld, where induced thermal 

stresses are most sensitive. Other operating factors affect the residual stress distribution in 

welded joints during service life such as thickness of the parent plate, boundary restraint 

applied during welding process, heat input supplied by welding (kJ/mm) and post weld heat 

treatment (Bate et al., 1997). 

Many experiments have been carried out in times past to enable a better knowledge of the 

relationships that exist between the residual stress distributions and weld factors such as 

melting point of metal, thermal conductivity, coefficient of thermal expansion, reactivity, 

surface condition and electrical resistance (Ebert, 1974; Frith & Stone, 2015). These 

experiments can be time-consuming and expensive thereby limiting the level of information 

that could be obtained about residual stress distributions. Advances made in numerical analysis 

especially Finite Element Analysis (FEA) or Finite Element Method (FEM) have made it 

possible for computational evaluations of residual stress distributions relevant to the weld 

factors either in conventional or intricately shaped engineering materials. In computational 

schemes it is possible to deploy known physics to bear on the determination of the effects of 

the above weld variables for most engineering materials towards the total design of structures. 

In effect, it is possible to properly evaluate residual stresses of welded joints using 

computational methods, provided it has a RAM of 32GB upwards, storage space of 250 GB 

upwards for storing and resolving complex geometries, and links to routine libraries of the 
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relevant physics. This means that the requirement for the computing facility is not fixed but 

dependent on the size and nature of the model and number of degrees of freedom, whether it is 

linear or non-linear. It has evolved into more developed platforms which enable most 

engineering designs to be resolved, such as ABAQUS software.  

 

1.2 Research Motivation 

 

All over the world, the issue of oil spillage on land and marine environments are common 

occurrences that affect the economic use of land as well as aquatic lives. In the Gulf of Mexico, 

there are over 17,000 miles of subsea pipelines gathering and carrying oil and gas from offshore 

wells to platforms and facilities offshore which are regulated by the Office of Pipeline Safety 

of the U.S. Department of Transportation (under code of Federal Regulations 49 CFR) and 

Minerals Management Services of U.S Department of the interior (under code of Federal 

Regulations 49 CFR) which regulates subsea pipelines. The potential significance of leaks in 

offshore pipelines gives rise to continuous efforts in documenting and reporting as well as 

analysing failures. Statistics shows that approximately 1000 incidents occurred between 1960 

to 1990, out of which 49 % were offshore pipelines due to corrosion and the corrosion induced 

failures have cause 2% of pollution with no fatalities. On the other hand, failures from maritime 

traffic accounted for 14% of the failures causing 90% pollution damage and several fatalities. 

In continued search for cost-effective safety and risk informed criteria design (in a particular 

case) four limit states are defined – serviceability (normal operation), ultimate (leak tightness), 

fatigue (crack propagation) and accident (rupture) (Antaki, 2005). 

Pipeline Hazardous Materials Safety Administration (PHSA) in 2010 reviewed several projects 

constructed in 2008 and 2009 with 20-inch or greater diameter grade X70 and higher line pipe 

in which the metallurgical testing results of failed girth welds in pipe wall thickness transitions 
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revealed pipe segments with misalignment of the pipe weld, improper bevel and wall thickness 

transitions, improper back welds and improper support of the pipe and appurtenances (Pipeline 

and Hazardous Materials Safety Administration, 2010).  

The restoration of ecological balance after oil spillage is normally associated with high cost of 

the clean-up operation and soil remediation. In Nigeria, pipeline bursts, oil spillage and 

consequent fire outbreaks have taken its toll on human lives, destroyed properties and have had 

a profound effect on the natural ecology. These pipeline bursts include those carrying refined 

petroleum products to the upper regions of the country and numerous incidents in the Niger 

Delta area carrying crude oil. Table 1.1 shows some notable pipeline disasters witnessed in 

Nigeria and the casualty figures (Newswatch, 2006). The majority of these oil pipeline bursts 

are traceable to defects in welds and or corrosion. It is possible that relative matters of pipeline 

integrity relative to the variables that affect weld joints may not have been properly considered 

ab initio.  

The prevention of these kinds of disasters is only possible through the curious determination 

of all variables that are involved in the design of pipeline integrity. This study is focussed on 

pipeline integrity with the aim of looking at two extreme design scenarios of thick and thin 

clads of pipeline welds. Improvements in pipeline integrity have been developmental, 

particularly with the availability of design software using digital computers. This enables 

structural shapes to be correctly evaluated using relevant physics prior to welding. Given that 

most of the pipelines in operation are ageing and could have been victims of poor weld design 

considerations, it is of research interest that weld design variables be properly considered 

through simulations and correlated to experimental works to see agreements in failure 

occurrences. Due to confidentiality of court cases currently ongoing with regards to failed 

welds, evidence is kept confidential. Weld temperature and weld thickness are considered to 

have a profound effect on the integrity of welds because they affect the strength of the material. 
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Depending on the heat intensity of the weld, it can affect the material property. Weld 

consumables have significant effect in determining the level of strength and integrity of the 

weld.  

Table 1.1 Some Notable Nigerian Pipeline Disasters – Failures 

 Date Location and Estimated Casualties 

1 May 2006 At least 150 killed in Lagos 

2 December 

2004 

At least 20 killed in Lagos 

3 September 

2004 

At least 60 killed in Lagos 

4 June 2003  At least 105 killed in Abia State 

5 July 2000 At least 300 killed in Warri 

6 March 2000 At least 50 killed in Abia State 

7 October 1998 At least 1, killed in Jesse 

   

Secondly, stress from welding is one of the bases for cracking and fracture in welded pipes. 

Prior to determining the crack propagation factor, it is expected that the stress should be 

determined and known, that is where this research finds relevance.  

There is the need for better design factors and enhanced weld scenario, as well as cladding to 

withstand a corrosive environment. Statistics from the International Energy Agency (IEA) 

show that over 50% of the world’s gas fields are very corrosive and up to 70% of the residual 

oil reserves comprising of crude oil contains a significant amount of carbon-dioxide (CO2) and 

sulfur which is corrosive, hence the need for long lasting pipes with six times its original life 

span (Miller, 2013).  
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1.3 Aims and Objectives 

 

The aim of this research project is to achieve a good knowledge of the relationship and the 

variations between the thermal effects and residual stress distribution in cladding pipes. 

 In carrying out this research the following objectives are being pursued: 

To resolve the intricacies of the heat transmission in the welded joints of dissimilar materials 

during Narrow gap GMAW welding of thick section materials.  

To resolve the modelling problem for multiple (seven) weld passes of narrow gap welding of 

thick sections of dissimilar materials joints by developing different models of the thermal weld 

passes. The modelling problem is interpretation and representation of thermal heat and residual 

stresses in the dissimilar material joints of the welded blocks and geometries using simulation 

since every modelling is unique according to the perception and understanding of the researcher 

and the approach to resolving the simulation is also unique. 

To resolve the modelling problem for residual stress distribution in (multiple) seven weld 

passes of Narrow gap welding of thick sections of dissimilar materials joints by developing 

different models of residual stress profiles of the welded joint in 3D pipe strip, 2D Plates, 3D 

clad pipe and clad plates. 

To gain better understanding of the effect of heat input on the mechanical properties and 

microstructures evolution of welding of dissimilar material joint with recurring reheating. 

Understanding the effect of solid-state phase transformation on the residual stresses of the 

dissimilar material joints of weld with respect to two different clad thicknesses. 

In summary, the above objects will be practically carried out via the following procedures: 
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I. Studying the effects of weld in order to understand the thermal analysis – especially in 

clad pipes 

II. Discovering the effects of thermal and residual stresses in dissimilar joint welds of clad 

pipelines 

III. Studying and discovering the occurrences on the HAZ of the welded joints of 

dissimilar materials – to investigate the reheating occurrences at the weld zone. 

IV. Determining the weakest point of burst of the welded dissimilar material joint 

V. Carrying out Finite Element Analysis (FEA) and Simulation of weld by the: 

a) Developing of 2D axis symmetric and 2D finite element models of pipes and plates for 

thorough examination of the thermal and residual stresses of the welded structure. 

b) Creating of a 3D Strip model of the Pipe for the studying of the thermal and residual 

stress analysis and distortions. 

c) Creating of a full 3D Pipe model and 3D Clad pipe and plate model for further analysis 

of the thermal and residual stress distributions. 

VI. Understanding the heat distribution during the welding process and its influence on the 

thermal stress formation via weld experiments and mechanical testing and laboratory 

investigations as well as FEA simulations. 

VII. Understanding the effect of microstructure on the mechanical performance of welds – 

recognizing the microstructural differences at the various weld regions: Heat Affected 

Zone (HAZ), Fusion Zone (FZ) and Parent Metal (PM) via examining the 

microstructures under different laboratory tests such as Electron microscope; SEM 

analysis XRD, EBSD and EDAX. 
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1.4 Research Methodology 

 

The research methodology employed in this research is combined FEA simulations of the 

various welds listed above and experimental welding backed up by mechanical tests and 

laboratory analysis as reported in this thesis. This entails a traditional arc weld process for 

joining two plates of differing thickness and materials together, carried out in the departmental 

laboratory at Brunel University, London. Two mild steel plates of 150 mm by 100 mm of 10 

mm thick, and two same sized stainless-steel plates of 2 mm thick were welded together along 

the 150mm line in multiple passes of 4 with a specific filler element: 304/316 filler wire for 

the Stainless Steel and A15 copper wires for the mild steel. Heat thermocouples are placed at 

different positions away from the point of welding according to the thermal results and plot of 

thermal analysis. Measurements are taken at 10, 20 and 30 mm from the weld line in both the 

stainless steel and mild steel plates. 

 

1.5 Main Contribution of this research work 

 

In spite of the fact that welding is one of significant processes of fabrication in the engineering 

industries, there is limited scientific understanding currently in productivity measurement and 

evaluation of welding processes. Since it is a manufacturing technique, welding provides a 

number of technical challenges to the welding community specifically the shop floor engineers 

involved in manufacturing of structures integrated through welding such as cladding. While 

joining components of structure together, via welding, the highly localized thermal gradients 

from welding result in high amount of stresses of the order of yield strength of the material 

within and around the weld vicinity causing significant deformation of the structures to be 

welded which in this case are dissimilar material clad. The weld residual stress and deformation 

can significantly affect and hinder the performance and reliability of the welded cladded 
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structures. Welding of clad pipes can result in a variety of complex microstructures due to the 

presence of dissimilar alloys. The difference in chemical composition and thermal properties 

will influence the integrity of the welded joint and can result in a crack susceptible 

microstructure. This calls for the need to critically investigate the residual stresses from the 

welding of these cladded dissimilar metals during the design and manufacturing phases in order 

to guarantee intended in-service use of the welded structures (Dar et al, 2009; Javadi, 2015; 

Javadi et al, 2013; Yaghi et al., 2006; Jiang et al, 2011).   

The contribution of this research is the investigation of the thermal phenomenal occurrences 

and stresses induced in the welded joint of the dissimilar material clad (double layer) as 

compared to same material joints and also the single weld layer of pipe welds which is the 

predominant manner of welding in pipeline industries – with respect to different clad thickness 

and especially examining the effect at the heat affected zones of the dissimilar welded joints. 

The need to investigate the recurrent reheating which takes place within the base metal and 

clad metal during the welding is very key. Investigating the recurrent reheating of the weld 

layers, intricately unveiling the occurrences at the dissimilar welded joints microscopically and 

macroscopically in order to explain how the findings enhance the performance of the welded 

joints. The approach utilized in carrying out the FEA modelling is unique from other authors; 

the FEA design of the welded joint is also different from previous authors. The high 

temperature thermocouples employed alongside pico-logger used for measuring the thermal 

responses and the thermal representation of transient heat which is synonymous to the rate of 

heat transfer during the welding process as well as the validation using the experimental data. 

There is the diffusion representation of the microstructural occurrences by reason of the results 

obtained which stands out from all other authors.  
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Efforts have been made in the past to examine weld induced weld imperfections in different 

universities across the globe and the emphasis have been on the determination of weld 

imperfections such as deformations and residual stresses in sheets single layer, T-joint 

structures, single layered pipe and same cladded material. Few significant contributions 

towards weld residual stress distribution and its effect on the performance and structural 

integrity of dissimilar material cladded pipes and the thorough investigation of this structure 

has not been fully discovered. As a result, the complex phenomena of welding and after math 

of welding in these types of structures both at macroscopic and microscopic scale requires 

urgent attention and focus of researchers to guarantee the structural integrity of the structures 

for improved product quality and reliability. It is expected that the method of approach using 

FEA, optimized weld parameters, reduced failure rates, improved product life are the major 

contributions from this research.  

In this thesis different thicknesses (2mm and 12mm) of dissimilar material clad joints has been 

investigated using scanning electron microscope (SEM), EBSD, XRD and EBSD to examine 

the dissimilar interface region and carbides in adjacent clads to generate the diffusion interface 

occurring in the dissimilar welded joint to guarantee the structural integrity of the structures 

for improved product quality and reliability. 

High corrosion resistant materials such as stainless steel possess good strength and are tough. 

Cladding provides corrosion resistance. The use of a clad layer on a base metal helps reduce 

the cost enhancing manufacturing outcome (TWI, 2007).   

The thickness of a clad layer usually varies from 2mm to 20mm and finds use in different 

welding techniques such as Gas metal arc welding (GMAW), manual metal arc welding 

(MMAW), submerged arc welding (SAW), flux cored arc welding (FCAW), laser deposition 

and gas tungsten arc welding (GTAW) (Smith, 1992; Smith, 2012; Davies, 1994; Frenk et al., 

1997, TWI, 2016). The clad (which in this case is a stainless-steel layer in the interior of the 
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pipe) provides the required resistance to abrasion, corrosion and oxidation, whereas the carbon 

steel is the base metal of the outer pipe and supplies the strength, increased thermal conductivity 

of the overall structure as well as ‘fabricability’. Refer to Figure 1.1 below.  

 

 

Figure 1.1Cladded Pipe Weld (TIP TIG, 2019) 

 

The contribution of this research is seen in addressing the welding between two dissimilar 

material joints. It is obvious that the demand for reliable long-lasting and very safe engineering 

facilities, mode of operation and working environment are in high demand in every industrial 

application. This spurs the need for joining dissimilar metals with the main aim of achieving 

enhanced and improved components with better mechanical and thermal properties (qualities), 

lightweight and outstanding performances, as well as prolonged in-service life for such 

facilities (Kah & Martikainen, 2014). An outstanding and effective weld between dissimilar 

metals therefore is one in which the strength of the weld equals the weaker of the two metals 

being joined. This invariably means great tensile strength and ductility to prevent failure in 

weld joint. This kind of desirable weld output can be achieved via several welding procedures, 

which will be discussed in-depth in chapter two (Materia, 2006). 

Substrate Layer 

Weld Zone 

Clad Layer 
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 It is of great importance to guarantee the integrity of the HAZ and the clad metal while 

ensuring the material properties of the base metal. Invariably, the metallurgy of the clad metal 

and base metal must be clearly understood. Since dissimilar metal joint is a major contribution 

to research at the fusion zone (FZ) and (HAZ), there is change in the structure and array of 

grains and chemical composition of the clad metal and base metal as well as the introduction 

of new elements from the filler metals. This then alters the chemical composition of the newly 

formed structure even more. All the above occur by reason of the increase in heat supplied to 

the weld metal in the course of welding, which subsequently alters the chemical composition, 

hence producing new compounds with different properties and microstructural array. In this 

research, the clad metal is the stainless steel AISI 316 and the base metal CR4 is carbon steel. 

The filler metals are 304/316 filler wire and A15 Copper wires respectively. 

There is the tendency for the base metal (also known as substrate layer) to dilute the clad metal 

(clad layer) therefore altering the corrosion resistance of the cladding. This calls for care while 

carrying out the welding. The age of low-cost and residual oil is gone. An account by the 

International Energy Agency states that seventy percent (70%) of the world’s reserve is made 

up of crude oil (consisting of high CO2/ CO2 or sulphur levels), which demands the use of 

corrosive material of a very high quality and standard. Data also shows that over fifty percent 

(50%) of the world’s gas reserves are very corrosive, which calls for the use of clad pipelines 

for transportation. (Miller, 2013). From a world economic view and analysis, corrosion costs a 

huge sum of money to treat. The World Corrosion Organization (WCO) last quoted it at $2.2 

trillion (roughly 3 percent of the world’s GDP). One trillion dollars which is equivalent to 45 

percent of the annual cost of corrosion is allocated to the petrochemical, oil and gas sectors. 

There is a huge request for material that can withstand challenging operating environments 

such as greater corrosion, higher pressures, greater tear and increasing temperatures. The use 
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of corrosion resistant clad pipes with higher strength and toughness is the best option in such 

cases. 

Advanced clad techniques in pipelines not only enhance the life span of the pipelines but reduce 

downtime and expensive repairs. This in turn saves several hundreds of thousands of dollars in 

hourly lost profits. Finally, it decreases emission to a minimal rate hence elongating the life 

span of the pipe by a factor of six times its original (Miller, 2013). 

 

1.6 Significant contributions and gaps covered in this research 

 

In carrying out this research additional information has been obtained in uncovering the fact 

that further understanding on the continuous reheating at the welded joint is required. Also 

investigating the trend of transmission heat and confirming that the welding is independent of 

the path travelled. Finally, new, and more specific systems have been developed which are 

applicable to both pipe and plate. (Kursun T., 2011; Sun, 2012; Jiang, 2013; Steel, 2016; Acar, 

2017; Roa, 2004; Shin, 2012; Dean, 2006; Bate, 2005; Di Gioacchino, 2015; 

Lakshminarayanan, 2010; Das, 2016; Feli et al, 2012). 

Ren (2018) investigated the residual stress in narrow-gap multi-pass X65 pipe steel girth weld 

in as welded condition and after global and local post weld heat treatment procedures using 

neutron diffraction technique. While Yao focussed on the post heat treatment of only one 

material configuration and compared results with 2D FEA model of the weld (Ren, 2018), this 

research focussed on 3D FEA model of the weld investigating the fact that recurrences of re 

heating took place via the different clad thicknesses and also studied that over two different 

clad thicknesses of dissimilar material welded joints.   
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The suggestion for further work no 4 in the research above, stated as follows: The work can be 

extended to a wider scope. As only one material configuration was studied in this work, the 

findings regarding the residual stress distributions and magnitudes in narrow-gapped multi-

pass pipe spool before and after furnace/local PWHT weld were not sufficient to be 

standardized for general (narrow-gapped weld) cases. It is suggested to perform large numbers 

of residual stress evaluation on girth welds with various thicknesses or R/t ratio values to 

provide related residual stress profiles in BS7910 and R6. 

The above has been carried out in this research. The neutron diffraction measurements of 

residual stresses will be considered as future work to be done on different clad thicknesses. 

In order to verify the outcome of the PWHT carried out at the welded joint, neutron diffraction 

measurements of residual stress were employed (Ren, 2018). To further verify and prove the 

existence of continuous reheating occurring within the welded zones of the dissimilar material 

joints in this research, further microscopic lab investigations of the weld macrostructures were 

carried out and the results truly confirmed the fact that continuous reheating took place 

throughout the welding process and at the welded joints of the dissimilar materials. This was 

also confirmed from past findings of researchers on reheating occurrences for post welds.  

If there exists continuous reheating at the welded joints and of interest in this research, within 

the dissimilar material joints of the weld; it calls for the need to investigate the manner, nature 

and especially trend of the distribution of heat that was transmitted during the welding of the 

dissimilar welded joints (how that it was dispersed within the joint) especially because heat 

input will introduce residual stresses at the welded joints. 

As recommended in the R6 procedure, in order to obtain representable analyses, it is preferable 

the material properties up to melting point (Tm) are measured instead of using literature values. 

This can be applicable for both temperature-dependent thermal and mechanical properties. 
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With the aid of FEA modelling, factors such as transient heating and cooling curves were 

developed and compared with the measured values and it was discovered that a good agreement 

existed to verify the trend of heat distribution within the welded joint. Also the 3D FEA model 

of the stress distribution in the different clad thicknesses of the dissimilar welded joints were 

simulated in a model to predict the post-heat treatment residual stress and this had similar stress 

distribution both in the pipes and through the thickness models of the post-heat treated samples. 

Due to the limited availability of material, equipment and cost, the study on local reheating in 

the dissimilar material joints cladded only examined the effect of (heating) and weld 

macrostructures as well as 3D FEA simulation (Kursun T., 2011; Sun, 2012; Jiang, 2013; Steel, 

2016; Acar, 2017; Roa, 2004; Shin, 2012; Dean, 2006; Bate, 2005; Di Gioacchino, 2015; 

Lakshminarayanan, 2010; Das, 2016). 

In the FEA simulation, the reading and stress distribution along the weld direction have been 

shown to be independent of the order in which the weld is carried out unlike the findings 

obtained in past literature such as (Feli et al, 2012). 

 

1.7 Outline of Thesis 

 

This thesis is divided into six chapters as listed below: 

CHAPTER 1: Introduction  

This chapter illustrates the significant contributions of the research alongside the relevance of 

the research. It points out the thermal effects of welding as it concerns the HAZ and also the 

residual stress induction and distortions which occur in plates and circumferentially welded 

pipe joints or cylinders as well as the factors that inspired the research. If a pipe is to fail, it 

begins at the weakest point, which is the welded joint. This is fundamentally the inspiration 
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behind this research – the failure of pipeline welded joints. The aims and objectives of the 

research are clearly pointed out alongside the layout of the research. 

 

CHAPTER 2: Literature Review 

Work that has been previously done is discussed in this chapter. It portrays findings and 

contributions to the situation and shows the challenges that arise with pipeline failure, clad and 

weld joints. The evolution of FEA in this trend of research and findings is also highlighted. 

The effects of weld parameters on the Fusion Zone (FZ) and HAZ are also enumerated, as well 

as live cases of pipes bursting. They have been thoroughly studied and highlight the key factors 

behind the failures. 

 

CHAPTER 3: Experimental Studies  

This Chapter describes the experimental laboratory work carried out in this research. Ranging 

from the actual welding processes right through to clarifying the approach to tackling these 

challenges encountered in welded pipeline joints and clad joints. This was further followed up 

by undertaking some mechanical tests such as the Charpy impact, indentation and tensile, as 

well as laboratory analyses on SEM, XRD and EDAX. All the tests and microscope analyses 

are discussed under the three major subheadings of methodology, results and discussions. The 

experimental setup for welding, precautions taken (safety standards) and array of 

thermocouples as well as heat recorded. The results obtained from the above experiments 

described in chapter three were clearly presented in tables and with figures, charts and graphs. 

Special care was given to details of how the different results complement each other and further 

verified the findings and expectations from the research. It is important to note here the 

practical demonstration of how the weld parameters affect the (FZ) and especially, the (HAZ). 
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CHAPTER 4: Thermal Analysis (FEA)  

The thermal effect of welding is discussed in this chapter. The result of the FEA thermal 

analysis of the pipeline and plate are discussed and plots of transient thermal cycles and axial 

temperature distributions displayed. The plots of temperature versus time are also plotted. 

Beginning with the FEA Simulation carried out with the Abaqus software the comparison of 

the FEA thermal cycles and those of the weld experiments carried out in the laboratories and 

weld parameters are displayed and further analysed.  

The geometries were considered, as well as the material properties and choice of meshing.  

 

CHAPTER 5: Stress Analysis (FEA)  

The technique of structural analysis, as well as boundary conditions applied, are discussed. 

Contains the plot of the residual axial stresses at different cross sections both on the external 

and internal surfaces of the pipe strip, pipes and plates. Validation of simulated residual stress 

results using measured stress results in plates and pipelines. Welding distortions are mentioned 

briefly. Welding residual stress fields and axial stress fields are displayed using FEA.  

 

CHAPTER 6: Discussion and Conclusion 

Discussions and interpretations of both experimental findings and FEA results (to prove the 

validity of thermal and residual stresses within clad pipes and plates), a summary of key 

findings within the research, suggestions for further work, and conclusions are all highlighted 

here. 
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2 LITERATURE REVIEW 

 

2.1 Introduction 

 

The chapter on literature review discusses the heat effect of welding and microstructure, 

advancement in high strength steels and their relevance both in offshore operation - subsea 

pipelines and structures in general. It also expatiates on the different techniques of joining with 

particular focus on welding of high strength steels, residual stresses and the techniques 

involved in its measurements, cases of weld failure and finite element analysis, simulations of 

welding in both clad and non-cladded plates and pipes as well as contributions by this research.   

It further uncovers the failure scenarios and the experimental and numerical simulation in plates 

and also in pipes; dissimilar material which is the research focus, alongside the deformation in 

welding and welding techniques, will also be discussed. The advantages in the choice of weld 

utilised was also discussed, as well as the principles governing the different techniques and 

choice of methods employed both in experimental and simulated stages of this research.  

The need for clean energy and transportation of higher volumes of oil and natural gas via high 

pressure steel pipelines have resulted in demand for large quantity of steel for fabrication and 

installation of many pipelines all over the globe (Hwang et al, 2005; Zhao et al, 2011). Pipelines 

have also been in extreme conditions and environments like the artic, seismic regions and 

permafrost where high performance line-pipe steels with high strength, good weldability, 

superior corrosion resistance and low temperature toughness are promising candidate materials 

for fabricating pipelines (Shin et al., 2007; Hashemi & Mohammadyani, 2012; Kolhe & Datta, 

2008).  As a result, HSLA line-pipe steels have evolved from X60, X70 to currently X80 and 

X100 grades (Asahi et al., 2004;Yan et al., 2009; Fairchild et al., 2004; Koo et al., 2004; Asahi 

et al., 2004) in the last decades. These pipelines undergo internal pressures up to 15 MPa and 

higher in low ambient temperature of -40 oC and lower (Hwang, 2005). These applies to X70 
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steels with wall thickness up to 40 mm and for X80 and X100 line pipe with wall thickness of 

25 mm and below (Bai & Bai, 2005; Koo et al, 2004). Increasing the operating pressure while 

using thinner pipelines implies reduction in fabrication and transportation costs (Shin et al., 

2007; Hashemi & Mohammadyani, 2012; Hwang, 2005; Kolhe & Datta, 2008).  

With the progress in mechanical properties of steel and methods of production such as thermo-

mechanical control processing, quenching and tempering processes, high strength steel 

structures have found variety of applications because the properties of high strength steels and 

high-performance steels have availed engineers innovative solutions to fabricate enhanced and 

economical steel structures.  

Examples of high strength steel which have been utilized in building notable structures in 

different geographical locations include Sony Centre in Germany which employed the S460 

having a nominal strength of 460 MPa and S690 having a yield strength of 690 MPa; the 

Beijing Bird’s Nest Olympic Stadium using steel with yield strength of 460 MPa and the Star 

City hotel and Latitude building in Sydney Australia employed steel products with the yield 

strength of 690 MPa (Shi et al., 2014). Other structures around the globe include Freedom 

Tower in New York French cable-stayed road bridge Millau Viaduct (Qiang et al., 2012; Kitada 

et al., 2002; Gao et al., 2009). 

 

2.1.1 Offshore Pipelines 

 

The current trend in onshore pipelines is towards line pipe such as grade X70 with a wall 

thickness of up to 40 mm, this is however too thick for offshore applications because 

installation will require bending and deforming of the pipe. The thickness of pipe wall ranges 

from 15 – 25mm in the North Sea because the water depth is partially low. Also, in the North 

Sea, a large offshore pipeline project in grade X70 is operated by Statoil which connects Karsto, 
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Norway with Dornum, Germany being 600 km long and having a dimension of 42 in. OD and 

25 mm to 30 mm wall thickness. In 1990s Europipe finished the development of grade X80 

pipe 48 in. OD and 18.3 mm to 19.4 mm wall thickness for offshore pipelines and the use of 

commercially manufactured large diameter X80 pipe for long transmission pipelines has been 

verified (Bai & Bai, 2005). 

Series of pipes in offshore application have been supplied for qualification testing with regards 

to laying of pipe and with the help of a joint industry project referred to as EXPIPE, the 

engagement of X80 line pipe for export pipelines was approved (Bai & Bai, 2005). 

Low alloy steel pipelines such as X65 is the current material employed for operating in sour 

service (Bai & Bai, 2005), therefore with the aid of chemical composition during the fabrication 

of the steel, the formation of nucleation sites for hydrogen-induced cracking (HIC) is 

prevented. Currently, the trend in production depicts great potential for the development of 

higher grades up to X80 for slightly sour conditions (Bai & Bai, 2005). 

Grade X70 is being utilized for high transmission lines in several countries even for high 

pressure transmission lines on land. Suppliers include Sumitomo for Canada, Malaysia and 

Bangladesh; Nippon Steel for USA, UAE, Columbia and Malaya and NKK for Canada and 

Vetco Gray. In addition to the above, a pipeline project installed in July 1997 for BP in the 

North Sea, entailed laying grade X70, subsea pipeline 74 km long and 24-in. OD pipeline 

having a wall thickness of 25.8 mm (Bai & Bai, 2005).  Britannia also laid a subsea pipeline in 

the North Sea same period having dimensions of 190 km in length OD of 28 in. and wall 

thickness of 17.5 both of which were welded using the Passo GMAW (Bai & Bai, 2005). Passo 

is the latest development of automatic GMAW/FCAW welding system designed for both 

onshore and offshore pipeline construction (S and J lay) and the main highlights and advantages 

of this is high weld quality and repeatability controlled by a customized software in real time 

all welding parameters (Bai & Bai, 2005). Shell Oil Mensa installed an offshore subsea pipeline 
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in the Gulf of Mexico in 1997 having dimensions of 100 km long and an OD of 12 in. with 

wall thicknesses of 19, 21 and 32 mm which was installed using phoenix mechanized GMAW 

with shaw mechanized UT and likewise the subsea Norfra pipeline in the North Sea has an OD 

of 42 in. and is 840 km long (Thorbjornsen et al, 1997; Bai & Bai, 2005). 

The density of the structure determines the weight which is vital in ascertaining weightlifting 

structures such as crane since there is a strong drive in the crane manufacturing industry to 

increase the loading capacity. High strength steels which are suitable materials for cranes 

enables lighter and more slender structures which reduces the dead weight of cranes efficiently 

enhancing loading capacity and economic consumption of fuel (Shen et al., 2012; Khurshid et 

al., 2012). The use of high strength steel also contributes towards cost savings on design of 

lighter cranes with less material consumption and utilization hence reducing fabrication costs 

(Siltanen et al., 2015; Zhang et al., 2012).  

 

2.2 Manufacturing Processes of Cladded Pipes 

 

In dissimilar material clads, two major type of bonding are being employed – metallurgical 

bonding and mechanical bonding. The former entails the use of chemical bonding between a 

substrate and a coating area that a close proximity and contact or diffused evenly example laser 

cladding (Xu et al., 2015). Heat treatments by post spraying dispersions are employed to 

augment this bond. Metallurgical bonding can further be grouped into Ferrous metallurgical 

bonding and non-ferrous metallurgical bonding. While Ferrous bonding incorporates the 

technique and alloys that are iron-based and is responsible for 95 % of worldwide metal 

production known as black metallurgical bonding; non-ferrous metallurgical bonding 

comprises of alloys and processes based on varieties of metals and is referred to as coloured 

metallurgy. Metallurgical bonding establishes the balance between the two different materials 
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being bonded together using the following specific properties – strength, corrosion resistance, 

toughness, fatigue resistance, weight, hardness, performance in extreme temperatures and cost. 

Cladded metal pipes are manufactured via techniques that entails joining of a tube blank and a 

coaxially disposed pipe section received therein and subsequently the combination of an 

extrusion of resultant tube blank pipe to create an internally clad pipe of required specification. 

With internally directed pressure the pipe section inserted into the tube blank is radially 

expanded simultaneously, following the application of axial force in order to maintain the 

expansion of pipe section after the extraction of the applied internal pressure, and axial force. 

A completely fabricated pipe is formed via a combination of mechanically joined tube blank 

pipe hence it is fully fabricated to form a finished pipe of exact specification containing 

diffusion bond in between material layers consisting the internally clad pipe which refers to 

both pipe section and tube blank. 

There are several processes of manufacturing cladded metal pipes and internally clad metal 

pipes. These include extrusion, centrifugal casting, roll welding and internal-pressure plating.: 

1. Extrusion – involves inserting a metallic inner pipe known as clad into a metal pipe such that 

an alloy which possesses low melting-point is plated onto the internal circumferential surface 

of the outer pipe acting as a bonding device. Next is the evacuation of the bonding surface by 

heating intermediate space between both pipes to 1100 oC such that the bonded metal alloy 

melts and diffuses between the two pipes. The pipe combination is then hot-extruded (U.S. Pat 

No. 4,744,504, November 4, 2003).  

2. Centrifugal casting – entails the casting of molten metal into a metal pipe mounted on 

bearings which rotates about its axis, distributing the molten metal evenly across the internal 

circumference and along the length of the metal pipe during its rotation. 
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3. Roll welding – This technique entails the bending of roll-clad metal plates to form a pipe 

which is welded together along the longitudinal axis (USA Patent No. 5,940,951, August 24, 

1999). 

4. Internal-Pressure plating – This is the insertion of an internal thin walled pipe known as 

internal cladding into a metal pipe and by reason of internal pressure, this is further pressed 

onto the inner circumferential surface of the outer pipe German patent 4,406,188 (Rhoden, 27 

October 1943) 

In each processing there are several manufacturing stages which makes the overall cost of 

fabrication expensive and less competitive when compared with the costly conventional 

cladding, however the ultimate goal is to simplify the fabrication procedure for cladded pipes 

such that corrosion resistant solid monowall pipes in order to attain an affordable price and also 

to ensure that the fabrication of clad pipes and internally cladded pipes is fundamentally alloys 

of metal and metals. Cladding usually entails the interior conveys the end product or fluid and 

it is corrosion resistant stainless steel or nickle based alloy while the exterior is made up of 

material such as carbon steel or low alloy steel and in some cases similar material. Cladding 

can be double layered or more, although best practise entails cladding is a single layer. There 

are some cases where cladding in pipe is made of low material such as carbon steel; it is 

advisable that the interior of the pipe be made of higher quality material such as stainless steel. 

There is therefore the application in fabrication whereby a cladded pipe is a single layer 

internally clad pipes and the procedures for this fabrication of clad metals are as follows (USA 

Patent No. 5,940,951, August 24, 1999): 

1. Pipe section having shorter length and greater wall thickness in comparison with the final 

product which eventually becomes the coating of the clad is inserted into a tube blank of equal 

length with the pipe section and having an external diameter which corresponds to the internal 

diameter of the tube blank and also of equal great thickness as the final product. It is observed 
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that the pipe section fits accurately after matching the opposite circumferential surfaces of the 

tube blank and the pipe sections to be metallically bright.  

2. Placing the pipe section subject to internal pressure such that it fits flush on the inner 

circumferential surface of the tube blank, dispelling the air between the tube blank and pipe 

section so that the pipe section is also (upset) in the axial direction. 

 3. The combination of the pipe formed from the tube blank and the upset and expanded section 

of the pipe is heated in one motion to the ultimate and required specification. (USA Patent No. 

5,940,951, August 24, 1999) 

 

2.3 Heat Effects of Weld 

 

The process of carrying out welding using an arc welding process entails melting down the 

base metal. In this research, it also involves melting down the clad metal. During the course of 

carrying out the welding, filler metals are also melted, such that the solution formed by heating 

up all these materials and holding them at that range of temperature long enough to permit the 

diffusion of constituents into this molten solution and cooling down rapidly in order to maintain 

these constituents within the solution. The aftermath of this procedure generates a metallurgical 

structure positioned in-situ the material which supplies superior tensile strength. The bulk of 

the material immediately after the fusion zone which has its characteristics altered via the weld 

held is termed Heat Affected Zone, denoted as HAZ.  Figure 2.1 (below) shows how the volume 

of material within the HAZ undergoes considerable change. This can be advantageous to the 

weld joint, but also non-beneficial in some circumstances. 
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Figure 2.1 Heat affected zones as viewed under an electron microscope. This a single layer weld and 

shows a cross-section of the HAZ (Menon, 2017) 

 

The findings and relevance are focussed on the heat affected zone and the effects of the thermal 

analysis on the heat affected zone, as well as the effect of the thermal and residual stresses on 

the heat affected zone. The heat-affected-zone (HAZ) is a region of the base metal which 

undergoes alteration in its metallurgical properties even though not melted, by high thermal 

energies during welding or high heat cutting. The HAZ which has differing lengths, depths and 

widths also differs in areas of severity (affected by heat), undergoes the heating and cooling 

cycles, which in turn generates the changes in the HAZ. These changes could be metallurgical 

in which case; they induce stresses that subsequently reduce the strength of the material, or 

generation of nitrides within the HAZ affecting the weldability. The profile of hardness varies 

across the HAZ and the microstructure and consequently, corrosion resistance or cracking 

(Milella, 2013; Du Toit et al., 2006; Lau et al, 1985; Taniguchi & Shigesato, 2015; Mithilesh 

et al, 2013; Lu et al, 2011). During welding the precipitation of carbides at grain boundaries in 

a stainless-steel or alloy causes it to become susceptible to intergranular corrosion. This is 

known as sensitization. When certain alloys are exposed to temperature (sensitization 

temperature), they become particularly susceptible to intergranular corrosion. The 

characteristics of weld such as high localized stresses and hardness can be enhanced by 
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regulating the pre- and post-weld heat treatment conditions (Lee et al, 2014; Leggatt, 2008; 

Olabi & Hashmi, 1996). 

The physical attributes of HAZ can also be altered. The extent to which the physical and 

metallurgical properties are altered is dependent on factors such as the filler metal, the quantity 

of heat imputed into the weld and the base material. The size of the HAZ is controlled by 

parameters such as time of exposure to heat, the welding speed and Ampere of current used in 

carrying out the welding (Yousefieh et al., 2011; Karimzadeh et al., 2005; Mourada et al., 2012; 

Inspatguru, 2016; Insectioneering 2016).  

Furthermore, the nature of the weld type utilized is that of a narrow band gap, which is not only 

a new technology in welding but finds great relevance in welding thick sections between 

pipelines, especially in oil and gas transmission lines. If an engineering structure is going to 

fail, it will start from the point of the weakest joint which is the welded joint. This calls for the 

need to pay close attention to the weld joint and minimize failure to as low as possible. This 

means that the weld root which is the beginning point of the weld needs to be narrowed in size 

as is the case with the Narrow gap weld.  

 

2.3.1 Weld Induced Residual Stresses and Distortions 

 

Local plastic deformations produce residual stresses which are in turn caused by the sudden 

heating up and gradual cooling of defined regions within metal. More often than not, these 

regions are restricted domains within the metal. The weld region cools down to solidify rather 

quickly generating residual tensile stress in that region, while consequently maintaining the 

remaining parts of the metal at residual compressive stress.    
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Figure 2.2 illustrates the transverse and longitudinal residual stresses present in centre cross 

sections of a rectangular plate. Longitudinal stress decreases with increase in distance from the 

centre of weld; having been generated from a successive heating and cooling series constrained 

by the metal within its immediate environment. It further diminishes (zero value) along the 

longitudinal path and tends towards compression in the transverse path.  

Welding is basically the localised heating of edges of joints to form a new structure. Stresses 

are generated which are not uniform in nature within the material by reason of the heat 

introduced thereby causing expansion and contraction of the material. Compressive stresses 

are induced in the parent material with low temperature by reason of the hot weld pool which 

heats up the immediate environment known as the HAZ. When the weld pool cools down, 

tensile stresses are formed because the parent material then resists the contraction of the weld 

pool and the adjoining HAZ (Lucas et al., 2016). 

The amount of thermal stresses introduced into the metal is determined by the change in the 

volume of the weld on cooling to room temperature. A typical example could be seen from the 

welding of carbon manganese (CMn) steel which shrinks on cooling down by 3%. This also 

impacts on the volume of the HAZ which shrinks further by 7% as it approaches room 

temperature. When the amount of stresses from the weld which is in form of thermal expansion 

and contraction; surpasses the yield strength of the parent metal, deformation sets in within the 

immediate environ of the weld zone, the HAZ (Lucas et al., 2016). This deformation can take 

the form of longitudinal shrinkage, buckling, angular distortion, bowing and dishing, as well 

as twisting.  
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When a structure is subjected to a weld process, its structure changes, subsequently altering its 

dimensions (Kovacevic, 2012). If this occurs when all external thermal forces are absent, it is 

referred to as welding induced distortions - an alternative distortion caused by the welding 

process, (Masubuchi, 1980) as illustrated in Figures 2.2 and 2.3.  

 

 

Figure 2.3 An experiment showing weld deformations.  (a) and (b) show the side view of a deformed 

12 mm clad weld not properly clamped into position. (c) and (d) show the same deformation, but with 

a 2mm clad weld. 

 

Figure 2.2 Schematic of Deformation in Weld (Soul & Hamdy, 2012) 
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Input heat and weld gives rise to deformation. It is possible to measure the heat input into the 

system from the heat source. The stress in the longitudinal direction is generated by the 

contraction in weld length. The stress in the transverse direction is caused by the contraction 

of the weld width and the angular stress is generated from the geometry of having more weld 

in the cap than in the roots and as a result, there is more concentration which gives rise to the 

bending of the material (Leggart et al, 2008; Leggatt, 2008; Teng et al, 2001; Radaj, 2002, 

Long et al, 2009; Changa & Teng, 2004; Colegrove et al, 2013; Rossiniab et al, 2012, Chang 

& Lee, 2009; Nowegian, 2012). 

The factors responsible for distortion in the welded sample shown in Figure 2.3 are as follows: 

the technique of welding, design of joint, characteristics of the parent material, part fit-up and 

quantity of restraint. The welding technique impacts directly on the quantity of heat inputted 

into the system, thereby affecting the extent of distortion caused within the weld system. The 

criteria for the selection of welding technique is dependent on suitability of weld purpose, and 

the meeting of the required demands, as well as the delivery of quality. The welder is limited 

in his control over the distortion. The design of the joint is an important factor in determining 

the distortion in a weld system. Wide gaps such as fillet and butt joints allow for distortion. In 

order to avoid or reduce this distortion, a different type of joint such as a double-sided fillet is 

employed which brings the thermal stresses at equilibrium throughout the plate thickness 

(Hicks, 1999; Lancaster, 1992; TWI, 2016). 

Characteristics of the parent material, such as specific heat in a unit volume and coefficient of 

thermal expansion also impact on the distortion of the weld system. The coefficient of thermal 

expansion induces stresses and distortions into the weld system via repeated expansion and 

contraction of the system during the course of the welding. Since the coefficient of thermal 

expansion in stainless steel is higher than that of mild steel, it has a greater chance of 
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undergoing more distortion. The greater the restraint the more the residual stress and likelihood 

of cracks being introduced into the weld metal and HAZ. 

Part fit-up is expected to be at same elevation, so as to minimise deformation to only 

permissible limits. It is best practice to reduce the size of the weld gap as wide gaps will require 

a greater quantity of weld metal to fill it, thereby increasing the extent of distortion. Light spot 

welding of the joints in place or tacking of the weld joints is necessary to limit movement. 

The level of restraint is an important factor to consider, because the more the restraint on 

movement of the weld system, the less the residual stresses caused by distortion. The weld 

components are held in place by whatever possible means (spot welding of surfaces and G 

clamps etc.) to minimise displacements while welding and especially the distortion of the base 

and clad metals while cooling, as observed in Figures 2.3 (a and b). 

 

2.3.2 Weld Failure and Weld Imperfections 

 

There are several weld defects such as porosity, cracking, inclusions, lack of penetration, 

lamella tearing, lack of fusion and undercut.  The most common weld imperfections are poor 

weld bead, porosity and cracking. Each one poses a threat as it results in high stress intensity 

which leads to abrupt failure after less load cycles than expected in the case of cyclic loading 

or failure below the design load.  

Porosity can be traced to the trapping of gasses in the microstructure of the filler area. The 

HAZ material consists of several regions which experience thermal cycles with progressively 

decreasing peak temperature from the fusion boundary. The Fusion Zone is created by heating 

above the melting point. Porosity is fundamentally caused by the presence of absorbed 

hydrogen in the weld pool which produces visible pores within the weld metal on cooling. 
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Hydrogen is present in water vapour in the shielding gas (air) which absorbs moisture from the 

surface contaminants of filler wires and parent metals as well as the surrounding area.  

 

Figure 2.4 Failed weld 2mm clad 

 

The consolidation of the weld metal and the parent metal via heating, results in diverse 

distortion arrangements (Conrardy et al, 2006; Abid & Siddique, 2005; Dong et al, 2016; 

Rammerstorfer et al, 1992; Ikeagu, 2007) as shown in Figures 2.3 and 2.4. Residual stress and 

distortions in circumferentially welded thin-walled cylinders vary from the conventional 

cylinder, in that the projected distortions radial deflection and axial shrinkage play very key 

roles in the deformation of the welded pipe. When the welded pipe undergoes shrinkage in the 

circumferential direction, this produces a bending moment M, a circumferential force F and a 

shearing force Q to the cylinder (Ueda et al, 1986). The combination of these three forces 

generates a stress state which is different from that of a welded plate (Vaidyanathan et al, 1973; 

Xiangyang, 2002). The diameter of a pipe, welding sequence and procedure, thickness of the 

pipe wall as well as the geometry of the weld collectively affect the residual stress orientation 

within that pipe (Lee & Chang, 2008; Malik et al, 2008).   
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2.3.3 Heat effect on mechanical properties and microstructure of welded joints 

 

Since welding is a process that generates spontaneous heating and cooling within a component 

by reason of molten heat and solidification the heat given off from the source creates thermal 

cycles which in turn gives rise to the heat affected zone. The rate of cooling is a vital factor 

which affects the evolutions in microstructures in the HAZ or FZ (Gianetto et al, 2012). 

Thermal cycles possess certain traits such as high temperature, minute retention time at peak 

temperature and quick heating and cooling successions which generates changes both in the 

mechanical properties of the weld component such as strength, toughness and hardness; and 

within the weld microstructures in the fusion zone and HAZ (Poorhaydari et al, 2006; Harrison 

& Farrar, 1989). Slow rate of cooling is influenced by increase in the heat inputted into the 

weld zone and likewise faster cooling rate is also determined by reduction of heat input. The 

mechanical properties of the HAZ and FZ are influenced by the amount of heat inputted during 

the weld (Ravi Shankar et al, 2009; Murti et al, 2009; Shi et al, 2004). The input heat is in turn 

regulated by the input power (current and voltage) as well as the speed of welding and is 

expressed by the equation 2.1:  

Heat input [J/mm]   =
current [A] x voltage [V] x efficiency [%]  

 welding speed (mm/s)  
                         Eqn (2.1) 

In Laser welding the heat inputted into the welding can be obtained from the expression in 

equation 2.2: 

Heat input [J/mm]   =
laser power [w] x efficiency [%]  

 welding speed (mm/s)  
                                    Eqn (2.2) 

Weld efficiency for laser welding is 80% (Benyounis et al, 2005; Fuerschbach, 1996) when 

considering the heat lost via conduction and mean efficiency for consumable electrodes such 

as GMAW is 80% (DuPont & Marder, 1995). The characteristics of the HAZ regulates and 

controls that of the welded joints (Piccini and Svoboda, 2012; Bonner & Smith, 1996) and as 
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such, a heterogenous microstructure in the HAZ determines the deteriorating mechanical 

properties of the welded joint of high strength steels (Lan et al, 2012; Piccini & Svoboda, 2012); 

but could these be the case in all weld microstructures?  

The effect of heat input and welding speed on the microstructure, mechanical property and 

quality of welded joints carried out by Viano et al using four wire – double tandem, submerged 

arc welds in high strength steel (X 80) revealed the fact that as the heat input is increased, a 

reduction in the rate of cooling is observed which gave rise to coarser acicular ferrite laths, 

larger cellular dendritic cell spacing and reduced ferrite in the weld microstructure. Mohandas 

and Madhusudhan (1997) examined the effect of chemical composition of high strength low 

alloy steels.   

 

2.3.4 Finite Element Analysis (FEA) of welding and welds 

 

There are different Computer Aided Engineering (CAE) software systems used to carry out 

simulation such as Ansys and Abaqus. In welding, Finite Element Analysis (FEA) is carried 

out in two steps or phases. The first is the thermal analysis where thermal variations are 

depicted by colour bands and the heat distribution is clearly observed, Figure 2.5. The geometry 

of the structure is considered alongside the material selection which is key to the output 

generated. The thermal conductivity, specific heat, latent heat, coefficient of expansion and 

density are part of the material properties fed into the thermal analysis. There is also meshing 

and the application of boundary conditions of convective and radiative heats. 
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Figure 2.5 FEA Analysis of weld in pipelines (a) Exterior and (b) Interior view of weld (Hossain, 

2018)     

 

The second is stress analysis in which the output from the thermal analysis forms the input. 

The thermal and mechanical loading in the process has a profound impact on the integrity of 

the pipeline over its service life. An accurate and thorough assessment is needed on the 

associated residual stress and its effect on the structural properties of the pipeline. 3D 

simulations of stress in girth welded pipe sections have been carried out using Abaqus CAE 

software in two steps, the first being thermal modelling with a moving hot spot and added mass 

and the second being stress or mechanical analysis. The research presented in this thesis is 

fundamentally on 3D finite element modelling of residual stresses in a stainless-steel clad girth 

welded x65 Carbon steel pipes; in which the modelling procedures for universal residual stress 

characteristics are clearly demonstrated. The different kinds of weld induced residual stress 

fields which the weld joint undergoes are hoop and axial and the differing types of distortion 

trends are radial and axial shrinkage. The 3D finite element model of the simulated gas tungsten 

arc welding is captured to depict the residual stresses and deformation. 

 



  

37 
 

2.4 Well Known Cases of Weld Failure 

  

The relevance of this research can be appreciated in the weld failure scenarios discussed below. 

The failure examination investigates the fundamentals and techniques used in structural pieces 

and bodies, as well as test specimens via a physical examination through to microscopic 

examinations such as SEM and EBSD and TEM. A great analysis is the product of the expertise 

of the engineer, as well as the depth of knowledge in materials and metallurgy. The following 

cases of weld failure occurred in 2011, 2015 and 2016 and were documented by Bernasovsky, 

Wang and The Welding Institute (TWI) (Wang, 2016). 

 

2.4.1 Gas Pipeline Failures 

 

Background: The city of Slovakia is situated in a country which has the highest system of 

pressurized gas transmission pipelines, traversing it with the oldest in service for well over 

three decades. Four of these pipelines had 720 mm outer diameter and 7mm wall thickness; the 

fifth being completed and was at the last stage of completion, did not need to be inspected as 

frequently as the others (Bernasovsky, 2013). 

 

2.4.1.1 The First International Gas Pipeline 

 

The first case of Pipeline failure was the First International Gas Pipeline which was constructed 

in 1965 and composed of L380n Russian Steel (with its reputable toughness and low ductility) 

with Silicon alloy (which posed a threat to corrosion protection). A crack, 1.8m in length ran 

along the spiral welded pipe with an Outer Diameter OD of 720mm and a thickness of 8mm, 

caused by Liquid Metal Embrittlement (LME) of liquidized copper (incorporated from the 

copper electric contact rods) embedded in spiral welds during the manufacturing process. The 
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crack is shown in Figure 2.6 (a) whereas the spiral weld portrayed poorly aligned weld runs – 

both linear and opposite as shown in Figure 2.6 (b) (Bernasovsky, 2013). 

 

Figure 2.6 (a) and (b)Hydrogen Induced Crack along the misaligned spiral weld as a result of 

liquidized copper embrittlement and Surface of Transcrystalline Cleavage fracture (Bernasovsky, 

2013)  

  
              

Table 2.1 Mechanical Properties and Chemical Constituents [%] of 15 G2S steel 

 
 

 

The mechanism responsible for the Cu-induced hot cracking in the weld is sourced from the 

liquid-metal embrittlement of Cu contaminating the surfaces of the Fe- and Co-based FCC 

(Face centred cubic) alloys. The quantity of Cu contaminant required to cause the cracking is 

0.003 mil which is equivalent to 7.62 x 10-5mm in thickness metal (Savage et al, 1978). This is 

slightly less than the value given in Table 2.1 for Cu. The hot cracking in the weld which 

occurred as seen in Figure 2.6 shows that little quantity of Cu or Cu-alloy were transferred to 

the work surface near the weld form the weld rods. As the heat of the weld melts the Cu hot 

cracking by liquid embrittlement results. The path of a liquid-metal embrittled crack is usually 

b a 
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intergranular as observed from Figure 2.6 where the ductility and stress of the fracture is 

sensitive to temperature, liquid composition, thermomechanical history, size of grain, 

composition of solid, temperature and strain rate. Three criteria were met based on the 

interaction with the solid-liquid metal couple which includes joint solubility between the solid 

metal L380n Russian Steel and liquid with no formation of intermetallic compound and a 

barrier to plastic flow in base metal which is inContact with the liquid metal (Savage et al, 

1978).  .  

Lack of proper heating of the metal joint can result in a weak weld. Cracking is one common 

defect that occurs in welded joints because of the stress build up that accumulates when a 

heated-up material is rapidly cooled. Weld also fails due to longitudinal cracking by reason of 

high shrinkage stresses particularly on the last passes. It can also be caused by hot cracking 

mechanisms. Root cracks commence from the weld root and extend midway into the weld. 

They are the most occurring longitudinal crack type due to the small. In order to avoid weld 

failures, it is important to properly match the filler metal and base material strength. The 

cladded metal strength needs to also be properly matched with the filler metal as is the case in 

this research. There is the need for an overmatching scenario rather than undermatching 

scenario in the welded joints of the dissimilar material clad. 

 

2.4.1.2 Fourth Transmission line 

 

In the report by Bernasovsky (Bernasovsky, 2013), this failure incident occurred during the 

pipe laying of the fourth X-70 steel welded grade transmission line with an outer diameter (OD) 

of 1420 mm and thickness of 18.6 mm; and not in-service. He further stated that a few of the 

pipes cracked along the spiral welds as illustrated in Figure 2.7 (a) while the pipes were bent 

on site, refer to Figure 2.7 (c). This was illustrated in the schematic diagram that cracks 
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propagated up to 1m lie the same distance from the pipe end along the spiral weld as shown in 

Figure 2.7 (e). (Bernasovsky, 2013) The crack was propagated along the heat affected zone 

(HAZ) refer to Figure 2.7 (b) also termed ‘cold impressions’ of the weld region which indicates 

that the steel rollers meant for reinforcing the furnace and shielding the pipe, were wrongly 

fitted, refer to Figure 2.7 (b)  

Typically, furnace pipes are heated to a temperature of 300 oC and insulated with polyethylene 

(PE) insulation after which they are rotated spin on the rollers up to 70 revolutions. As a routine, 

pipe inspections are carried out before installation of the furnace pipes. During a particular 

workover – a pair of faulty rollers were taken out for repair, leaving the remaining pair to 

support the pipe weight of 12 tons within a distance of 11.5 m. The increase in temperature 

favoured the impressions as observed from Table 2.2. The impression was not detected because 

inspections of all pipes were carried out prior to insulation. In order to unravel the cause of this 

failure, ultrasonic inspections of all bent pipes constructed within that time period, were carried 

out which revealed that the pipes in question were already distributed in the section up to 150 

km long, and hence already buried under the soil. The relevance of huge weld reinforcement 

angles and cold impressions were examined in the result of the particular impact test. There is 

the effect of weld angle on fracture that was carried out along the weld direction with mean 

fracture angle for specimens being 14o, 28o and 32o for the transverse weld and 45o and the 

longitudinal welds. The two most common locations of the weld fractures were interface 

between weld passes and at shear leg. Results shows that mean fracture angle of 14o, 23o, 27o 

and 32o generates a mean fracture strain of 0.164, 0.202, 0.272 and 0.472 for steels such as 

T20, T26 L1 and L2 (Deng et al, 2003). The weld stress being determined from the measured 

fracture surface area and theoretical throat sourced from mean leg sizes of the welds. The 

fracture angle shows that weld failed at the shear leg there-by providing significantly larger 

surface compared to specimens that failed near the weld throat under combined shear and 

c 
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tension. These cannot be compared with the strength of the longitudinal welds which also failed 

in the shear. The strength of transverse welds is similar to mean strength for longitudinal welds 

which requires no toughness. Over here it is neither the filler metal nor toughness level that has 

significant effect on the transverse fillet welds strength. The failure experienced at the shear 

leg as compared with the weld throat is a function of the quantity of the weld face reinforcement 

as additional weld face reinforcement can lower the fracture angle (Deng et al, 2003). Typical 

Butt weld is 60o 1mm to 2mm root gap and a zero to 1.5 mm thick root face as seen from 

section 2.6.1. 

 

Figure 2.7 (a) crack along Spiral weld; (b) fracture spiral weld wall (HAZ); (c) overlapping due to 

impression of weld (d) poor workmanship revealing linear and opposite weld runs and (e) sketch of 

fractured pipes (Bernasovsky, 2013) 

 
Table 2.2 Impact energy (J) of HAZ of Spiral weld with natural notches and ISO-V notch 

(Bernasovsky, 2013) 
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2.4.2 Weld Joint of Carbon Steel pipe fitting and Stainless-Steel Panel of Tank  

 

A 439 stainless steel oil tank was circumferentially welded to a pipe fitting made up of carbon 

steel at the panel of the tank as shown in Figure 2.8 (a) (Wang, 2016). It was later heated 

through high temperatures while in service, as a result, a through the thickness crack was 

located on the circumferential weld joint which was Gas Tungsten Arc Welded (GTAW) with 

a consumable 309L stainless steel rod and argon gas shield, refer to Figure 2.8 (b). According 

to (Wang, 2016); the tint of the crack when examined revealed that it originated from the weld 

joint of the seam tank and pipe fitting and secondly, that the thorough penetration of the weld 

joint was not reached. Energy dispersive X-ray spectroscopy and SEM analysis carried out to 

detect immediate chemical constituents of the fracture as shown in Tables 2.3 and 2.4 further 

revealed a deposit of chromium oxide on the channel of the weld which signifies the presence 

of plasma cut induced impurity prior to welding (poor weld hygiene), in addition to the high 

percentage of oxygen found present in the weld. He further stated that the results of the 

microstructural examination also showed duplex microstructure at the stainless-steel side of 

the foot of the weld crack. Microstructural evaluation such as weld foot micrograph of austinite 

and ferrite duplex microstructure (as seen in Figure 2.8 (a and b)) revealed a (𝚼 + 𝛅) duplex 

microstructure at the toe of the cracked weld at the stainless-steel panel side. The interesting 

truth about this discovery is the fact that thermal expansion coefficients of ferrite and austenite 

greatly induce stresses within the immediate weld environment. In summary, the investigator 

concluded that the crack was initiated by the presence of chromium oxide which could have 

been cleansed with light grinding; and secondly, the significant amount of residual stresses 

generated within the austenite/ ferrite duplex further propagated secondary cracking. First of 

all, comparing the chemical compositions of the stainless steel (SSP) and carbon steel pipe 

(CSP) with in Table 2.3 with those of the local surface of fracture in Table 2.4; there is a very 

conspicuous increase in Nickle, Oxygen Chromium, Carbon and slightly in manganese. Oxides 
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in steel metal can initiate fracture which is the case in the failure scenario or improve toughness 

by influencing the development of beneficial microstructures (Terashima & Bhadeshia, 2006). 

According to He et al, 2018, the effect of oxygen in molten pool and keyhole can increase weld 

penetration and supress porosity as well as reduce the weld width as well as improve the laser 

energy (He et al, 2018). However, metal oxidation takes place when ionic chemical reaction 

occurs on the surface of the metal in the presence of oxygen. Electrons are transferred from the 

metal to the oxygen molecules and negative oxygen ions are generated which penetrates the 

metal creating oxide surface. This occurs in the presence of air (atmospheric moisture) or when 

the metal is exposed water or acids. Ni, Ca, Mn and N enhances austenite and Cr alongside Si, 

Mo and niobium encourages formation of Ferrite.  Although Cr and Ni enhance the strength 

and hardness of the steel and Ni increases corrosion resistance, promoting elasticity whereas 

Cr and Mo promotes corroding at high temperatures with the later improving the creep 

resistance of steel at elevated temperatures; it is important to note that these elements were in 

less quantity compared with oxygen. The quantity of oxygen in Table 2.4 which is more than 

the constituent parent metals in Table 2.3 by 21, and likewise Ni by 2, Cr by 12 (for the CSP 

value) and carbon by 9, clearly revealed that oxide played a significant role in determining the 

fracture. Increase in carbon content increase hardness and strength of the steel thereby increase 

hardenability however it decreases the weldability making the weld more brittle susceptible to 

martensite formation. 

Since cracking occurs in welded joints because of the stress build up that accumulates when a 

heated-up material is rapidly cooled, the choice of the filler metal should be compatible with 

the base and clad metal for strength and other properties (matching the tensile or yield strength 

of the filler metal to the base metal) so as to obtain the required overmatching scenario. For 

thorough penetration not being reached, it implies partial joint penetration (PJP) where under 

matched strength of the filler metal to base metals was carried out. As a rule of the thumb, 
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when welding a lower strength material to a higher one, ensure matching the filler metal to the 

lower strength metal to allow for greater ductility and to prevent the risk of cracking. 

 It is also vital that grinding is not compromised when planning to weld components. In the 

current research grinding is vital to the good contact and bond between the dissimilar materials 

to be welded (the stainless-steel cladded metal and the carbon steel base metal) so as to ensure 

strong weld and to eliminate the likelihood of weld crack or failure. Prior to that the surfaces 

were cleaned with solvent to eradicate impurities. In order to avoid filler metals from picking 

up debris oil, moisture or dust that could lead to contamination and consequently, weld failure, 

it is important to follow proper storage procedures. Filler materials should be stored in their 

original packaging until when needed and stored in dry condition with same temperature as 

weld cell to prevent condensation which takes place when transiting from cold to warm 

temperature thereby causing the filler metal to absorb moisture (which contains oxygen and or 

hydrogen). The advantage of filler metal acclimating to the temperature protects it against 

hydrogen pickup which could lead to cracking or weld failure. Welding hygiene entails wearing 

hand gloves to protect it from moisture from the hands and covering open spools with plastic 

bags (when not being used) prevents accumulation of contaminants from the air may lead to 

poor weld quality and/ or failure.  Because the presence of oxygen in weld leads to oxidation, 

corrosion and eventuality weld failure, that is why arc welding employs inert gas such as helium 

to create the arc shield, which is used to shield the molten weld and weld zone from impurities 

within the environment – refer to section 2.5.1 on arc welding. 
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Figure 2.8 (a) weld joint between carbon steel and stainless-steel tank panel and (b) weld foot 

micrograph of austenite and ferrite duplex microstructure (Wang, 2016) 

Table 2.3 Chemical compositions of carbon steel pipe (CSP) and stainless-steel panel (SSP) in 

percentage weight (%) (Wang, 2016) 

 
 

 

Table 2.4 Local Chemical composition on surface of fracture in percentage weight (%) (Wang, 2016) 

 
 

 

2.4.3 Weld Cases Presented by The Welding Institute (TWI) 

 

2.4.3.1 HAZ Liquation cracking  

 

This is a failure analysis that occurred by short intergranular fractures (grain boundary crack) 

situated within the high temperature zone of the Heat Affected Zone (HAZ) (Holmes, 2015). 

These same cracks were initiated during a subsequent weld run in the previously deposited 

metal weld as shown by Holmes (2015) in Figure 2.9. Grain boundaries were formed from the 

liquid films at temperatures below the alloy melting temperatures. On solidifying, because this 
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liquid is not able to withstand the tensile strain which sets in on contraction, cracks are 

generated as shown in Figures 2.9 (c) (Holmes, 2015). The three conditions that were satisfied 

as a result of the interaction with the solid-liquid metal couple includes joint solubility between 

the solid metal and liquid with no formation of intermetallic compound and a barrier to plastic 

flow in base metal which is in contact with the liquid metal (Savage et al, 1978). High strength 

steels with high carbon content and or high alloys tends to susceptible to weld failures due to 

cracking because they are less ductile and therefore tend to generate residual stresses along the 

base metal and the finished weld while cooling. Lack of proper heating of the metal joint can 

result in a weak weld. Pre heating such materials for recommended time and temperature in 

accordance with the weld procedure is vital to enable adequate and uniform heat soak takes 

place throughout the material. Where necessary post weld treatment (PWHT) should be 

implemented. One of the key purposes of this research is to investigate the occurrence of 

reheating which takes place at the top and bottom layers of the welded passes in the dissimilar 

material joints while welding, it is therefore vital to note that pre heating the material prior to 

welding prevents rapid cooling which helps in maintaining a more ductile internal grain 

structure (pearlite) in the heat affected zone (HAZ) of the weld. 

 
Figure 2.9 Photomicrographs of HAZ liquefaction cracking in austenitic stainless steel clad with a 

nickel alloy weld metal. The location of the liquation is depicted by arrows (Holmes, 2015) 
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2.4.3.2 Duplex Stainless Steel  

 

This is a case study of failure in stainless steel which entailed embrittlement via intermetallic 

precipitation. The brittle failure occurred in the duplex stainless steel due to sigma phase 

because of incorrect heat treatment of forging and tensile stress seen in the residual stress and 

applied stress during hydrotest. The Dye penetrant reveals the crack located on the heat affected 

zone of the weld metal, as shown in Figure 2.10 (a). As a result of the sigma phase which can 

been seen from the result of the steel microstructure in Figure 2.10 (b) and 2.11 (b) and the 

EDX spectrum analysis in Figure 2.11 (a) which reveals the composition of the phases present 

in the weld metal, brittle fracture sets in. The results of the test analysis revealed that the causes 

of failure are the duplex stainless steel, the sigma phase precipitation rich in Chromium and 

Molybdenum as shown in Figure 2.11 (a), incorrect heat treatment of forging and tensile stress 

seen in the residual stress and applied stress during hydrotest. For weld failure to occur in the 

residual stress results, it shows that the stress exceeds the yield strength of the steel.  

The residual stress is not supposed to exceed the yield strength of the material otherwise failure 

set in. The yield strength is one of the most common material properties that the designer needs 

for majority of the rules in the design code and for this research it is the R6 and BS 7910. It is 

the magnitude of the stress at which the transition occurs representing the limit of the elastic 

behaviour.  

Super duplex stainless steel is one of the family of steel that is known for its excellent corrosion 

resistance and high strength properties (Fellicia et al, 2017). This resistance of the super duplex 

can be reduced by reason of precipitation of sigma phase which is formed at high temperatures. 

Sigma phase is a non-magnetic intermetallic phase compound that is made majorly of 

chromium which is consequently produced in austenitic and ferritic stainless steels when 

exposed to a temperature of 560o – 980 oC (Hsieh & Wu, 2012). The sigma (𝜎𝑠) phase 
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precipitates readily at the 𝜎/𝛾 phase boundary which is rich in Cr. At the formation of high Cr 

region, the depleted Cr forms causing a reduction in the corrosion resistance at same time. The 

𝜎/𝛾 interphase is also a high energy interphase sight which means that several defects 

hibernates there and concentrate – it is beneficial site for the heterogenous nucleation of the 𝜎𝑠 

phase. As the later phase nucleates at the 𝜎/𝛾 interphase boundary, some of the defects 

disappear releasing free energy of the materials. This subsequently reduces the activation 

energy barrier to forming a coherent interface. In the current research the selection of the filler 

material and the clad and base metals were vital to enable proper matching and eliminate 

incompatibilities where necessary especially those that arise from different materials (Hsieh & 

Wu, 2012). Molybdenum (Mo) is known to enhance the resistance to pitting corrosion as an 

alloying element in duplex stainless steel (DSSS), however, it also increases the precipitation 

of the harmful phase such as sigma phase. The acceleration of the sigma phase by Mo is due to 

the increase in the solvus of sigma phase because the sigma phase does not always grow rapidly 

(Ogawa & Osuki, 2019 ). 

 

 

Figure 2.10 (a) Dye penetrant weld metal/HAZ crack and (b) Brittle fracture due to sigma phase 

(Holmes, 2015) 
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Figure 2.11 (a) Composition of Phases in EDX Spectrum and (b) Microstructure of Duplex Stainless 

Steel (Holmes, 2015) 

 

2.5 Existing traditional welding techniques for high strength steels 

 

Large structures are assembled in components using joining techniques such as welding. The 

more common welding technique for welding HSLA steels and assembling large and complex 

structures include resistance spot welding (RSW), submerged arc welding (SAW), gas metal 

arc welding (GMAW) and gas tungsten arc welding (GTAW).    

The effect of thermal refining on mechanical properties of annealed SAE 4130 using the multi 

pass GTAW was examined by Lee et al and it was discovered that the AW (annealing + 

welding) and AWST (annealing + welding + solution + tempering) occurred with minimum 

hardness value at grain growth heat affected zone (GGHAZ) due to coarse grain growth; the 
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hardness occurred with sudden drops between the multilayer welding, although it was bigger 

than the minimum value at HAZ. SAE 4130 alloy steel is heat treatable and high strength low 

alloy (HSLA). 

Mohandas and Reddy (Mohandas & Madhusudhan, 1997) compared continuous and pulse rate 

current GTAW of AISI 4340 high strength steels whose heat input was ~ 1.3 kJ/mm for each 

pass and welding speed was 0.15 m/min. Their examination brought to light the continuous 

current welds which revealed columnar grain morphology, whereas pulse current welds 

displayed equiaxed grain morphology.  The grain size of the average fusion zone was smaller 

in pulsed current welds and consequently displayed superior mechanical properties. ASTM A 

106 Gr B steel tubes having a dimension of 101.6 mm OD and thickness of 6.6 mm was welded 

together by Silva and Farias using GTAW technique with heat input of ~ 1.4 kJ/mm and a 

welding speed of ~0.03m/mm.  

A comprehensive study was undertaken on high cycle fatigue behaviours of butt weld joints in 

2 mm thick advanced high steels having diverse levels of strength and bead geometries by 

Ahiale and Oh using GMAW technique on dual-phase steels (DP440 and DP 590) and 

martensitic steel (MS) possessing tensile strength of 440, 590 and 1500 MPa respectively 

(Ahiale & Oh, 2014). The heat input employed was ~0.32 kJ/ and speed of welding was 0.6 

m/min. The outcome revealed that the microstructures with the lowest hardness were located 

at the base metal, the subcritical HAZ and fusion zone for DP440, DP590 and MS welded 

specimens respectively. It was discovered that at the points of lowest hardness, fatigue failure 

of specimens without weld beads reinforcements occurred and fatigue life exhibited in the order 

of MS > DP590 > DP440 which is similar to the order of value of lowest hardness in each 

welded specimen. 
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Some of the benefits of submerged arc welding (SAW) include high rate of deposition, ease of 

automation and operation (requiring less skills), minimum welding fumes, excellent weld joint 

quality and extensive industrial usage for fabrication pressure vessels, pipelines, marine vessels 

wind turbines and offshore structures (Kathleen, 1993; Shen et al, 2012; Almqvist, 1978).  

Arc welding techniques are employed for joining high strength steels (Piccini & Svoboda, 

2012; Murti et al, 1993) but due to their high heat inputs, which results in softening of the heat 

affected zones, slow cooling rates of weldment and grain growth, the mechanical properties of 

the high strength steels are depreciated (Zhang et al, 2012; Bayley & Mantei, 2009). It can 

therefore be implied that the use of high strength steels in structural integrity minimizes the 

usage of materials and component size as well as weight of structure without compromising 

the integrity of the structure (Abedrabbo et al, 2009; Shi et al, 2008). The weldability, strength 

and toughness of high strength steel have made it possible for its vast application in line pipes, 

automotive industry, pressure vessels, offshore construction, lifting and handling as well as 

shipbuilding (Yang et al, 2008; Zhao et al, 2002). 

The versatility of laser welds in structural integrity applications is majorly due to the fact that 

it is mechanized with the aid of robots, has significantly low distortion when compared with 

arc welding techniques and the aspect ratio with narrow HAZ is high. Laser weld also has the 

benefit of being operated with optical fibre delivery of its beam and can be carried out without 

a filler metal which is the case with single pass autogenous laser welding (Li et al, 2014). The 

later technique is prone to cracking, porosity, mis-tracking of weld seams and dropout of 

molten material especially in thick and medium component sections (Bachmann et al, 2014). 

It is also not compatible with tight joint fit up and functions with restricted laser power in 

commercial applications (Elmesalamy et al, 2013) hence not capital intensive. The solution to 
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the above is to combine bot conventional arc welding techniques with laser welding in a process 

known as hybrid laser welding which has several benefits. 

The effect of welding speed on the weld bead, leading and trailing wire current on the weld 

bead dimensions and mechanical properties in single pass two-wire tandem submerged welding 

of 12 mm thick typical HSLA steel plate was carried out by Kirana and De (Kiran et al, 2012) 

and it was observed that the yield strength, ultimate tensile strength and elongation were 497 

MPa, 662 MPa and 27.9% respectively. Two-wire tandem submerged arc welding process 

entails deposition from two electrode wires simultaneously, the leading wire being connected 

to direct current (DC) power supply whereas the trailing wire to alternating current (AC) source 

of power. The profile of the weld bead and mechanical properties of tandem submerged arc 

welding were significantly affected by the leading and trailing wire current transients and the 

speed of welding such that the leading wire current affected the weld bead penetration whereas 

the trailing wire current pulses affected the width of the weld and height of reinforcement. 

The impact of thermal cycles on the characteristics of the coarse-grained heat affected zone in 

X80 HSLA steel plate was considered by (Monifera et al, 2011) using four wire tandem 

submerged arc welding (TSAW) system to weld 17.5 mm thick X80 HSLA steel plate 

(Monifera et al, 2011). The four-wire TSAW process with different heat input on ~ 3-4 kJ/mm 

for each weld pass and welding speed was 1.7 m/min. Optical micrograph of weld cross section 

for the selected sample was obtained and it was discovered that the martensitic/ austenite 

constituent was revealed in the microstructure of the heat affected zone region for all the 

specimens along the prior austenite grain boundaries and between the bainitic ferrite laths. The 

fractional area of martensite/ austenite particles due to different rates of cooling was the major 

contributing factor for increase in hardness values in the coarse-grained heat affected zone.  

Multi-pass laser welding with filler wire is a feasible technique to weld medium and thick 

section material using the limited laser power at hand. In addition, the introduction of a filler 
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wire into the welding groove can improve the metallurgy and the properties of the weld. Joining 

of thick plates is accomplished by using filler materials to fill the prior prepared welding groove 

(Koo et al, 2004) Usually a “Vee” groove is prepared. However, the thicker the plate, the wider 

the groove is, which results in lower productivity and more consumption materials. Over the 

last few years, the multi-pass narrow gap laser welding technique has been demonstrated. 

Multi-pass narrow gap laser welding technique can be applied to weld medium and thick 

section materials with a filler wire using relatively moderate laser powers. This technique has 

many advantages, including increase productivity, saving consumption filler materials, 

releasing precise fit-up requirements, improving the metallurgical properties of the welds, 

improving the melt sagging problem, and reducing residual stress and distortion (Fairchild et 

al, 2004). 

Elmesalamy et al. (Fairchild et al, 2004; Elmesalamy et al, 2013) successfully welded 20 mm 

thick 316L stainless steel plate to a 10 mm plate using a 1 kW IPG single mode fibre laser with 

an ultra-narrow gap (1.5 mm gap width) and a taper of 6° groove angle from double sides using 

multiple-pass narrow gap laser welding approach. Shi et al. Tata Steel has developed an 

advanced low carbon, low alloy S960 steel with a minimum yield strength of 960 MPa. This 

steel is a promising high strength steel for application in the heavy crane sectors due to its high 

specific strength, good impact toughness and formability. Ruukki Metals (Pande & Imam, 

2007) are also developing Optim 960 QC steel with strength of 960 MPa. The Optim 960 QC 

strip steels are made by modern hot strip rolling and direct-quenching processes, which is 

similar to the method employed by Tata Steel. 

It can be found from the above reviews on the narrow gap laser welding technique, most of 

these investigations are just focused on the welding technique and welding parameters 

optimisations. Studies on the microstructure evolution and mechanical properties of the narrow 

gap laser welded materials are scarce. 
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So far, there is a knowledge gap in the trend of heat distribution within these welded joints of 

dissimilar material studied. In this present work, a comparative study on the heat distribution 

during the traditional gas metal arc welding (GMAW) was carried out on the CR4 and API S16 

grade steel.  

 

2.5.1 Girth Weld  

 

Girth welding can be applied to a wide variety of manufacturing and maintenance solutions. 

The equipment is portable and the cost as well as maintenance of the equipment is affordable 

compared to some of the other welding processes. The cost of the welding gasses, supplies and 

operator’s time depends on the materials being joined and size, shape and position in which the 

weld must be made. The rate of heating and cooling is relatively low and favours some weld 

cases, however, in situations where rapid heating is required, the oxyacetylene welding process 

is not appropriate. The quantity of heat fed to the joint can be regulated by a skilful welder 

which is advantageous; however, there is the need to separate the oxygen and nitrogen in the 

atmosphere from reacting with the metal in order to prevent formation of harmful oxides and 

nitrides. Girth welds are the type of joining process which entails welding two pipes along the 

circumference during pipe fabrication subject to environmental factors and convenience. It 

involves several passes in order to complete the welding procedure and seal the joint. The start 

of the weld proper is the root weld which requires a definite speed and is the most challenging 

part of the weld, followed by the hot pass that increases the thickness of the fill and then last 

of all, the fill and cap pass used for finishing and covering the joint. Gas tungsten arc TIG is 

the style of application, taking into consideration the strength of the welded pipe joint, 

environments surrounding the pipe, the expertise of the welder, the pipe fabrication technique 

and the pipe dimension, as well as diameter and wall thickness of the pipeline.   
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2.5.1.1 Gas Metal Arc Weld (GMAW) 

 

The gas metal arc welding makes use of an electric arc in between the metallic piece to be 

welded and the weld rods, known as solid electrode wire, as shown in Figure 2.12 below. This 

arc heats up the weld metal and base metal along with the rods thereby melting them altogether. 

All these procedures are shielded from impurities in the environment with the aid of the shield 

gas introduced into the system. The current conductor conveys power of regulated voltage 

which powers up the whole process by channelling the solid electrode wire to the accurate 

position per time. The metallic pool can be transferred via spray, globular, pulsed spray or short 

circuiting as required. The welding gun has a Gas nozzle, current conducting cable, a wire 

guide and contact tube made of copper. The wire guide ensured that the electrode is kept on 

course.  

 

Figure 2.12 A schematic diagram of a typical Gas Metal Arc Weld (MWC, 2016) 

 

2.5.1.2 Gas Tungsten Arc Weld (GTAW) 

 

The tungsten Inert Gas (TIG) weld is the specific Gas Tungsten Arc Welding which uses a 

tungsten electrode to generate the weld. (Minnick William, 1992) It is similar to the MIG 

(Metal Inert Gas) in the sense that an arc is used to shield the molten weld and weld zone from 

impurities within the environment. An inert gas such as helium is used to create the arc shield. 
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The current carrying conductor generates enough power to the system which together with the 

filler metal, base and weld metals produces the molten weldment. This power is transmitted 

through the arc in the form of a charged cloud. Unlike GMAW, GTAW is used to produce 

stronger welds with greater integrity; as a result, it can be manoeuvred solely by the welder. It 

has the following advantages: It enhances the speed of welding, it is affordable and readily 

available at little or no cost, it can be carried out within limited space, it is used for different 

purposes and also makes it convenient to use with a broad range of electrodes.  It also has 

flexible welding styles which makes the welding of any geometric position feasible. Also, it is 

straightforward and does not involve complexity in the welding process, it can be remotely 

monitored and sustained, the resultant weld is of significant integrity and improved finishing 

and this is specifically suited for sensitive or particular demands workpiece and weld sections 

that are not too bulky.  

2.5.2 Limitations in Girth Welding 

 

In considering the assessment of stress below the specified minimum yield strength of the pipe, 

as applied in BS 7910, the assessment procedure permits evaluation of flaw in relation to failure 

prevention by fracture and plastic collapse while embracing the fatigue crack growth and stable 

crack extension via ductile crack growth known as tearing. The technique includes the effects 

of welding residual stresses in assessment of fracture and because the specific profile 

distribution of residual stresses via the wall thickness of the pipe is not known, the technique 

presumes that a uniform residual stress equal to the value of the yield strength exists transverse 

the to the weld. It further presumes an overmatching scenario of the parent pipe yield strength 

whenever the weld metal strength over matches that of the parent pipe. This presumption of 

yield stress is questioned by some as conservative, which is the case and intention, 

notwithstanding the technique permits the relaxation of the residual stress pending the stress 
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applied and size of flaw to a minimal value (Hadley, 2013; Andrews et al, 2014; Wang and 

Liu, 2004; Wiesner at al, 2000; Withers, 2007; BSI, 2013; BSI, 2015; British Energy, 2014; 

Budden and Sharples, 2015; Budden and Sharples, 2017; Frost, 2009; Feng et al, 2019; Milne 

et al, 1988; Sharples et al, 2003; Zhang et al, 2012). The technique allows the inclusion of the 

precise value of the residual stress distribution when evaluated and guidance are made available 

to evaluate a conservative distribution once the conditions for welding are determined. The 

presence of residual stresses aggravates the driving force for fracture; hence it cannot be 

overlooked and future revisions of BS7910 will be explored for a comprehensive guidance on 

girth welds (TWI, 2011).   

The misalignment of girth welding known as ‘hi-lo’ is another feature addressed by BS 7910 

and it is regarded as bending stress derived from stress concentration factors equations. 

Misalignment increases the driving force derived from FEA undertaken at TWI. Increasing 

misalignment from 0 to 3 mm implies that the CTOD condition is doubled at applied strains 

close to yield (0.5% strain), hence the gap increases for larger strain values. Bending stresses 

are regarded and evaluated as primary stresses because it is not stated clearly in the BS 7910 

how misalignment should be assessed, which consequently implies that the bending stress 

imparts on both axes of fracture (Kr) and plastic collapse (Lr) in the failure analysis diagram 

(FAD), which is also a conservative technique. Based on current research carried out at TWI, 

for materials induced with gentle slope stress strain curve with applied strains below the yield, 

misalignment can be considered and assessed as secondary stress – which implies that it 

considers only fracture axis (Kr) not plastic collapse (Lr axis of the FAD) hence it is regarded 

as a local stress concentration. Misalignment becomes relevant to both primary and secondary 

stress when the value of the strains is above yield strain. This criterion also applies to weld 

components samples having discontinuity in yield known as L𝑢̈ders plateau where the applied 

strain is below 3% and regarded as secondary for misalignment criteria.  
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2.6 Weld Joints  

 

There are five basic types of joints used in arc welding namely Tee Joints, Lap joints, Butt 

joints, Edge joints and Corner joints are shown in Figure 2:13. The T-joint is used to join parts 

of an angle to each other and are either made with single, double or groove fillet weld 

combination. Corner joints although similar to T joints because they are made of sheets and 

plates in component parts, they are used in groove welds and fillet welds. They are better used 

for heavier metals to avoid buckling in thin metals. Edge joints are used for welding adjacent 

and parallel-placed edges of plates or sheets. Lap joint is single fillet, plug slot, double fillet or 

spot welded. Bridging fillet weld need to be utilized where component parts are not in close 

contact to each other. For cylindrical parts, interface fit eliminates this problem.  The type of 

weld used for the experimental work at the Laboratory in Brunel University London is the Girth 

weld using the Butt Joint. Butt joint is required for high strength and can withstand stress better 

when compared with other weld joint types.  For pipes, butt joint is preferred to lap joint 

because the lap joints would lead to contours on the pipes (Hicks, 1999). 
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Figure 2.13 Types of Weld Joints (Hassan, 2010) 

 

2.6.1 Butt Weld  

 

Butt welding is a technique used in joining two parts that do not overlap, and that are parallel 

to each other. In this joint, the weld metal is contained within the planes of the surfaces being 

joined and the weld throat are either full section thickness, full penetration joint or a partial 

penetration joint (TWI, 2019). There are different types of Butt weld such a square, V U, J, as 

shown in Figure 2.14 (Advance Steel Forum, 2016). Welds are either single sided or double 

sided. It is very economical both in terms of cost and usage of additional constituents (TWI, 

2019). Two ends of the weld metals are heated up (prior to joining) under certain pressure and 

the welding is sustained continuously in contrast to restarting each time with fresh sets of metal 

(Groover, 2010). The choice of bevel angles and root gaps depend largely on procedures used 

to fabricate joint and thickness of materials (TWI, 2019). Root opening, the separation between 

components to be welded enhances accessibility of the electrodes to the base or root of the 
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joint. The smaller the angle of bevel, the harder to obtain the root fusion hence necessitating 

the use of smaller electrodes thereby prolonging weld time. Large root opening requires more 

weld metal consumption and increases welding cost and distortion (ASME, 1910). Narrow 

bevel angle is economical but difficulty in access risks welding defects. Wide gap on the other 

hand results in loss of control of weld pool and melt generating irregular and excessive 

penetration bead, however back strip could be used to overcome this (TWI, 2019).  

 

 

Figure 2.14 The different types of Butt Joints (Advance Steel Forum, 2016) 

 

To weld full plate thickness and obtain weld throat thickness, cut away enough metal along 

weld joint using either flame or plasma cutting or machining. Reduction in weld volume is 

achieved using the J preparation unlike straight chamfer of the V preparation. Typical Butt 

weld is 60o 1mm to 2mm root gap and a zero to 1.5 mm thick root face (TWI, 2019). 
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Figure 2.15 Reinforcement on Butt Weld  (ASME, 1910) 

 

Nominal reinforcement of the weld is vital as shown in the Figure 2.15 in which there is the 

back bead known as seal bead, first layer, second layer and weld face. There is also the weld 

reinforcement, primary heat zone, secondary heat zone, primary fusion zone, secondary fusion 

zone, penetration zone and penetration of fusion line. The width and height of the weld must 

be adhered to and be kept to the minimum since increase in reinforcement becomes an 

additional cost. Double groove joint is preferred to single groove joint since it reduces the 

quantity of welding in half, hence reducing distortion and enables alternating weld passes 

which further help reduce distortions. In design and fabrication of pressure vessels and 

pipelines, the safety of the public is considered in order to minimise the danger of catastrophic 

and permanent failure. Codes and specifications are written by Government, professional 

organisations, companies and trades regarding applications on type of material, size, 
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fabrication, inspection and testing, heat treatment and service limitations requirements. They 

further detail the expectations for specification for operators and welding procedures.  Among 

the major national organizations involved in writing codes regarding arc welding are American 

Society of Mechanical Engineers (ASME), American Welding Institute (AWS) and American 

Petroleum Institute (API) to mention but a few  (ASME, 1910). 

 

2.7 Experimental Studies in Welding - Circumferential and Plates 

 

Weld tests include both destructive and non-destructive tests. The latter is carried out in the 

laboratory and workshop because of its non-destructive effects on the sample and subsequently 

the samples can be reused several times. The types of tests that can be carried out in the 

workshop include tensile, bending, impact, fatigue, cracking and hardness tests. Laboratory 

tests are the test types that can be carried out with the aid of specialized and advanced 

microscope investigations and include chemical, microscopic (such as optical microscope, 

SEM, XRD, EBSD and EDAX), corrosive and macroscopic examinations.  

 

 

2.7.1 Mechanical Testing  

2.7.1.1 Tensile Tests 

Tensile tests are carried out chiefly to obtain materials for engineering duties and functions. 

The tensile behaviour of a material being loaded under other types of loading - apart from 

uniaxial, can be predicted from tensile response. These tensile qualities are built into material 

design in order to meet the required standard. Tensile characteristics are regularly obtained at 

developmental stage of each new material and procedures in order for comparison of different 

materials and procedures. 
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The main focus here is the strength of a material, which could be determined as stress required 

to generate a plastic deformation or the overall quantity of stress the material can bear. These 

stress forms are expressed as safety factors in design engineering. Another key factor is 

ductility, the degree extent to which materials deforms prior to fracturing. More often than not 

ductility is included in specification of material than design inn order to maintain toughness 

and integrity. When the resistance to fracture under other forms of loading is low, it clearly 

reveals that the ductility level in a tensile test is low. Elasticity is another significant 

characteristic; however, measurements were carried out using unique methods. More 

information on tensile tests can be found in chapter 3, under sub-section 3.4.2. 

 

Tensile testing in Plate Welds 

The Material to be tested is machined with the edges rounded of in order to avoid cracking. In 

order to appreciate the elongation, either an extensometer is affixed the Instron machine or 

punch marks made into the specimen. It is possible to have rolled steel plate that exhibits 

varying tensile characteristics in the transverse direction, through-the-thickness and vertical 

path. For tensile specimens less ductile in nature, a vertical cut is preferred as shown in Figure 

2.16, especially to reveal the tensile property of the HAZ. For specimens - brittle in nature, the 

HAZ cracks and does not propagate into the parent metal. It also does not stretch into parent 

metals. The specimens require high temperatures for undertaking the tensile tests because 

strength of a metal rises with fall in temperature. Standards include PD 5500 and ISO 15614-

1. 
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Figure 2.16 Tensile Test Specimen from single layer welded plates Reinforcement (TWI, 2004)     

 

Tensile Testing in Pipe Welds 

Tensile tests are applied to pipes considering extensive segments of the whole pipe diameter 

using mandrels which were positioned into the finishes of the pipes in order to hold the pipe 

sample in place within the test machine. Alternatively, the ends of the pipes could be flattened 

as shown in Figure 2.17. If the pipe thickness is required, then the specimen is pipe diameter 

or cylinder. If only the length of the complete pipe is required for the test, the specimen is 

designed so as to exclude the diameter of the pipe.  

The most important rule of thumb is to note that the axis of the test specimen is cut such that it 

is situated halfway the thickness of the pipe. Broader diameters of pipe, cylindrical samples at 

right angle to axis can be used, similarly flat samples (Krishna, 2014). Punch marks drawn on 

the specimen to reveal the elongation caused in the specimen. 
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Figure 2.17 Flat Tensile Specimen cut out from Tube (TWI, 2004)           

 

2.7.1.2 Hardness Tests 

Hardness test depicts the capability of the metal to resist wear and abrasion and resistance to 

indentation. Four different hardness type tests are Scleroscope, Rockwell, Brinell and Vickers 

diamond pyramid.  

Vickers Hardness Test is carried out to reveal the hardness of the weld profile refereeing to 

Heat Affected Zone and Fusion Zone and well as to reveal the hardness profile of the parent 

metal. Details about this test are discussed in chapter three – subsection 3.4.3 Hardness tests.  

 

2.7.1.3 Charpy Impact Test  

With the insert of a v-notch as shown in Figure 2.18 and temperature differences, the Charpy 

determines the toughness and shock loading of the material. More information on Charpy test 



  

66 
 

is presented in subsection 3.4.5 under chapter 3. It invariably determines the amount of energy 

expected to split a sample with a v-notch of 2 mm at an angle of 45 degrees or a U-notch 

    

Figure 2.18 Charpy Sample  (TWI, 2004)        

 

2.7.2 Laboratory Testing of Welds  

Laboratory tests include chemical, microscopic, corrosive and macroscopic examinations. 

While welding it is typical for defects to take place which could alter the toughness or feature 

of the plate. Some other defects are as a result of the welder’s skill. Etching is needed to reveal 

interesting and relevant structures within the microstructures of welded specimens. Nitric acid 

is one of the most widely used etchant and 1 to 2 % of nitric acid is diluted in distilled water or 

alcohol whereas Aluminium solution is used by diluting 10 to 12% of caustic soda in water. 
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2.7.2.1 XRD 

X-Ray Diffraction is a special process of identifying the degree of structural order of a material. 

This is crucial because in every atom, there is a unique order of array of the crystals that make 

up that atom or material and this crystallinity directly affects the density, diffusion hardness or 

transparency of that material or metal. Since each metal has a peculiar signature, XRD finds 

relevance in the following: 

1. Quantifying the crystallinity of a material or metal 

2. Uniqueness of the polymorphic types that there are.  

3. Categorising the crystalline from the amorphous crystal types 

4. Verifying the crystalline nature of the material.  

 

The characteristics of a crystalline nature are: Accuracy in its solubility, Intrinsic Dissolution 

Rate (IDR) and melting point. The dissolution rate alongside the IDR determines the rate of 

release of crystal into solution, which is known as the rate of dissolution. This is key with 

respect to the weld zone and heat affected zone in vivo since it can determine the sizes at which 

the particles sets, evaluation of solubility and form the basis of comparison for the different 

HAZ and weld zones formed using different weld parameters, standards and conditions. 

(Analytical, 2016) 

 

The diffractogram displays the diffraction angle as it varies in proportion to the intensity as 

shown in the figure below. When the material displayed is positive, it means there is coherence 

in the angle of diffraction of the sample being analysed and a reference material, displayed in 

the diffractogram. 

 



  

68 
 

Principle of Measurement  

The fundamentals and phenomena of XRD is essentially the intrusion and combination of X-

rays in such a manner as to reinforce the displacement of the radiation of equal wavelength in 

a crystalline sample. The source of the x-rays is a cathode ray tube which selectively releases 

monochromatic waves of high intensity, focused with the aid of a collimator, at the sample. 

When Bragg’s Law is satisfied, the rays are incident on the weld sample; a diffracted ray 

emerges, and the superimposed interference is generated. Braggs Law is expressed as: 

𝑛𝜆 = 2𝑑𝑠𝑖𝑛𝜃    Eqn (2.3) 

Where: λ is wavelength of electromagnetic radiation 

 θ is the diffraction angle 

 d is lattice spacing in a crystalline sample 

n is an integer  

X-ray diffraction has a pattern produces a ‘signature’ of crystals situated in sample which 

enables the element of interest to be distinguished when the matched with regular reference 

measurements and distribution trend. More information is presented in section 3.9. 

 

2.7.2.2 SEM 

X-rays are generated when fast moving electron strike their target. When the primary beam 

interacts with the atoms inside the sample resulting in shell transitions, it gives rise to emission 

of x-rays similar in energy as with parent element. Depicting and detecting the energy 

generated analysis of the element, is a detection technique that measures the elemental 

quantitative analysis at a depth of 1-2 microns in every sample. The emitted x-rays also display 

the distribution of elements present in a sample in form of line profiles or maps.   
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The secondary electrons are electrons emitted from the top surface atoms yielding meaningful 

results and imageries in return. The nature of the surface distribution of a sample informs the 

image contrast. This means that a tiny width of the primary electron beam can generate high 

quality images. 

 

The backscattered electrons are electrons reflected from atoms within the solid (not surface as 

in secondary electron). The atomic number of elements within the sample informs the quality 

of imagery produced which reveals the spectrum of the varying chemical phases in the sample. 

The quality of images generated from the procedure and is low because the electrons are 

radiated from within the sample at a depth. More information presented in section 3.7.   

 

2.7.2.3 EBSD 

EBSD is the characterisation of crystals on a microstructural level. The material phase and the 

array of the crystals are taken into consideration, as well as the structure of the test specimen. 

(Electron Backscatter Diffraction, 2016) The atomic layers in the crystalline test specimen 

diffract the excited electrons in the primary beam of the scanning electron microscope. (Swap, 

Electron Backscatter Diffraction (EBSD)) A phosphor screen (inside the sample chamber of 

SEM, positioned at right angle to the pole piece) radiates clear lines called EBSP (electron 

backscatter patterns) or Kikuchi bands when the diffracted electrons fall on them. (Swap, 

Electron Backscatter Diffraction (EBSD)) The individual bands can be indexed using the 

Miller indices of the parent-diffracting plane.  These lines are an extension of the array of the 

lattice planes therefore, they transmit the details of the crystalline arrangement grain alignment 

of particular phases via software (Team). Essentially 3 planes or bands intercept are sufficient 
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to provide distinct information to the crystal in the lattice. The study is practically determining 

the positioning of atoms within solids is termed as crystallography. More information in section 

3.8. 

 

2.7.2.4 EDAX 

Energy Dispersive X-ray spectroscopy often referred to as EDX or EDS or even XEDS is a 

method for chemical representation or fundamental investigation of the elements within a 

material specimen. Every element has a specific array of atoms within its configuration; this 

informs the manner of display of the peak energy distributions on interaction with x-ray. A 

beam of x-rays of maximal energy is directed at the specimen, this excites certain type of x-ray 

distributions. An unexcited electron is one at the ground state. When an atom is bound to the 

nucleus in defined energy levels, it is said to be at rest. This further means that when x-rays are 

directed at the atom within a sample, it transfers energy to the electron in the inner nucleus of 

the atom and mobilizes it, thus leaving behind holes, which are filled up by electron from a 

higher energy level. The difference in energy levels of the atoms is radiated as x-rays. The 

instrument used to measure the quantity of x-ray released in this radiation is the energy 

dispersive spectrometer. Of significance is the fact the EDS measures the elemental 

configuration of the sample understudied using the principle that the energies of the x-rays are 

a direct measure of the variation in energy between the two shells and atomic structure of the 

element radiating it. Further information is provided in chapter 3 section 3.10. 
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2.8 Measurements of Residual Stresses 

 

Residual stresses are stresses that are left in a body when all external forces are removed 

(Withers & HKDHB, 2001). This implies that forces residing in a body at equilibrium with its 

surroundings or kept stationary.  Sources of residual stresses in any material include heat 

treatment joining technologies such as welding, abrasion, machining forming (Kartal et al, 

2008). The combination of residual stresses and service stresses has led to adverse effects such 

as shortening of component life and failure (Radaj, 1992). Tensile residual stress in the surfaces 

of components and structures reduces fatigue life and strength, increasing crack propagation 

and thereby reducing the resistance to environmentally assisted cracking (Hornbach & Prevéy, 

2002; Murugan et al, 2001). On the other hand, compressive residual stress in the surface of a 

component retards the formation and growth of cracks subjected to cyclic loading thereby 

enhancing fatigue life of a structure (Kartal et al, 2008). Welding initiates localised rapid 

heating and cooling cycles within the components and structure which produces regions of 

thermal cycles with the weld region and also fusion zones in the weld (Murugan et al, 2001). 

An inhomogeneous expansion and contraction in the weldment is generated by reason of the 

non-uniform heating and cooling cycles within the material component such that upon 

solidification, the welded region applies a pull on the surrounding region and which holds back 

via constraints thus inducing misfit strains in the regions of the weld (Francis et al, 2007). 

Depending on the degree of strains applied, it can either be sustained elastically or localised 

plastic deformation set in generating residual stresses within the structure (Elmesalamy & 

Francis, 2014). Usually, the misfit strains are usually close to the yield tensile strains of the 

material at room temperature especially in the welding direction (Francis et al, 2009).  

This implies that within the welded joints and vicinity, there exist substantial tensile stresses 

when the component has attained thermal equilibrium (Radaj, 1992; Francis et al, 2007). The 

regular residual stresses exist within the welded zone and HAZ; however, the compressive are 
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induced in conditions where solid state phase transformation occurs during welding, volumetric 

expansion as a product of solid-state transformation generates compression stresses (Francis et 

al, 2007).  

The understanding of residual stress is crucial because it not only exists in structures and 

complicated in nature but enables the prediction of the strength of any engineering structure or 

component (Withers, 2001). It is therefore vital to employ reliable techniques to in carrying 

out the measurement of these residual stresses and thorough interpretation of the data or trend 

of distribution generated (Pagliaro et al, 2009). There are two major ways of measuring the 

residual stress – Non-destructive and destructive methods (Lu, 1996). The destructive methods 

are primarily based on the principle of strain measurement in a material that have either been 

removed or sectioned such as contour method, hole drilling and layer removal. Non-destructive 

techniques are based on altering the physical characteristic of the component such as lattice 

spacing or magnetic properties by reason of residual stresses examples are neutron diffraction 

and x-ray diffraction methods (Withers & Bhadeshia, 2001). 

 

2.8.1 Contour method 

 

This technique is used in measuring residual stresses in two-dimensional stress profiles with 

the aid of displacement maps and it consumes less simulation time, computing cost and is 

destructive in approach (Mahmoudi et al, 2009). It does not require advanced tool for 

measurement and the stress-free lattice parameter, and it is independent of the weld 

microstructure (Prime, 2010). The drawback of this technique is that it does not measure 

effectively the residual stresses in the near-surface region of the weld joint or structure and 

when the yield strength of the material equals the measured stress of the component, it is 
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subjected to errors in the plasticity induced stress measurements (Traore et al, 2011). As a 

result, it obtains reading (of 2D stress profiles) in only one stress direction (Prime, 2001).  

This technique of residual stress measurement is based on the Beukner’s elastic principle of 

superposition (Bueckner, 1958) which measures residual stresses perpendicular to the 

reference plane. In sectioning the parts of a component for evaluation of residual stress, first 

there is the part of the component preserved with the residual stresses, which is further split in 

two on the x=0 plane such that it undergoes deformation as the residual stresses are released. 

Next is the surface contour from the half piece of component retaining the partially relaxed 

stresses and finally the evaluation of the stress-free body analytically by displacing the cut 

surface to its original flat shape. The original residual stress contained in the component can 

be calculated by superimposing the partially relaxed stress state with the change in stress at the 

final state for an elastic medium and this can be expressed as follows: 

𝝈𝑨 (x, y, z)   =  𝝈𝑩 (x, y, z)  +  𝝈𝑪
(x, y, z)                                                             Eqn (2.4)         

 𝝈𝑨 is the original stress, 𝝈𝑩is the remaining stress and 𝝈𝑪 evaluates the changes the stress 

undergoes in terms of relaxation from sectioning and is therefore referred to as the change 

stress, whereas  𝝈 is the overall stress tensor. Contour technique entails cutting the specimen 

evaluation the stress profile, smoothening of the data and FE Analysis (Prime, 2001).  

 

2.8.2 Deep hole drilling methods  

 

This technique is very effective for measuring residual stresses in very thick sections 

components and structures and it is semi destructive in nature and measures stress in one-

dimension map (Hosseinzadeh et al, 2011). It measures residual stresses through-the-thickness 

by evaluating the strain via stress relief in a small material (Mahmoudi et al, 2009) and this can 

be carried out in four ways.  
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Step one involves placing two reference bushes on both front and back surfaces of the materials 

to generate references void of stress and prevent drill bell-mouthing. Next, a tiny reference hole 

is drilled into the component and diameter determined from different angular location and at 

along the axis of the hole at similar intervals. Thirdly, some part of the component is trepanned 

coaxial to reference hole thereby releasing the residual stresses. Fourth step involves evaluating 

the diameter of the already measuring the hole at similar angular locations and intervals as 

previous. The difference in the diameter of the reference hole gives the distortion of the hole 

in the radial direction. The principle behind the trepanned holes can be compared to those of 

plates positioned separately each with a tiny hole that is brought under to constant uniaxial 

stresses (in same direction). There is usually change in the diameter △𝑑(𝜃, 𝑧)of a tiny hole 

placed in an elastic plate when the plate is subjected to an isolated and constant stress fields 

(𝝈𝒙𝒙, 𝝈𝒚𝒚 and 𝝈𝒙𝒚) and is dependent on angle 𝜃 roundabout the hole and via the plate thickness 

𝑧. The perpendicular distortion in the radial direction denoted by 𝑼ϒϒ, round about the hole is 

proportional to the residual stresses in the plane of the component, and expressed as follows 

(Smith et al, 2000):                     

𝑼ϒϒ (𝜃)  = 
Δ𝑑𝑦(𝜃)

𝑑(𝜃)
   = 

1

𝐸
  [(1 + 2𝑐𝑜𝑠2𝜃) + 𝝈𝒚𝒚 (1 –2𝑐𝑜𝑠2𝜃) +  𝝈𝒙𝒚 (4𝑠𝑖𝑛2𝜃)]     Eqn (2.5) 

The local stresses can be determined where there is no hole present by determining the 

difference in the diameter of the reference hole before and after trepanning using the following 

expression.  

 ∆𝑑(𝜃) = 𝑑′(𝜃) − 𝑑(𝜃)                                                                                           Eqn (2.6) 

The 𝑑′(𝜃) and 𝑑(𝜃) are the reference hole diameter after and prior to trepanning. For every 

depth 𝑧 along the axis of the hole, these readings are taken repeatedly at m different angles 

from the reference hole such that there is a linear distortion in the stresses within the plane 

normal to the reference hole axis, expressed as: 
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𝑼ϒϒ (𝜃) = 
Δ𝑑𝑦(𝜃)

𝑑(𝜃)
   =  − 

𝑓(𝜃)𝛔𝑥𝑥+𝑔(𝜃)𝛔𝑦𝑦+ℎ(𝜃)𝛔𝑥𝑦

𝐸
                                                          Eqn (2.7) 

The above holds true if the stress in out of plane direction is zero which implies that the normal 

radial distortion at a location along the reference hole is given as: 

𝑼ϒϒ (𝜃) = 
1

𝐸
𝑴𝟐𝑫𝝈                                                                                                      Eqn (2.8) 

E is the young’s modulus whereas 𝑴𝟐𝑫 is the matrix of angular functions. For m angles of 

readings taken, the pseudo inverse matrix of the least of squares line of best fit for the diametral 

strain can be expressed as (Smith & Bonner, 1994):  

𝝈̂ =  𝐸𝑴∗
𝟐𝑫𝑼ϒϒ                                                                                                        Eqn (2.9) 

And   

 𝑴∗
𝟐𝑫  = (𝑴𝑻

𝟐𝑫 𝑴𝟐𝑫) −𝟏𝑴𝑻
𝟐𝑫                                                                                  Eqn (2.10)   

Where 𝝈̂ is the optimum stress vector that best fits the diametral distortions, 𝑴∗
𝟐𝑫 is the pseudo 

inverse of matrix 𝑴𝟐𝑫 and 𝑴𝑻
𝟐𝑫 is the matrix transposed (Hosseinzadeh, 2009). 

 

2.8.3 Diffraction method 

 

Both X-ray and Neutron diffraction are techniques employed in the measurement of residual 

stresses in a non-destructive approach by penetrating multi-crystalline ceramics and metals at 

varying beam levels to the order of tens of microns (James et al, 1999). For atomic spacing in 

some engineering components applications, the wavelength of neutrons penetrates as far as 

centimetres unlike those of x-rays methods (Withers & Bhadeshia, 2001). Unlike X-ray 

diffraction technique which measure the residual stresses on the surface, Neutron diffraction 

techniques measures residual stresses deep within welded structures and joints although there 

are some limitations by reason of spatial variations in the lattice of the reference structure which 

involves chemical changes or microstructural gradients and textures of the weld zone and 

surrounding (Krawitz & Winholtz, 1994). It is observed that such structures and welded joints 
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are too thick for effective measurements of the residual stresses using neutron diffraction 

technique which require the measurement of stress-free lattice parameter d0, unlike the contour 

technique. 

 

2.8.3.1 Neutron Diffraction method 

 

This technique depends on elastic deformations inside a multi-crystalline component or 

structure which alters the spacing of lattice planes from their stress-free state. The detector 

moves round the sample identifying the locations of diffracted beams with high intensity. They 

are able of measuring bulk penetration depths of 100 mm for (aluminium), 0.2mm near surface 

depths and can also generate three-dimensional strain amps with high spatial resolution via 

rotational and translational motion of their accessories. The two approaches for neutron 

diffraction techniques – time of flight and conventional 𝜃/2𝜃 since neutron beams are either 

pulsed from a spallation source or continuous from a reactor source. The continuous beams 

utilize the 𝜃/2𝜃  scanning in which phase changes △𝜃in a single ′ℎ𝑘𝑙′ diffraction peak are 

regulated by the relationship: 

𝜖 =  
Δd

d
= 𝐶𝑜𝑡𝜃 △ 𝜃 △ 𝜃                                                                           Eqn (2.11) 

Where 𝜃 is Bragg scattering angle and △𝜃 is difference in the Bragg scattering angle 

The pulse beam utilizes the time-of-flight approach which entails a variable incident 

wavelength 𝜆 and constant Bragg angle of the order of 2𝜃 = 90o due to large range of energies 

contained in each pulse of neutrons exiting the target, the very energetic arriving prior to the 

slower neutrons. It is possible to calculate the wavelength and energy of each neutron from the 

time of flight that is the time duration from the release of the neutron and the strain can be 

expressed as: 

𝜺 =  
Δ𝑡

𝑡
                                                                                                    Eqn (2.12) 
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Where t is the time of flight 

Detectors with higher resolution measures longer flight path compared with other detectors 

because the resolution of the strain is a function of accuracy of the measurement of time of 

flight which is greater than a hundred meters (Withers & HKDHB, 2001).  

 

2.8.3.2 X-ray diffraction method 

 

This technique measures the strains inherent in the atomic planes using the Bragg’s law which 

expresses the criteria for diffraction as (Fitzpatrick et al, 2005): 

𝑛𝜆 = 2𝑑𝑠𝑖𝑛𝜃                                                                                          Eqn (2.13) 

Where d is the interplanar spacing, λ is the wavelength of the incident x-rays, n is the order of 

reflection represented by n = 1, 2, 3 … and 𝜃 is angle between the incident beam and reflected 

beam. The interplanar spacing d can be calculated when 𝜃 and wavelength λ are known. 

Residual stress measurements are carried out when the monochromatic beam incident on the 

atomic planes and the reflected beam from the atomic planes are displayed, the inherent 

residual stresses within the weld sample (or component) provokes a shift in the interplanar 

spacing so that x-ray diffraction peak changes giving rise to the quantity of residual stress 

measured.  
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Figure 2.19 X-ray diffraction measurement technique for Residual Stress using Axial System 

 

In Figure 2.19, L1, L2 and L3 are the frame of reference given in the lab in line with the line 

detectors, whereas P1, P2 and P3 are the three perpendicular directions to the sample being 

examined. Angles 𝜑 and in some cases ∅ are the relationship between Pi and Li axes where 𝜑 

is the angle between the measured strain direction L3 and the normal to the surface P3. This 

strain along L3 is obtained from the equation if d∅𝜑 is the interplanar spacing from the 

diffraction peak for a given ‘h k l’ plane, in direction of angles ∅ and 𝜑.  

(𝜺𝟑𝟑) ∅𝝋 = 
𝑑∅𝜑 − 𝑑∅𝜑=0 

𝑑∅∅=0 
                                                   Eqn (2.14) 

  

Where ∅ is the angle between one of the principal stress axes P1 and the projection of the 

measured strain direction L3 to the surface of the sample and d∅𝜑 = 0 is the value of the stress-

free interplanar spacing. The 𝑆𝑖𝑛2𝜑 approach underpins the measurement of residual stresses 

in X-ray diffraction technique as shown in Figure 2.19 where diffraction methods are carried 

out at some tilt angles 𝜑.  

For two tilt measurements at angles 0o and the residual stress at the surface can be derived from 

the following: 

  𝝈∅𝜑  =   
𝐸

1−𝜈
 

1

𝑆𝑖𝑛2𝜑
  

𝑑∅𝜑 − 𝑑∅𝜑=0 

𝑑∅∅=0 
                                                        Eqn  (2.15) 
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The term E/ (1 - 𝜈) is constant with 𝜈 as Poisson’s ratio and E Young’s modulus. The curve of 

the difference in d given by △d/d versus 𝑆𝑖𝑛2𝜑 results in a straight line with a slope being a 

function of E, 𝜈 and 𝝈∅. The stress at the surface 𝝈∅ can be calculated for varying tilt angles 

from the slope of the least square of the best line fit (Francis et al, 2007; Murugan, 2001; 

Elmesalamy, 2014).   

 

2.9 Simulations of Welding Phenomenon – Numerical 

 

Several works have been carried out on numerical simulation which is evident in published 

literature with regards to computational work. This involves the simulation of non-linear heat 

flow generated from the welding of a plate with a single pass or multiple. The majority of the 

concerns generated during the weld processes are as a result of non-linear heat flow which 

refers to the moving heat model or the weld torch. This same work began as an experimental 

investigation from as far back as 1960 right through to 1970, with limited finite solutions for 

the non-linear transmission of transient heat analysis prior to 1970 (Qureshi, 2008). Computer 

coding of the multifaceted heat flow process via weldments unto the base material were being 

advanced from the mid1970s (Qureshi, 2008). A three-part comprehensive evaluation on 

welding simulation was assembled by Lindgren recently (Lindgren, 2001; Lindgren, 2001) as 

well as Adib Becker and Anas Yaghi (Yaghi & Becker, 2004).  

Rosenthal in 1946, was the first to simulate the welding system using the moving heat source 

to resolve the transient thermal distribution in arc welding using a 2D and 3D solid heat flow 

with limited boundaries (Rosenthal, 1946). The moving heat source is the physical states when 

the thermal excitation changes its location in a more or less regular manner with reference to 

the body analysed for the heat conduction phenomena. 
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He further authenticated his findings with experimental results obtained from thermally 

distributed welded plates of varying sizes and thickness. Following Rosenthal’s discoveries, 

other researchers discovered that although his model gave a detailed estimate of the 

temperature from a distance; the close-range values were quite high. Debicarri (Debiccari, 

1986) and Rybicki (Rbicki et al, 1978) along with other scientists created multiple point heat 

sources which produced an accurate evaluation of the transient thermal distribution from a weld 

torch. In addition to using a predefined temperature at certain points, Goldak (Goldak et al, 

1984; Goldak, 1996) developed a heat source model known as Double Ellipsoidal Heat Source 

having a Gaussian distribution to overcome the previous limitation. Currently this is the most 

common model utilized with the ability to make amendments whenever necessary. Other heat 

models in use today include Sabathy et al (Sabathy et al, 2001) and (Ravichandran et al 

(Ravichandran et al, 1996). 

Finite element methods in welding simulation were developed by Habbitt and Marcal (Habbitt 

& Marcal, 1973) and Ueda and Yamakawa (Ueda & Yamakawa, 1971) but with limitations; 

which spurred subsequent scientists such as Anderson, Friedman and Rybicki et al to provide 

welding simulations - having fundamentally clear and precise step by step procedures for 

analysis (Anderson, 1978; Friedman, 1975; Rybicki 1978).  This same model took into 

cognisance the thermal variant material properties and dormant heat related with liquid solid 

phase transformation. Rybicki developed an enhanced model which was capable of simulating 

the pipe girth weld of a pipe in a rotational and planer point of view as well as sequentially 

combining the effect of 28-point sources corresponding to the thermal field.  Butt Welding 

using Plates and simple strain illustration was developed by Friedman and Andersson, the 

thermo-mechanical uncoupled modelling of the weld was carried out using only half of the 

cross section (Anderson, 1978).  
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ABAQUS provides options to carry out coupled and uncoupled simulations. As the former 

poses higher demand to computing capacity, with only a single core desktop available for this 

research, the uncouple option was chosen in which the thermal analysis was conducted first, 

followed by the mechanical analysis using the thermal analysis output as the input.  

The Finite Element technique was also utilized for a series of several simulations with a good 

number of experimental works carried out towards verifying numerical analysis and procedures 

such as the type of element used in model design, the concentration of the mesh, choice of filler 

material, method of modelling and the nature of simulation software all playing crucial roles 

(were employed). The inherent characteristics of different materials were keenly observed with 

their influence on the thermal and stress analyses closely monitored.  The type of computational 

modelling invented by (Mc Dill, 1915, 1999) and other scientists (Qureshi, 2008), proved to 

be most effective yielding qualitative results – he established the different element types that 

could be used while meshing a model; however, for parts of the model, having high stress and 

temperature differences meant that a default mesh was employed to resolve complexities. As a 

result of the different mesh styles available for meshing, the number of elements was 

concentrated. The consequence of this saw a reduction of simulation time. A good number of 

inventors among whom were the likes of Hyun (Runnemalm & Hyun, 2000) and Lindgren, 

Runnemalm and others  (Lindgren, 2001) (Lindgren, 2001), modified the existing methods of 

re-meshing. Some of the synopses outlined by Lindgren (who is quite vast in the field of 

welding and a specialist), are: 

Moving heat source is better used in modelling welds compared to the axisymmetric model 

because it yields less distortion when compared with the latter since the latter takes into 

consideration the overall circumference of the pipe/cylinder welded. When observing the arc 

at close range, the immediate environ for the double ellipsoidal model is more effective in 

representing the heat inputted into the model. The important assumptions made in the choice 
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of linear elements for meshing is keeping the temperature value invariant in the stress analysis 

as well as ensuring a consistent overall strain to eliminate locking. While carrying out the stress 

analysis the extent (amount) of movement/ displacement in any and all directions should be a 

step above thermal analysis because the latter results in the former. By reason of the unstable 

nature of ferritic steels during phase conversion which is obvious in the yield stress and thermal 

expansion, the growth of their microstructure is embedded into the material library. Numerical 

analysis of a temperature field distribution is more direct compared to the analytical solution. 

Quite a significant number of weld experiments carried out with the aid of thermocouples are 

required to generate the appropriate amount of data which can be fed back into the Finite 

element analysis model to verify computational findings, such as the overall amount of heat 

inputted into the model prior to analysing the effect of varying weld parameters and design 

parameters. 

 

2.9.1 Thermal and Stress Analysis of Welded Plates  

 

FEA of thermal stress analysis in rectangular plates was carried out to solve controlling heat 

equation thereby generating FE equation for thermos-elastic stress analysis using classical 

theory of thermos electricity. Since temperature was conveyed in the middle of the plates, the 

temperature increases with time, it increases in middle of plate whereas decreases at edge of 

plate maintained at constant temperature. Dislocation is highest at insulated edges and 

maximum temperature and lowest at surface. Thermal stresses were observed at insulated edge 

and central section of plate (Verma et al, 2014).  

In 2D and 3D model developed by Xu in 2014, 3D model provides prediction of heat flow and 

stress distribution within the model using Goldak double ellipsoidal heat source via DEFLUX 

interface of Abaqus. This because order than the 2D Axisymmetric model, a 3D model provides 
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a more realistic picture and detailed information regarding the model compared to 2D. It is 

observed that greater amount of residual stresses occurred at regions near the weld and corners 

of weld plates and residual stress responded faster to heating time compared with other weld 

parameters such as weld path and cooling time. The ability of the software to integrate and 

clearly interpret specific and combined data such as heating time and weld path as well as 

cooling time will depend on the computing power of device available, version of the software 

employed and modelling ability of the user to intricately include and factor all these factors 

into the Abaqus software. Would this same distribution of residual stresses be displayed in a 

3D model of dissimilar material clad having different clad thicknesses? It was observed 

however that the 2D FE models were suitable for weld because they give inaccurate solutions 

of residual stresses which could possibly mean that not all details were depicted in the stress 

profile of the 2D model as compared with the 3D hence the curved profile of residual stress 

appeared accurate due to approximations in the 2D model by reason of iterations carried out. 

It is therefore inferred that the 2D axisymmetric models provides as much detailed information 

as a 3D plate analysis compared with 2D model.  

In analysing the stresses in a welded joint, a change in the welding condition definitely impacts 

on the nature of residual stresses obtained. For instance, residual stress encountered in well 

clamped system will be less than that in a non-clamped setup. In the ‘Investigation of Clamping 

Effect on the Welding Residual Stress and Deformation of Monel Plates by Using the 

Ultrasonic Stress Measurement and Finite Element Method’, 3D thermomechanical FE was 

carried out by Javadi in 2015 and it was revealed that longitudinal axial residual stress 

measured up to 240 MPa whereas ultrasonic measured 230 MPa and hole drilling method 

measured 250 MPa as shown in Figure 2.18. The difference between the residual stresses 

measured by the ultrasonic method and those obtained from the FE simulation did not exceed 

25 MPa which is about 10% of the yield strength of the Monel plate which implied that 
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ultrasonic and FE simulation have reasonable agreement. This is commendable because 

provided the yield strength is not exceeded, failure does not set in and FEA residual stress 

model is validated by the experimental model. The evaluation of residual stress and 

deformation in the Monel plates was used to investigate the clamping effect on the residual 

stresses and deformation by employing the Ultrasonic stress measurement LCR, angular 

shrinkage measurement, FE simulation and hole-drilling method in Figures 2.20 and 2.21. It 

was discovered that the angular shrinkage of the clamped plate 2 is less than one-quarter of 

unclamped plate 1 as shown in Figure 2.20. Ultrasonic stress measurement distinguished the 

clamping effect on longitudinal stresses with the aid of LRC waves.  The process of welding in 

Monel plates with the aid of clamp yields an increase of 10% in longitudinal stress. By reason 

of the close agreement obtained between the ultrasonic stress measurement and FEA, it reveals 

the fact that the former can be used in measurement of residual stress. 

 

Figure 2.20 (a) Clamping effect on the welding deformations and (b) Angular shrinkage produced 

after the welding of Monel plates (Javadi, 2015)  

a b 
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Figure 2.21 Figure (a) Longitudinal Axial Stress FE, ultrasonic and (b) hole drilling Clamping effect 

on the longitudinal residual stress (Javadi, 2015) 

2.9.2 Thermal and Stress Analysis of Welded Dissimilar Materials 

 

The stress behaviour and response in a welded structure has been carried out with the discussion 

on single plates and pipes layer (monolayer) however in double layer not much has been done. 

Ultrasonic residual stress measurement can also be used to verify through the thickness welding 

residual stresses of dissimilar steel pipes as seen in (Javadi et al, 2013) but not without its 

drawback such as the complexity in the residual hoop stress which is sensitive to the distance 

from weld centreline on outer pipe surface as shown in Figure 2.22. Increase in frequency 

increases the similarity between the residual stress so the outer pipe surface and hoop stress 

although in close proximity to the surface is increased. There exists an inverse proportionality 

between the tensile stress and the frequency and by reason of high yield stress; the peak residual 

stress in the stainless steel exceeds that of carbon steel side of the weld as shown in Figure 

2.22. Hence Ultrasonic is suitable for measurement of residual stress difference of two 

dissimilar pipes at positions faraway from weld line, would the difference be greatly 

appreciated in two different clad thicknesses of dissimilar material joint? This difference is 

appreciated at higher frequencies of transducers.  

a b 
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Figure 2.22 (a) Ultrasonic stress measurement results and (b) Residual stress on the weld centreline 

(Javadi et al, 2013) 

 

(Yaghi et al, 2006) revealed that the residual axial stresses in a thin-walled pipe of 4-pass FE 

model are tensile at the pipe interior for low Ri/T (bore –thickness ratio) value and at exterior, 

it is compressive, and in between the wall of the pipe, peak axial stress do occur. The tensile 

stresses within the interior of pipe decreases from 100 MPa to zero, with increase in Ri/T even 

up to the value of 100; hence increasing the default compressive stress of the outer pipe surface 

towards becoming more tensile ranging from -350 to -100 MPa. This is expected for stress 

distribution within pipes, however does this hold for dissimilar materials clad and what would 

be the trend in varying dissimilar materials clad thicknesses? This brings about an equivalent 

of crossover via the wall thickness at an approximate Ri/T ratio of 0.6-0.7. Similar trend is 

observed for the hoop stress even though higher stresses of the order of -300 to -400 MPa are 

experienced for Ri/T of 1.0 having a compressive stress of -100 MPa at the outer surface of the 

pipe. Cracks occur by reason of hoop stress for relevant fluid conditions within surface.  At 

HAZ, Figures 2.23 a and b and 2.24 below, similar trend of tensile axial stress occur at the 
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interior of pipe which eventually decrease as Ri/T increases and likewise, compressive axial 

stresses at pipe exterior with Ri/T decreasing compared to the WCL position. Hoop stress 

distribution is similar to that of axial. 

 

Figure 2.23 (a) Residual axial stress curves for 4 pass model (b) Residual Hoop stress for 4-pass 

model (Yaghi et al., 2006) 

 

 

Figure 2.24 Residual Hoop Curve for 4-pass model (Yaghi et al., 2006) 

 

The thick-walled pipe of 36-pass FE model revealed a more complex situation because of the 

increased weld beads as shown in Figure 2.25; could this condition be the case with thick-

walled cladded pipes of dissimilar material weld? For the two position HAZ line and WCL, 

there exist peaks through the thickness which suggest that the interior of the thicker pipe is less 

a b 
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sensitive to cracking and sensitivity increases with increase in Ri/T, the effect being less than 

in the thinner walled pipe.   

Currently there are no recommended profiles for axial residual stress in restrained material in 

Engineering Critical Assessment (ECA) procedures. This is because the tensile stress on the 

un-yielded material would spread outwards. Weld beads with small depth-to-width ratio similar 

to one formed when bridging a wide gap with a thin and broad bead are more susceptible to 

solidification cracking because the centre on the weld being narrow has negligible resistance 

to cracking. Welding techniques and parameters are also key to creating weld bead which has 

acceptable depth to width ratio (minimum 0.5:1) hence guaranteeing adequate resistance to the 

solidification stresses. Large depth to width ratio (>2:1) results in segregation and excessive 

transverse strains in controlled or restricted joint and solidification cracking.  

 

Figure 2.25 (a) Residual hoop stress for 36-pass model (b) Residual axial stress for 36-pass model 

(Yaghi et al, 2006) 

 

(Jiang et al, 2011) carried out research on “Effects of Clad and Base Metal Thickness on 

Residual Stress in the repair Weld of a Stainless-Steel Clad Plate”. The FE technique shown in 

Figures 2.26 (a -b) was used to determine the residual stresses which emanated from the repair 

weld of a stainless-steel clad plate – refer to Figures (C-D) – which embraced the effect of the 

depth of clad metal, as well as the effect of the depth of the base metal. High residual stress 
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was induced in the heat affected zone (HAZ) and the weld metal. The thickness of the base 

metal and that of the clad metal both had a direct impact on the residual stresses (Jiang et al, 

2011). The greater the thickness of the clad metal, the more the plastic strain as shown in Figure 

2.26 hence deformation increased in order to balance out (relax) some of the residual stress 

hence reducing the residual stress, however can this be applicable with joints of dissimilar 

materials in pipes? The structure to be repaired possesses an angular deformation for the weld 

shrinkage, but this is curtailed since the base metal is of higher strength than the clad metal. 

Increase in the thickness of the base metal, however, increases the constraint on the weld 

shrinkage thereby increasing the residual stress. Weld cladding and dissimilar material joints 

generally create substantial discontinuity stresses at the interface refer to Figures 2.26 and 2.27 

such that the subsurface is prone to fatigue cracking.  

 

Figure 2.26 (A) Geometrical Model of Clad plate repair weld (B) FE Meshing (C) Comparison of 

Transverse by Us and Chang (D) Residual Stress along top surface (Jiang et al, 2011) 
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Figure 2.27  (E) Residual Stress Contours in S11 (a) S22 (b) and S33 (c); (F) Contour deformation (a) 

and Plastic Strain (b) (Jiang et al, 2011) 

 

It was observed that during the repair weld of the clad plate, high residual stresses were induced 

on the HAZ and weld metal alongside angular distortion on the weld metal by reason of weld 

shrinkage as seen in Figure 2.27. This can be accounted for by the fact that distortion in a weld 

is sourced from heating and cooling circles of expansion and contraction in the weld metal 

adjacent the base metal while welding, and local plastic deformation as a result of weld thermal 

cycles which is generated as a decrease in the yield strength and elastic modulus as thermal 

expansion and specific heat increases. This affects the shrinkage and deformation of the 

material alongside the flow of heat and uniform distribution of heat inducing stress at the weld 

joints as shown in Figure 2.27.  

 

2.9.3 Thermal and Stress Analysis of Welded Pipes 

 

The stress behaviour and response in pipes has been carried out with discussion on single pipes 

however in double layer (cladding and with dissimilar material), research is currently ongoing.  
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(Sinha et al, 2013) in ‘Analysis of Residual Stresses and Distortions in Girth-Welded Carbon 

Steel Pipe’ constructed a sequentially coupled 3D FE model of a carbon steel pipe using girth 

weld in order to comprehend the features of the distortions and residual stress that there are 

when using tungsten arc welding. Transient, non-linear thermal solution based on heat 

conduction, convective and radiative boundary conditions is solved in the first part to obtain 

the nodal temperature history refer to Figure 2.28 (b). Since thermocouples were employed in 

Figure 2.28 (c) at 4 different locations to take the thermal reading, it is critical to understand 

the functions undertaken by each of the thermocouples in the nonlinear thermal distribution at 

the welded joint and the order in which each contributed to the overall distribution in 

transmission and conveyance of the transient heat. Further still is the fact that it would be well 

appreciated to compare these heat distributions in different clad thicknesses of dissimilar 

material joints. The temperature fields are further utilized as thermal loads in subsequent 

elastoplastic structural analysis to obtain the transient and residual stress fields and distortions, 

see Figures 2.29 (a-d). This model comprises of a ‘V’ groove as shown in Figure 2.28 (a) in a 

300 mm OD pipe having wall thickness of 3mm. Experimental validation of the thermal and 

stress models were carried out via temperature distribution, residual stress and distortion 

measurements. There was a good match between the measured and simulated results refer to 

Figure 2.29 (b). The result also showed that close to the weld area, the axial stresses are 

compressive in the outer surface of the pipe as shown in Figure 2.29 (f) and tensile within the 

internal surface of the pipe as observed in Figure 2.29 (a); this however contradicts the residual 

stress distribution in (Dar et al., 2009) which reveals compressive stresses within the internal 

surfaces of the pipe and tensile stresses within the exterior surfaces of the pipe; whereas hoop 

stresses are tensile outside and inside the pipe – refer to Figure 2.29 (c and d)  (Sinha et al., 

2013). If this is the stress distribution in 3mm cladded pipe what will be the profile for higher 

clad thicknesses of dissimilar material joint?  The angles 50, 90, 150 and 250 are four different 
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angles at which the readings of the residual axial stress distributions were taken to reveal the 

stress distributions.  

 

 

Figure 2.28 (a) 3D FE mesh sensitivity analysis (b) Computed and measured transient temperature 

profiles on pipe outer surface. (c) Temperature profiles at four different time steps (d) Axial 

Temperature distributions for four different cross-sections (Sinha et al., 2013) 
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Figure 2.29 (a) Axial residual stresses on inner surface (b) Axial residual stresses on outer surface (c) 

Hoop residual stresses on outer surface (d) Hoop residual stresses on inner surface (Sinha et al., 2013) 

 

 

The wall thickness has a direct impact on the residual stress profile in a girth welded cylinder 

in that higher wall thickness gives rise to reduced residual stress and greater residual hoop 

stresses. Close to the line of weld the highest values of radial deflection and axial deflections 

are observed, this is because the characteristic axial residual stresses are compressive near the 

weld. In BS 7910, there is currently no guidance on the residual stress distributions along the 

pipe length showing how residual stresses fade away from the weld centre-line outwards. Far 

away from the weld line, the shrinkage in radial direction reduces steadily and approached a 

near zero value at the restrained end. There is a face tilt seen at the non-restrained end of the 

cylinder. This difference in the angular distortion is due to deviation of the radial deflection of 

the end of the pipe. 

(Dar et al, 2009) worked on ‘Analysis of weld-induced residual stresses and distortions in thin-

walled cylinders’ in 2008.  The research entailed computational simulation of 3D FE models 
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of thin layered cylinders using TIG welding to demonstrate the distortions and residual stresses 

using ANSYS with subroutines and material properties except yield stress. The model used is 

the Gaussian distribution for circumferential welding and has features of power and density 

distribution control in the weld pool and HAZ. The geometry of the butt weld was carried out 

on a 300 mm outer diameter cylinder having a wall thickness of 3mm and having a V shape. 

The procedure was carried out with the aid of a non-linear thermos-mechanical analysis and 

the results of the mechanical and thermal analysis are confirmed via experiments for residual 

stresses, thermal responses and distortions. High tensile and compressive axial residual stress 

exists on inner and outer surfaces of the cylinder. One way to reduce the residuals stresses 

without external constraint is to reduce the weld shrinkage which is typical in most welds, 

however with proper weld grove design and welding procedures parameters as well as edge 

preparation for conventional narrow grooves in pipes, it can be minimised. For the examination 

of residual stress states in the pipe, current ECA procedures were introduced in which 

distribution and magnitude of the stress were recommended for certain thicknesses. Although 

the guidance was developed for general case with wide groove welds, the degree of 

conservatism could be evaluated. Narrow grooved joints have proved effective for residual 

stress reduction compared with GMAW and pulsed PGMAW according to (Giri et al, 2014). 

Hoop residual stresses on external and internal surfaces vary at different cross sections (Dar et 

al., 2009). 
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Figure 2.30 (a) Axial and hoop residual stress distributions on outer and inner surfaces of cylinder (b) 

Hoop residual stress fields on cylinder outer surface (c) Hoop residual stress fields on the cylinder 

inner surface (Dar et al., 2009) 

 

They observed that the residual axial stresses vary slightly with the circumferential positions 

from the start of the weld, similarly the hoop stresses also vary with the circumferential 

positions as shown in Figure 2.30 (a). The profiles of the axial residual stresses are as good as 

homogenous in the circumferential direction exception of the weld start position – refer to 

Figure 2.30a). There is a conspicuous protuberance underneath the crest of the weld which 

signifies the discrepancy in stress as observed in Figure 2.30 (a-c). 

(Feli et al, 2011) carried out research on ‘Finite Element Simulation of Welding Sequences 

Effect on Residual Stresses in multipass butt-welded stainless steel pipes’. In the research 3D 

model and 2D axisymmetric FE models, pipes were developed using the Abaqus software in 

order to analyse the temperature history as shown in Figures 2.31 (a and b) and residual stress 
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– refer to Figures 2.32 (c and d) conditions in multi weld passes in stainless steel. They 

employed the Goldak and Akhlaghi double ellipsoidal heat source model for moving heat 

source for both front and back heat source using the DFLUX (used to define nonuniform 

distributed flux in a heat transfer or mass diffusion analysis) subroutine provided by ABAQUS. 

User subroutine FILM (is a subroutine in Abaqus used to define non-uniform film coefficient 

and associated sink temperatures for heat transfer analysis) was employed to simulate the 

overall heat boundary conditions. When the outcomes of both 2D axisymmetric and 3D 

simulations were compared with experimental results, it was discovered that there was good 

agreement and that the hoop and axial stresses in both models have similar distributions in all 

locations apart from the weld start position as shown in Figures 2.33 (a-d). High values of final 

axial and hoop residual stresses in the weld zone is as a result of high yield strength of weld 

metal and the residual axial stress profile inside and outside the pipes are opposite as shown in 

Figure 2.33 (a and d). In BS 7910, there is currently no guidance on the residual stress 

distributions along the pipe length showing how residual stresses fade away from the weld 

centre-line outwards. Mechanical analysis according to (Ahmed et al, 2019) is hinged on the 

fundamental principles of thermal-elastic-plastic equations because the material is strained 

while welding by reason of weld thermal cycle such that the total strain comprises of elastic 

strain, thermal strain, plastic strain, volumetric strain and transformation-induced plastic strain 

which produces residual stresses and deformation. The plastic deformation induced is 

associated with von mises criterion so that equivalent stress is expressed as field (Dai et al, 

2019; Ahmad et al, 2019; Yupiter et al, 2013; Ahmad et al, 2019): 

𝛔𝐩 =
𝝈𝒚

𝟏

√𝟐
 [(𝝈𝟏−𝝈𝟐)𝟐+ (𝝈𝟐−𝝈𝟑)𝟐++ (𝝈𝟏−𝝈𝟑)𝟐] 𝟏/𝟐

                                               Eqn (2.16) 

Where 𝝈𝟏, 𝝈𝟐 and 𝝈𝟐 are the principal stresses in the and total strain which is the sum of the 

individual strain components can be expressed as (Ahmad et al, 2019): 

𝜺𝒕𝒐𝒕𝒂𝒍  =  𝜺𝒆  +  𝜺𝒑  +  𝜺𝑻  +  𝜺𝑽  +  𝜺𝑻𝒓
                                                       Eqn (2.17) 



  

97 
 

Where is 𝜺𝒕𝒐𝒕𝒂𝒍 is the total strain, 𝜺𝒆 is the elastic strain, 𝜺𝑽 is volumetric strain, 𝜺𝑻 is the 

thermal strain, 𝜺𝒑 is plastic strain and 𝜺𝑻𝒓
 is transformation-induced plastic strain.  

If the effects of volumetric strain change and transformation induced plastic strain can be 

neglected, then the stress field and displacement field can be obtained from the following 

expression: 

{𝐊𝟏}{𝑼𝒆} −  {𝐊𝟐}{𝑇𝑒} =  {𝑹}                              Eqn (2.18) 

Where {𝑹} is temperature loads of each node, {𝑲𝟏} and {𝑲𝟐} are stiffness matrix, {𝑇𝑒} is the 

temperature and {𝑼𝒆} the displacement field (Dai et al, 2019; Ahmad et al, 2019; Yupiter et 

al, 2013; Ahmad et al, 2019). 

(Feli et al, 2011) also studied the consequences of the order of welding on the thermal and 

mechanical analysis; having taken into cognisance four different type of weld order. It was 

discovered that for the four type welding sequences employed, FE analysis predicted that order 

than the start point of weld, residual there are no significant variations in the profile of the 

residual axial and hoop stresses with the amplitude varying slightly. However, could it be that 

it is possible to obtain similar distributions of residual stresses irrespective or the sequence in 

which the weld direction is taken, especially for different clad thicknesses of dissimilar material 

weld? 
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Figure 2.31  (a) Temperature distribution in 3D FE simulation (b) Temperature distribution in 2D FE 

simulation (Feli et al, 2012) 

 

Figure 2.32  (c) Axial stress distributions of the welded pipe in 3D FE simulation (d) Axial stress 

distributions of the welded pipe in 2D FE simulation (Feli et al, 2012) 
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Figure 2.33  (a) Axial residual stress at 180° on outside surface (b) Axial residual stress at 180° on 

inside surface (c) Hoop residual stress at 180° on the inside surface (d) Thermal Cycles at 3mm of 

weld centreline in 90° deg, 180° and 270° (Feli et al, 2012) 

 

It was found that opposite distribution exists between the residual axial stress on the inside and 

outside surfaces and both stresses are similar irrespective of weld start point because of high 

yield strength of the weld metal. Metallurgical factors were not taken into account in the 

numerical models. 

Smith et al, 2000 carried out work on “Measurement and Prediction of Residual Stresses in 

Thick-Section Steel Welds”. Thick sections of weld generate substantial quantity of residual 

stress and a few researchers were able to predict the distribution via the depth. They employed 

the deep-hole technique to measure the residual stress in the thick sections by gathering the 

outcome of the experiment on different welded steel components and finally compared it to the 
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outcome with FE simulations of residual stress in a welded cylinder in order to validate it. A 

good agreement was discovered.  

The residual stress through thickness was generated for components with a wall thickness that 

ranged from 35 mm to 108 mm and can be obtained using FE simulation. DH is effective in 

measuring stress to different thick sections of welded steel components such as plates, pipes 

and cylinder nozzles. 

Engineering Critical Assessment (ECA) procedures such as BS7910 and R6 recommend 

through wall residual stress profiles to be used in the assessment of structures containing flaws 

in the absence of residual stress measurements and or simulations.   

Current ECA procedures are widely used for the evaluation of residual stresses in conventional 

wide-gap weld. Stress profile recommended in these standards did not consider the profiles 

measured from non-destructive neutron diffraction in the narrow-gap weld in as-welded and 

after PWHT conditions.  (Ren et al., 2016) considered the challenges of measuring residual 

stresses in large girth welded pipe spools using neutron diffraction technique (Ren at al., 2016) 

in as-welded and local post weld heat treated conditions. Choice of stress-free lattice spacing 

value is key to accurately measuring the residual stress. Using the hkl specific material 

properties for the measured planes as established on the DECal software of the Kroner model 

on a sample of dimension 95 mm long and 6 mm thick. Residual stresses are reduced in as-

welded condition when compared to the yield strength of the material and significant relaxation 

is observed in PHWT samples. 

When using BS7910 or R6 procedures for the evaluation of the residual stresses, recommended 

stress profiles should be obtained by applying correct value of the component thickness and 

understanding the level of heat input locations, but also provided information such as the time 

required to complete a set (stress component at each direction) of measurement on large scale 

and complex geometry components (Ren et al., 2018).  
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Yao Ren also researched on the Residual Stress State of X65 Pipeline Girth Welds before and 

after local and Furnace Post Weld Heat Treatment (PWHT) and investigated the local post 

using identical pipeline production manufacturing multi-pass narrow gap welds. Pipe sections 

fixed horizontally without clamps during welding using two mechanically and electrically 

controlled welding torches with short time period between each pass for cooling, inter-pass 

temperature range of 80 – 160oC. Hoop stress at the exterior surface of pipe closer to weld toe 

is 40% of room temperature yield strength of parent metal and same stresses occur at this weld 

toe too signifying that the stress distribution from measurement are below the upper bounds 

advised in the codes and standards. Also considering 3mm underneath the exterior pipe surface 

the axial and hoop stress distributions are similar for the two as-welded pipes with hoop stress 

in weld being 75% of yield strength and >30% in toe and zero further 15mm from weld centre 

line. Axial residual stresses are tensile up to 55% of the material yield strength at 3mm below 

pipe exterior surface and reduced to 20% after PWHT. Since the recommendations of R6 in 

yield zone are conservative (Ren et al., 2016) it implies that there is the need for reduced 

residual stresses via smaller HAZ and reduced heat input in the narrow gap weld procedure. 

The weld centre line has reduced stress 20% for PHT1 locally heated pipe and approximately 

zero for PHT2 1. Hence, PWHT is effective stress reducing means in pipe spools (Ren at al., 

2018). In all the researches considered, the possibility that there could be continuous reheating 

of a previously laid weld pass while the new weld pass is being laid has not been considered 

nor investigated; not even at the macrostructural level, not to mention different clad thicknesses 

of dissimilar material weld – with the aim of finding out evidences to prove that indeed fully 

reheated weld sample can in fact have interesting and similar findings with the continuous 

reheating which takes place during the laying of the weld passes. 
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2.10 Conclusion 

 

Through reviewing and researching of literature and past work, the gaps of knowledge and 

need for this research were uncovered. The major gaps that there are in knowledge include: 

transient heat intricacies (via the array of thermocouples), reheating occurrences at the welded 

joints, welding path and developed systems. There is therefore the recommended to perform 

large numbers of residual stress evaluation on girth welds with various thicknesses or R/t ratio 

values to provide related residual stress profiles in BS7910 and R6 which were the standards 

employed in this research. 

Development for the local content is also seen in the relevance of this research since the residual 

stress measurement in cladded pipes in TWI is not clearly stated. There is no standard guidance 

for predicting the residual stress distribution profiles across the parent metals and weldment 

along pipe length. Typical approach would be to conduct measurement.  This is the build up as 

a first step to the instructions given in coding and industrial standards. In reference to Nigeria 

and with due respect to PTDF, this research feeds into the knowledge gained to the local 

industry. 

Previous works have been carried out primarily on welding in single layer pipes for the thermal 

and stress analysis and experimental work, and although some work has been carried out on 

cladding, there still is the need for improvement in understanding the welded joints. Cladding 

is carried out mainly for the purpose of enhanced corrosion resistance and structural integrity. 

Since two metals of different chemical constituents are welded together what will the newly 

formed weld joint be in terms of chemical composition, strength, corrosion resistance etc? It is 

important to find out if these properties are enhanced or reduced. 

Since welding is carried out on two dissimilar materials – stainless steel and mild steel, there 

is the need to investigate what occurs in the Heat Affected Zone of the welded joint since the 
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chemical component of the HAZ is altered via high weld temperatures in the course of welding. 

Because there is continuous reheating of the thick clad section during the course of the weld, 

there is the need to discover the weakest point of burst because if a structure is to fail it first 

begins at the weakest point of joints; therefore, occurrences and discoveries at the 

microstructural level are very important.  

There is also the need to capture the temperature responses (transient) from the welded joint 

with the aid of thermocouples positioned at strategic points on the welded joints with the main 

aim of understanding and justifying the reasons for the thermal responses is vital. It is not 

enough to presume the distribution of heat through the weld metal but detailed study on the 

temperature profile and heat distribution is needed in order to uncover any peculiar trends and 

being able to account for the peculiarities discovered. 

 

NOTE: The first page of published papers both in international conferences and journals are 

given in appendix 1. 
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3 EXPERIMENTAL STUDIES OF DISIMILAR MATERIAL WELDED 

JOINTS IN CLAD 

 

3.1 Introduction 

 

This chapter presents the experimental technique of sample preparation and the step-by-step 

procedure for mechanical testing in order for mechanical characterisation of dissimilar weld 

joints samples.  The research carried out in the laboratory comprise of weld using gas metal 

arc welding (GMAW) which entailed welding of two dissimilar materials – 316 stainless steel 

API Grade and CR4 mild steel grade – carried out on two different clad thicknesses of 2 mm 

and 12 mm. Section 3.2 discusses the sample preparation which include the choice of filler 

metals, the weld parameters and welding procedures. Section 3.3 is thermal measurements 

carried out with the aid of thermocouples placed at strategic positions. Prior studies have been 

carried out in welding without due attention given to the intricacies of the transmission of heat 

within the welded joint, so the need arises to obtain and record the data of the transient heat 

within the welded structure in order to uncover the trend of heat transmitted within the welded 

joint because this transient heat curve will be compared with the transient curves of the FEA 

thermal analysis in chapter 4. Section 3.4 is the discussion of the mechanical testing of the 

welded joints using tensile, Charpy and indentation tests with the intent of finding out the 

strength and hardness as well as point of the joint most susceptible to crack initiation – in the 

weld, while section 3.5 is the optical microscopy which is the grinding of sample surfaces for 

laboratory examinations of macrostructural evolutions. Sections 3.6 -3.9 comprised of the 

different electron microscopy and laboratory examinations such as SEM, EBSD XRD and 

EDXA which were carried out in order to investigate the occurrences in the weld 

microstructure with the intent of verifying the evidence of reheating which took place at the 

welded joints while welding. Finally, section and 3.10-11 summarises and concludes the 
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achievements in the fabrication of the welded joints using girth welding. The HAZ is of 

relevance because the melting and fusion of both parent material and clad metal alongside the 

filler material takes place here resulting in modification in the chemical properties 

(metallurgical), which occurs via high thermal energies during welding. The HAZ also 

determines the life and duration of a pipe because that is the portion of the pipe most susceptible 

to rust, pitting and cracks, which eventually could lead to it bursting, or failing. It therefore 

plays a vital role in determining the integrity of the pipe and ensures a longer in-service life.  

 

3.2 Welding of Samples 

 

3.2.1 Material Preparation  

 

The compositions of elements present in the parent metals - stainless steel and mild steel as 

well as the filler metals for both stainless steel (304/316 filler wire) and mild steel (A15 Cu-

coated filler wire) were obtained using SEM and are contained in Tables 3.14 through 3.18 

under the EDAX section. The 304/316 filler wire is compatible with the clad metal – stainless 

steel (grade 316) while A15 Cu-coated filler wire is compatible with base metal – mild steel 

(CR4), the compositions are displayed in Table 3.14 and 3.15. Compatibility is very important 

for the welded joint in order to produce an appropriate matching scenario. 

 

  

 

 

 



  

106 
 

For the first set of weld experiments, a mild steel plate of thickness 10mm and dimension 150 

mm by 100 mm of grade CR4 was mounted on a stainless steel 316 grade plate 2 mm thick, of 

dimensions 150 mm by 100 mm and then welded with a 60-degree V-groove for butt weld, see 

Figure 3.1. The design of this narrow gap weld using GMAW is important because the base of 

the clad is 2mm in line with the narrow gap specification. The base metal was positioned 

adjacent to the other base metal at varying angles of 50 and 60 degrees. The plate surfaces were 

scraped with an electric brush and thoroughly cleaned with isopropyl alcohol, after which 

carbon steel plates were mounted on top of the mild steel and clamped into position with the 

aid of G-Clamps, as well as spot welded to avoid movements and enhance stability. Spot 

welding was used to fix the thermocouples into position prior to welding, as shown in Figure 

3.2 (d). 

For the second set of weld experiments, a mild steel plate of thickness 10 mm, dimensions 75 

mm by 100 mm and of grade CR4 (British BS 970: 1991) (Acton Bright Steel, 2018). It was 

then mounted onto a stainless-steel grade AISI 316 plate that was12 mm thick and the 

dimensions were 75 mm by 100 mm. It was then welded with a 50-degree V-groove for butt 

weld (see Figure 3.2 (b)). A similar procedure was again used in the first set of welds, as shown 

in Figures 3.2 (a and c).  The thermal conductivity of stainless steel is 16 [W/mK] whereas that 

of mild steel is 36 [W/mK]. The linear thermal expansion coefficient of stainless steel is 

1.34mm/m and 1.00mm/m for carbon steel or mild steel. 

 

Figure 3.1 A schematic diagram of a weld set up for (a) mild steel (10 mm) and 2 mm stainless steel 

(b) mild steel (10 mm) and 12 mm stainless steel 
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Figure 3.2 (a) Weld set up showing drilled holes for thermocouples. (b) Weld set up on mild steel (10 

mm) and 12 mm stainless steel (c) Positions 1 to 4 of 10 mm mild steel and 2 mm stainless steel clad 

with thermocouples (d) Marked positions 2 to 5 of weld block 

 

NB Drilled holes (2 mm) on the steel plates indicate the position of the thermocouple in order 

to feed into channels 1 to 4 on the data logger. NB the red dot indicates position 6 for the 

thermocouple to feed into channel 6 the input of Pico logger. Although the angle was marked 

70 degrees with a permanent marker before cutting, it was actually angle 50 degrees that was 

cut, not 70 as shown in Figure 3.2. Connecting wires and plugs were also used for the weld 

experiment. The data logging device was chosen to record the temperature variations during 

the weld, see Figure 3.4.  

 

 

 

(b) 
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3.2.2 Experimental Set-up 

 

Table 3.1 Variables used for welding – weld parameters 

Variables Unit Low level (-1) High level (+) 

Arc Voltage Volts 230 240 

Arc Current Amperes 5 45 

 

 

Figure 3.3 Schematic diagram of weld circuit diagram 

 

The experimental set-up is shown in the schematic diagram Figure 3.3. The power supplied to 

the weld set-up, which is displayed in Table 3.1, is transmitted via the weld lead and through 

the Electrode holder and onto the weld plates and joints. The thermocouples positioned on 

strategic locations of the weld plates record the response to the thermal variation of heat 

transmitted onto the plates at different time intervals of 10 seconds and are positioned away 

from the heat source. These thermal values though transient are received via an electrical signal 

and into the channels of the pico logger – a data logging machine connected to the monitor of 

a laptop as shown in Figures 3.3.  

The Weld plan shows the position of the thermocouples from the top, side and bottom of the 

stainless steel-mild steel block array. Different weld angles of 50° and 60° were utilised, as 

well as different distances from the weld line to determine the heat response from the weld 

touch to the thermocouples. One of the objectives is to determine the speed and rate of heat 

transmission from the weld line to the thermocouples while carrying out the weld. A thirteen-
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amp fuse was used, and sixteen (16) fuses altogether were used for welding. In the 2mm 

cladded joints, 2 weld passes for the stainless steel and 6 weld passes for the mild steel. 

 

3.2.3 Weld Parameters 

 

Filler metals: A15 Cu-coated filler wire of thickness 2.37 mm was used for welding the mild 

steel section whereas a 304/316 filler wire of thickness 1.56 mm was used for the stainless-

steel segment of the weld, which invariably is the TIG root. Argon pure shield gas was used 

and the nozzle type being N0 5 nozzle ceramic. The weld set up was suspended on the 

workbench using the G-Clamp (as seen in Figure 3.4.) The weld time was 15 minutes in total 

after which the metal was left to cool. Welding, was carried out within the permitted zone (weld 

arena) and the recording of the data, was carried out on the laptop. Welding was carried out in 

a loop format from the weld start position to the weld end position as shown in Figure 3.4 (a).  

 

 

(b) (a) 
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Figure 3.4 Sequence of TIG weld in laboratory at Brunel University London a) fully welded 2 mm 

clad plates, b) welded plates suspended from work bench with thermocouples attached, c) stainless 

steel/mild steel plate showing thermocouple points 5 and 6 under plate 

 

 

3.2.3.1 Factors Affecting Heat input and Energy of Arc 

 

The amount of heat inputted into a welding process is an expression of the energy fed into the 

workpiece to generate the weld, known as the Energy of the Arc (AE). These are expressed in 

kJ/mm as follows: (TWI, 2016) using the ISO/BS Standard 

AE =
60VI

1000v
             Eqn (3.1) 

Where v is the speed of travel of the weld torch given in distance (mm) per minutes, I is the 

supplied current in ampere, V is the measure of voltage supplied in volts, Heat input (HI) is 

expressed as: 

HI = ηAE            Eqn (3.2)  

Where η is the process efficiency and is unique for every arc welding procedure. 0.6 for TIG 

and 0.8 for GMAW. For this experiment, the speed is 10 mm in 4 minutes which comes to 

2.5 mm in 1minute.  

 

(c) 
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3.3 Thermal Measurements 

 

3.3.1 Thermocouples 

 

High temperature (1700oC) thermocouples were purchased from a company and dealer in 

thermocouples known as TC-Direct (Thermocouple Couple). There are two types of high 

temperature thermocouples available in the market namely R-type ad S-type and they are both 

made up of platinum / rhodium wires. While the former has one of its conductors composed of 

13% rhodium/87% platinum and the other conductor of pure platinum, the latter has one of its 

conductors composed of 10% rhodium/ 90% platinum and pure platinum for the other 

conductor. The type of thermocouple used in carrying out this experiment is the R-type 

thermocouple because it delivers 15% more mV than the S-type. The R-Type was spot welded 

at strategic positions on the dissimilar metals, so as to have a thorough spread of the 

temperature distribution within the dissimilar materials surfaces and joint, as well as to 

determine the speed of heat transmission within the base and clad metals while welding. 

Figures 3.5 and 3.6 show the array of the thermocouples on both the stainless steel and mild 

steel plates. Each terminal was fed into the Pico-logger with the aid of the Platinium-Rodium 

compensating cables (made up of copper and copper nickel), wires of 1mm in length and high 

thermocouple plugs of type R and orange in colour, as seen in Figure 3.4. 

Thermocouples were positioned in 8 different positions for the 12 mm clad thickness and 6 

different positions for the 2 mm clad thickness. The distance of each thermocouple from the 

weld start (WS) position (first point of weld) was recorded as indicated in Figures 3.5 and 3.6. 

The distance of the thermocouples from the weld edge (WE), weld line (WL) and weld axis 

(WA) respectively for the 2 mm and 12 mm clad thicknesses, were noted so that the time taken, 

as well as the weld speed required for each thermocouple to attain its peak value was recorded 
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by the Pico logger. These values would be compared in the transient temperature curve with 

the simulated values from the Abaqus thermal simulation in chapter four – thermal analysis.  

 

a 
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b 
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Figure 3.5 (a) Top view of weld plan and thermocouple positions 2-6; (b) Bottom view of weld plan 

and thermocouple positions 7-8 and side view of weld (c) Side view of weld plan and thermocouple 

positions 6 and 1 on the opposite end of 12 mm clad weld steel blocks 

 

With reference to Figures 3.6 (a) and (b), the initial dimensions of stainless steel and mild steel 

were 100 mm by 150 mm for the 2 mm stainless steel clad weld, whereas dimensions for the  

12 mm stainless steel clad weld were 100 mm by 75 mm as seen in Figure 3.5. The reason 

being that after the first weld was carried out, the weld block was cut out and the remaining 

part of the stainless steel and mild steel were assembled for the second set of weld experiments, 

as shown in Figures 3.2 (b).  

c 
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a 
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Figure 3.6 (a) Top view of weld plan and thermocouple positions 1-4 and weld side view (b) Bottom 

view of weld plan and thermocouple positions 5-6 

 

b 
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Table 3.2 Positions of thermocouples with respect to weld line and weld start of two different clad 

thicknesses 

Positions of Thermocouple TC1 TC2 TC3 TC4 TC5 TC6 TC7 TC8 

Distance from Weld Edge [mm] 
2mm Clad 10.00 10.00 10.00 20.00 10.00 25.00 _ _ 

Distance from Weld Line WL [mm] 
2mm Clad 16.93 16.93 16.93 26.93 10.00 25.00 _ _ 

Distance from Weld Start Axis [mm] 23.86 23.86 23.86 33.86 10.00 25.00 _ _ 

Distance from Weld Start [mm] 48.86 23.86 98.86 83.86 60.00 75.00 _ _ 

Actual Distance from Weld Edge 
[mm] 12mm Clad 13.50 15.00 7.50 35.00 15.00 13.50 13.50 40.00 

Distance from Weld Line WL [mm] 
12mm Clad 19.75 26.45 18.95 46.45 26.45 19.75 13.50 40.00 

Distance from Weld Start Axis [mm] 27.03 39.81 32.31 59.81 39.81 27.03 85.50 112.00 

Distance from Weld Start [mm] 27.03 49.81 82.31 109.80 129.81 127.00 135.50 162.00 

 

 

The respective temperature of the heat from the heat source or weld were recorded with a Pico 

logger every 10 seconds and displayed on the monitor of the PC using a Picolog recorder. The 

respective distance of each thermocouple is shown in Table 3.2. The transient temperature is 

generated and displays the peak temperature for each thermocouple. Electrical noises due to 

variation in the thermal signals were also recorded. These were filtered out leaving the main 

heat signals. The transient temperatures are displayed in Figures 3.7 (a and b). 

 

3.3.2 Results 

 

The respective distances of the thermocouple from the weld edge (WE), weld line (WL), weld 

start axis (WSA) and weld start (WS) positions were measured, as well as the time taken to 

attain the peak transient temperature values. The rate of transmission of heat is calculated 

relative to each thermocouple position in Table 3.2 and based on that, the respective speed for 

each thermocouple relative to the WE, WL, WSA and WS was calculated as also shown in 

Table 3.2. 
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Figures 3.7 (a and b) are cumulative transient temperature curves which show the different 

temperature peaks for the different thermocouples (TC 1-6 and TC 1-8), for the 2 mm and 12 

mm clad thicknesses respectively. For the 12 mm clad the highest peak is observed for the 

thermocouple 1 which corresponds to 453.59 oC, as shown in Table 3.5 and Figure 3.7 (b). This 

is because thermocouple 1 is closest to the weld start point and as such is the first to detect the 

heat from the weld source before other thermocouples. Thermocouple 2 detects a peak 

temperature after thermocouple 1, as shown in Figure 3.7 (b) and Table 3.4 with a temperature 

of 378 oC being the second closest to the weld start position and second to detect heat from the 

weld source. The next peak is seen in thermocouple 8 which is placed at a distance of 26.50 

mm from the weld edge and weld start axis and is 50 mm from the weld start as shown in 

Figure 3.5 but due to thermal conductivity of steel plate (bottom and clad plate of 12 mm 

thickness, heat is transmitted faster than the other thermocouples). The first thermocouple 

(from the left) to depict the peak is the TC7 which is positioned underneath (directly on the 12 

mm stainless steel plate) as seen in Figure 3.5 (b). The clad thickness of 12 mm coupled with 

a thermal conductivity of 16 [W/mK], favours TC7 in attaining the first transient temperature 

peak within 46.4 seconds. The next thermocouples to attain peaks are TC3, TC2 and TC1 by 

reason of proximity to heat source and weld start position. TC1 is placed opposite TC 6 at the 

other end of the weld block array and 13.50 mm from weld start position as shown in Figures 

3.5 (a) and (c); whereas TC3 is placed 50 mm from the weld start and 7.5 mm from the weld 

edge position and TC2 placed 10 mm from the weld start and 15 mm from the weld edge, as 

observed in Figures 3.5 (a) and (b). The overall order of thermal peaks for the 12 mm clad can 

be seen in thermocouple 7 followed by 3, then 2 and 1 before 8, 6 and finally 4 in descending 

order. The channel for thermocouple 5 was faulty; hence no reading was detected for 

thermocouple 5, Figure 3.7 (b). Thermocouple 6 has the lowest peak due to being positioned 
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farthest away from the weld start position and weld line and has a reading of 223.7 seconds to 

detect the peak temperature.   

 

Table 3.3 Peak values of temperature, time, distance and rate of heat transmission data for the 

different thermocouples 1-6 of the 2 mm Clad 

 2mm Clad             Distance [mm]     
Thermocouple 

[TC] 
Weld Edge 

[WE] 
Weld Line 

[WL] 
Weld Start 
Axis [WSA] 

Weld Start 
[WS] 

Time 
[sec] 

Rate of transmission 
[mm/sec] 

Temperature 
[oC] 

1 10.00 16.93 23.86 48.86 30.00 0.33 321.00 

2 10.00 16.93 23.86 73.86 45.00 0.22 708.82 

3 10.00 16.93 23.86 98.86 69.00 0.14 341.00 

4 20.00 26.93 33.86 83.86 48.50 0.41 209.68 

5 10.00 16.93 10.00 60.00 31.50 0.32 276.00 

6 25.00 31.93 25.00 75.00 101.00 0.10 201.75 

 

Table 3.4 Peak values of temperature, time, distance and rate of heat transmission data for the 

different thermocouples 1-8 of the 12 mm Clad 

                   12mm Clad        Distance [mm]      
Thermocouple 
[TC] 

Weld Edge 
[WE] 

Weld Line 
[WL] 

Weld Start 
Axis [WSA] 

Weld Start 
[WS] 

Time 
[sec] 

Rate of transmission 
[mm/sec] 

Temperature 
[oC] 

1 13.50 19.75 27.03 27.03 69.10 0.20 453.59 

2 15.00 26.45 39.81 49.81 67.00 0.22 378.00 

3 7.50 18.95 32.31 82.31 63.80 0.12 201.21 

4 35.00 46.45 59.81 109.81 225.70 0.16 297.90 

5 15.00 26.45 39.81 129.81 _ _ _ 

6 13.50 19.75 27.03 127.03 223.70 0.07 100.00 

7 13.50 13.50 13.50 63.50 46.40 0.29 307.30 

8 40.00 40.00 40.00 90.00 180.00 0.22 354.50 

 

Table 3.4 and Figure 3.7 (b) reveals the time taken for the transmitted heat through the weld 

block to attain the peak value with respect to the distance travelled. For thermocouple 1 the 

degree of heat transmitted from the weld source at the weld start position – travelling through 

the clad metal at a rate of 0.20 mm/sec and arriving at the thermocouple position at a distance 

of 13.5 mm after 70 seconds is 453.59 degree centigrade.  
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Figure 3.7 Thermal transient curves - thermocouple output by Pico logger (a) 2 mm and (b) 12 mm 

SSMS clad 

By looking at the plot in Figure 3.7 (b), it is evident that high temperatures are involved in 

carrying out the welding. This is also recognizable from the peaks obtained and the fact that 

TCs 1, 2, 8 and 7 correspond respectively to the thermocouples position. They experience a 

peak of the temperatures faster than thermocouples 4, followed by 3 and 6 (which are the last 

thermocouples). This shows the rate of conduction of the temperatures from the point of weld 

(weld line WL) to the respective thermocouples. There is also the gradual cooling down after 

the peak temperatures were attained.  

For the 2mm clad, the respective distances of the thermocouple from the weld edge (WE), weld 

line (WL), weld start axis (WSA) and weld start (WS) positions are measured along with the 

time taken to attain the peak transient temperature values. The highest peak is observed for 

thermocouple 2 which corresponds to 700 oC, as shown in Table 3.3 and Figure 3.7 (a). This is 

followed by thermocouples 3 and 1. Although Thermocouple 2 attains the highest peak by 

reason of its centralized position (10 mm from WE and 50 mm from WS), it slowly dissipates 

the heat to the surrounding area when compared with other thermocouples placed close to the 
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edges (TC 3 and 1) - which dissipates heat quickly to the environ. It has been observed that 

TC2 is not the first to depict a peak in the transient heat curve. The first thermocouple to depict 

the peak is the TC1 followed by TC5 which is positioned directly underneath the 2 mm stainless 

steel plate as in Figure 3.6 (b). The fact that 2 mm is negligible, a clad thickness compared with 

a clad thickness of 12 mm coupled with a thermal conductivity of 16 [W/mK], favours TC5 in 

attaining the first transient temperature peak. The next thermocouples to attain peaks are TC1 

and TC3 by reason of proximity to heat source and weld start position. TC1 is placed 25 mm 

from the weld start and 10 mm from the WE position, whereas TC3 is positioned at 75 mm 

from WS and 10 mm from WE respectively, as observed in Figure 3.6 (a). The order of thermal 

peaks can be seen in thermocouple 5 followed by 4, and 6 in descending order. This shows the 

rate of conduction of the temperatures from the point of weld (weld line WL) to the respective 

thermocouples. There is also the gradual cooling down after the peak temperatures were 

attained. 

Highest temperature peak of 708.8 oC followed by 339.8 oC and 320 oC were observed in the 2 

mm clad thickness compared with the 12 mm clad thickness which has moderately high 

temperatures of 453.15 oC, 376.93 oC and 353.13 oC. This shows that although the 2 mm clad 

has the advantage of faster thermal conductivity and speed of heat travel via a thin layer (hence 

the highest peak of 708.8 oC being detected), the 12 mm clad thickness also has the added 

advantage of having a wide spread of moderately high temperatures by reason of the thermal 

conductivity and thickness of the clad plate. This means that the 2 mm clad thickness favours 

use in high temperature zones or functions (where ability to withstand high thermal profile is 

required) whereas the 12 mm clad thickness favours use in moderate temperature zones or 

functions such as temperate regions. 

Electrical noise was present, which is the distortion of electrical signals; these can be clearly 

seen in some of the charts for thermocouples 3, 6, 7 and 8 in Figure 3.7 (b). Channels 3 and 6 
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experienced high peaks of up to 1700 degree centigrade, but there were still the electrical noises 

observed because of the distortion of signals. The use of two-filler materials instead of one 

compatible filler metal, in welding both parent and clad metals in carrying out the welding was 

employed in this research. 

 

3.4 Mechanical Testing of the welded joint 

 

 

Figure 3.8 Welded block of mild steel (10 mm) and stainless steel (12 mm) – to be cut into samples 

 

Figure 3.9 Schematic diagram of welded block of mild steel (10 mm) and stainless steel (12 mm) – to 

be cut into (a) Samples 1 and 2 for tensile tests (b) Five (5) samples: 1 Dog-bone, 3 Charpy and 1 

microscopy sample. Specifications are 100 mm x 30 mm x 12 mm. Gauge length is 50 mm and the 

shoulder length are 20 mm 
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3.4.1 Preparation of samples for material tests: 

 

The welded Bock of the mild steel and stainless steel as well as the schematic of the block is 

shown in Figures 3.8 and 3.9. Preparation of the samples entails the following procedures:  

Grinding wheel: The top part of the metal block of the weld is milled with the vertical milling 

machine (surface grind the weld) to produce a flat and even surface. Next, the grinding wheel 

is employed to grind the surface in readiness for the cutting of samples for various tests such 

as the charpy, tensile and hardness. A surface grinder is then used to further smoothen the 

surface – so that the polishing of the surface could be carried out conveniently. Three types of 

grinding were employed: manual mill machine with standard wheel to get the flat surface, thin 

wheel to get the slot and finally angle wheeling place for the V angle. For charpy test samples, 

the machining flat grinding wheel (flip saw) with thin wheel is used to grind all edges to size. 

Next, the V-notch grinds into place with V-shaped samples carried out on the vertical milling 

machine. The surface of the weld was ground to produce a flat surface, whereas from the 

grinding wheel to the angle, the V-notch is created by grinding the V in the sample using 

grinding wheel with the V. 

 

3.4.2 Tensile Tests  

 

The methodology in carrying out tensile testing follows ASTME 646-98 for machine testing. 

The machine was used on Instron 5967 screw-driven universal test machine with model number 

5967L2134 E2-F1-G1 using a load cell of 30kN capacity. Both base materials of the mild steel 

and stainless steel were tested along with the weld samples. The loading speed was 2mm/min       
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3.4.2.1 Results  

 

 

Figure 3.10 Tensile test sample of (a) 2 mm and (b) 12 mm stainless steel before and after test 

 

 
Figure 3.11 Tensile stress – strain curve for (a) 10 mm mild steel dog-bone sample (monolithic base 

material) (b) 2 mm stainless steel dog-bone (monolithic base material) (c) weld sample 1 (cladded 

joint sample) and (d) 12 mm stainless steel dog-bone sample (monolithic base material) 
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From Pipeline designs and Construction, the API 5L grade steel has a minimum yield strength 

of 448 MPa and Minimum Tensile strength of 530 MPa. The tensile samples elongated, and 

original are displayed in Figures 3.10 whereas Table 3.5 is the connotations of samples. 

Table 3.6 and Figures 3.11 (a) through (d) display the different tensile strength and ultimate 

tensile strength of the weld metal and parent metal. The respective yield strengths are high and 

likewise the UTS. The 2 mm stainless steel clad has yield strength of 400, 370 and 470 MPa 

respectively and corresponding UTS of 760, 720 and 670 MPa (see Table 3.6). The 10 mm 

mild steel used as a base metal, has a tensile strength of 350, 352 and 370 MPa, which gives 

rise to a UTS of 650, 670 and 620 MPa accordingly, as seen in Table 3.6. The 12 mm stainless 

steel (clad) samples have tensile strengths of 580 and 590 MPa respectively which generates 

corresponding UTS of 630 MPa and 700 MPa. 

Table 3. 4 Connotations of Samples used in welding: 10 mm mild steel 1-3, 2 mm stainless steel 1-3, 

12 mm stainless steel 1-2, 2 mm mild steel-stainless steel weld and 12 mm mild steel-stainless steel 

weld 

Samples Connotation 

10 mm mild steel sample 1 10 MS-1 

10 mm mild steel sample 2 10 MS-2 

10 mm mild steel sample 3 10 MS-3 

2 mm stainless steel sample 1 2 SS-1 

2 mm stainless steel sample 2 2 SS-2 

2 mm stainless steel sample 1 2 SS-3 

12 mm stainless steel sample 1 12 SS-1 

12 mm stainless steel sample 1 12 SS-2 

2 mm mild steel - stainless steel weld 1 2MSSS-1 

2 mm mild steel - stainless steel weld 2 2MSSS-2 

2 mm mild steel - stainless steel weld 3 2MSSS-3 

2 mm mild steel - stainless steel weld 4 2MSSS-4 

12 mm mild steel - stainless steel weld 1 12MSSS-1 

12 mm mild steel - stainless steel weld 2 12MSSS-2 

12 mm mild steel - stainless steel weld 3 12MSSS-3 
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Table 3. 5 Yield Stress (YS) and Ultimate Tensile Strength (UTS) of 2 mm and 12 mm thick stainless 

steel and 12 mm thick mild steel samples 

Samples 
YS UTS 

[MPa] 

Mean YS 

[MPa] 

Mean UTS 

[MPa] [MPa] 

10 MS-1 350 650   

10 MS-2 352 670 357.33 + 11 646.67 + 25 

10 MS-3 370 620   

2 SS-1 400 760   

2 SS-2 370 720 413.33 + 11 716.67 + 25 

2 SS-3 470 670   

12 SS-1 580 630 585 + 11 665 + 25 

12 SS-2 590 700   

12MSSS-1 727 759 663.5 + 11 729.5 + 25 

12MSSS-2 600 700   

 4809 6879   

 

 

The weld samples have very high yield strength of 727 MPa and 600 MPa respectively, 

corresponding to a UTS of 759 MPa and 700 MPa. This means that the weld has a higher 

strength than the respective base metal (mild steel and clad metal stainless steel) therefore there 

is good bonding between the weld metals – mild steel and stainless steel – at the dissimilar 

material joint of the weld. This also implies that the welding is good and consequently, the 

quality of the filler metals used in carrying out the welding is also good because the quality of 

parent materials and quality of filler material used in welding and bonding will results in quality 

welded joints of dissimilar material.     

 

3.4.2.2 Discussion 

 

A number of factors such as temperature, strain rate and anisotropy, affect the shape of the 

stress-strain curves. The different types of stainless steel (2 mm and 12 mm), mild steel and 

weld samples for the tensile tests are shown in Figures 3.11. The behaviour of the first weld 

sample under stress is similar to the behaviour of the parent metals pre-ultimate tensile stress 
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(UTS), whereas it behaves differently from those of the parent materials – mild steel and 

stainless-steel post UTS, by reason of a slip occurring after the UTS test. The parent metals 

have different elongation characteristics and each exhibit this at different rates because of the 

applied stress under which it is stretched. Similarly, the behaviour of the weld metal under the 

stress-strain curve in Figures 3.11 (c) is also due to a slip; which is caused by the elongation 

and failure of the different metals (mild steel and stainless steel) present within the weld 

samples, since they each have their original UTS.  Although the temperature has a first order 

effect on the microstructure, strain, stress, and formation of defects, the volumetric change and 

yield strength as a result of the martensitic transformations also have effects on the residual 

welding stress, increasing the magnitude of the stress in the welded zone. From the EBSD test 

carried out in the laboratory, (Section 3.8, Figures 3.40 and 3.41) the presence of martensite in 

the welded zone further verified that, because there were recurrences of reheating taking place 

throughout the thick 12mm clad section of the weld, as well as changing its sign (Dean & 

Hidekauzu, 2006).  The deformation shape observed in the weld tensile specimen in Figure 

3.11 (d) is due  solely to the movement of a slip dislocation via a crystal which results in the 

creation of a step, in which a glide plane criss-crosses (overlaps) the free surface. When several 

dislocations of that nature tranverse (rotate) on parallel slip planes it produces a macroscopic 

shear. A slip generates an alteration in shape, but not in the crystal structure. The reason for 

this is that the Burgers vectors which are responsible for dislocations, are also the same as the 

lattice vectors. (Bhadeshia, 2001). In Figure 3.11(d), the sharp peaks and bends at the corners 

of the stress-strain diagram are due to the high strength of the material and brittle nature of the 

12 mm stainless steel sample, which leads to sudden failure at the sharp peak. When martensite 

are formed,the movement of atoms is also involved. This makes the austenite and martensite 

lattices closely connected. From the results of the EBSD analysis (discussed later on), it has 

been discovered that there is martensite, austenite and ferrites present in the heat affected zone 
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and fusion zones of the weld. This means that martensitic transfromation comes into play via 

deformations that alter the parent metal into the product and has a minimum of one or more 

lines unaltered, undistorted and unrotated. This is referred to as a one line invariant-line strain 

(Davis, 2004). 

 

3.4.3 Hardness Tests 

 

 

Figure 3.12 Pattern and order for diamond stud imprints across HAZ and welded zone – horizontal 

display 

 

Hardness is the characteristic of a material which allows it to resist plastic deformation by 

virtue of penetration. It is also the ability to withstand bending. Vickers hardness was carried 

out using Vickers Armstrongs Instruments calibrated to B.S. 427/2 having a model number 

HTM6311 Crayford Kent. A diamond stud pattern was created with the aid of the pyramidal 

diamond indenter following strictly the pattern in Figure 3.12 across the HAZ and FZ and 

region close to the welded zones of the weld metals. These were repeated in the second and 

third lines, as seen in the welded samples. Another type of pattern is carried out vertically 

across the HAZ. The length of the diagonals of the diamond stud was measured both in the 

vertical (D1) and horizontal (D2) axes and the average reading recorded. This average value of 
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the distance was imputed into a standard equation known as the Vickers Hardness equation, as 

shown below. 

 𝐻𝑣 =
Applied  load (kgf)

Surface area of impression (𝑚𝑚2)
                          Eqn (3.7)  

In the case where an indenter is used as in this research. 

𝐻𝑣 =
2𝐹𝑠𝑖𝑛(

𝜃

2
)

𝐷2
              Eqn (3.8)  

Where F is the applied load in Newton (N) or Kilogram-force (KgF) and has a value of 20N, 

D is the mean diagonal length in millimetres (mm), θ is the angle and has a value of 136o and 

Hv is the Vickers’ Hardness measured in Hv 

 

3.4.3.1 Results 

 

 

 Figure 3.13 Hardness profiles across weld joint for 2MSSS 2   
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Figure 3.14 Hardness profiles across weld joint for 12 MSSS 3 

 

Figure 3.15 (a-g) Indented samples – direction from left to right: (a) 2MSSS-1 (b) 2MSSS-2 (c) 

2MSSS-3 (d) 2MSSS-4 (e) 12MSSS-1 (f) 12MSSS-2 (g) 12MSSS-3 (cut into 4mm-6mm) 

 

x 
a b

 

c d 

e

 

f

 

g

 



  

131 
 

3.4.3.2 Discussion 

 

It is observed that for the first line of 2MSSS 1 - 4 and 12MSSS 1 -3 that the hardness is very 

high in both the HAZ and the FZ compared with the parent material as shown in Figures 3.13 

and 3.14. The peak values of hardness for 2MSSS 2 from left to right are 219 HV at coordinate 

-4, 245 HV at coordinate -1, 218 HV at 1, 300 HV at 4 and 243 HV at 5. In 2MSSS 3, it is 

415.97 HV at coordinate -4 and 364.98 HV at 2 whereas 2MSSS 4 has the following peak 

values – 288 HV at coordinate -5, 208 HV at coordinate -3, 288.65 HV at 1 and 209.92 HV at 

4. 

Of significance, is the fact that hardness is also high in the Fusion zone and HAZ of the second 

line of 2MSSS 1 to 4, 3.15 (a-d). For the 12MSSS 1, 2 and 3, of Figures 3.15 (e-g), the hardness 

is higher in the HAZ than other regions. The following hardness respectively from left to right 

for samples in Figure 3:15, (b) which is MSSS2 has 240.43 HV occurring at coordinate -2 and 

209.25 HV at 1 (refer to Figure 3.13); (d) has the following hardness peaks 282.26 HV at 

coordinate -2, 350 HV at 2, (e) 188.25 HV at coordinate -2 and 187.11 HV at 2 while (f) has 

the peaks occurring at 127.49 HV at coordinate -2, 156 HV at 1 and 170.75 HV at 3. 

From the chart in Figures 3.13 and 3.14, there is a unique trend in the increased hardness 

profile across the fusion zone and HAZ of the 3rd line in 2 MSSS and the 4th line of 

12MSSS. 

From the Vickers hardness test, it is obvious that the weld hardness is 30% - 70% greater than 

the parents’ metal. This is due to the very high rate of Martensite formation during rapid cooling 

of the melt pool. The average hardness of the dilution zone is comparable to that of the clad. 

From the hardness plot, it is obvious that the hardness of the HAZ varies linearly from the 

clad/HAZ interface to the HAZ/baseline interface with values 200 Hv to 420 Hv accordingly. 
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The reason for the direct variation of hardness in the HAZ is the difference in heating 

temperature in the HAZ resulting in variation in the growth of grain.   

The result of the above is the formation of coarse grain by reason of elevated temperatures 

leading to coarser microstructures formed close to the Clad/HAZ interface. On the other hand, 

finer grain sizes are formed as a result of subsiding heating temperatures away from the 

clad/HAZ interface. Overall, a finer grain size is harder than a coarse grain size.  

The hardness of HAZ increases proportionately to 400 Hv which is typical of the hardness 

observed during heat treatment ranging from 710 oC to 170 oC. When A1 (770 oC) is attained 

in the temperature range, there is a sharp fall in the hardness at the end of the HAZ which 

implies that there are no γ transformations occurring (See Phase diagram in Figure 3.16).  

A phase diagram is a graphical representation of the physical states of a substance under 

different conditions of temperature and pressure (Subtech, 2006). Due to continuous heating 

and reheating of the clad thicknesses (especially 12 mm) and base metals (dissimilar materials), 

different rates of cooling take place within the weld zone, and consequently different phases 

are formed at different temperatures which involves austenite and martensite. The face-centred 

cubic austenite transforms to a highly strained body-centred tetragonal form known as 

martensite which is supersaturated with carbon. This shear deformation generates a huge 

number of dislocations, which is fundamentally the strengthening mechanism of steel. 
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Figure 3.16 Phase diagram showing the position of A1 (Sun et al, 2010) 

 

By reason of heating and reheating occurring throughout the clad thickness and welded zones 

of the dissimilar material joints, martensite is formed which are of greater hardness compared 

with austenite, thus increasing the hardness. Since too much martensite leaves the structure 

very brittle and too little leaves it very ductile, the combination of austenite balances the 

hardness, such that the strength, hardness and ductility of the welded zone enhances the 

structural properties for the welded joints.  

 

3.4.4 Hardness of the Weld Line 

 

The next series of tests is the hardness of the overall HAZ from a different position of the weld 

metal as shown in Figure 3.17. The results are opposite to the pattern obtained in the previous 

hardness tests displayed above. From Figure 3.18, it is clearly seen that the hardness is highest 

for the second line compared with the first and third, unlike the trend in the previous charts.  
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Figure 3.17 2 mm stainless steel mild steel-clad sample - bottom view of weld 

 

 

Figure 3.18 Hardness profile for top, middle and bottom (1st 2nd and 3rd) layer of welded joint from 

the bottom view of (a) 2MSSS3 and (b) 12MSSS1 sample 

 

The above shows the hardness of the weld zone and especially the HAZ, with the highest 

reading of the test occurring in the second line of both hardness tests, corresponding to the 

middle of the sample shown in Figures 3.17, which is the welded part of the joint, bonding the 

stainless steel to the mild steel. It clearly shows the hardness of the weld point in the weld zone. 

The high hardness peaks in the two Figures 3.18 (a and b) and corresponds to the hardness of 

the weld point of the welded joint. Of significance is the fact that in both 2 MSSS clad and 12 

MSSS samples, high hardness peak occurred around the FZ and HAZ. These both refer to the 

quality of the weld bond in the FZ and the filler material used in carrying out the weld. At some 
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other point (a distance) away from the root of the weld, there is no thorough joining, (no 

effective joining) of the plates as seen in Figure 3. 17 and 3.18 (a and b). This is the reason for 

the low value of hardness in the first and third lines respectively compared to the weld root 

(second line). From the plot above, it is observed that the point of joint (or weld), has a hardness 

of 252.82 Hv in the 12 mm clad sample and 250.86 Hv in the 2 mm clad sample. This is the 

degree of firmness of the welded joint, a key factor in determining the integrity of the weld 

joint and projecting the life span of the pipe. The result of the firmness of the weld and the 

middle weld line is vital to the longevity of clad pipes to avoid corrosion and pitting, which 

leads to failure in the end. The reason is because the weakest part of the joint (the welded joint) 

is most susceptible to burst or break, hence good welding ensures longevity of a pipeline. 

 

3.4.4.1 Relationship between Tensile Strength and Hardness 

 

Increase in temperature reduces the yield stress and ultimate tensile stress. From Vickers 

hardness test, the force perpendicular to the surface of the indenter is given as: (Busby et al, 

2004).  

𝐻𝑉 =
Load

Contact Area
= 0.927P = 0.927 x 2.96𝜎𝑦 = 2.74 𝜎𝑦               Eqn (3.9) 

The Busby et al. (2005) experimentally derived correlation between yield strength and Vickers’ 

hardness expressed as  

  𝜎𝑦 = 0.364𝐻𝑉                                                                                   Eqn (3.10) 

Where 𝐻𝑉 and  𝜎𝑦 are measured in kg/mm2, or 

  𝜎𝑦 = 3.55𝐻𝑉                                                                                      Eqn (3.11) 

   

Where 𝐻𝑉 is in kg/mm2 and  𝜎𝑦 in MPa. 
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Gusev et al derived the relationship between yield stress and micro-hardness as (Gusev et al, 

2006). 

  𝛥𝜎0.2 = 𝑘𝛥. Δ𝐻𝜇                                                                   Eqn (3.12) 

  𝛥𝜎0.2 = 2.96. Δ𝐻𝜇                                                               Eqn (3.13) 

  

Where 𝐻𝑉 is in kg/mm2 and  𝜎𝑦 in MPa, k =  2.96 and  𝛥𝜎0.2 is the difference in property 

correlation.  

The above equation was derived for both stainless steels irradiated and non-irradiated at high 

temperatures of 300 oC, whereas the hardness was carried out at room temperature. This applies 

to all steel types irrespective of the make-up of the steel. This experimentally derived 

correlation shows that both hardness tests and tensile tests were carried out at the same 

temperature which is room temperature. Experimental studies carried out on a larger scale did 

not factor in the slightest change in composition and possible deposition of ferrite onto the 

surfaces. Another possibility is also that the brittle nature of the stainless steel at elevated 

hardening levels could be due to martensitic distortion while carrying out hardness dimensions 

of the low alloy steel. (Gusev et al, 2006). This universal correlation (𝑘𝛥) enables the 

determination of yield stress from the hardness value, hence improving labour efficiency. 

Ductile to Brittle transition (DBTT) varies in different materials, some being more severe than 

others. However, it can be accounted for via a temperature sensitive deformation process. The 

procedure and behaviour of a body centred cubic (bcc) lattice is triggered by temperature and 

responds to the reshuffling of the dislocation core just before a slip. This could result in 

challenges for ferritic steel in the building of ships. Neutron radiation also influences DBTT, 

which deforms the internal lattice, hence reducing ductility and increasing DBTT.  

The full data set (FDS) correlation expressed as: (Pavlina and Van Tyne, 2008) 
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Yield Strength = -90.7 + 2.876Hv      (Eqn 3.14) 

 

3.4.4.2 Result and Discussion  

 

Table 3. 6 Relationship hardness vs yield Stress for 2MSSS 1-4 and 12MSSS 1-3 

Specimen 
Hardness Hv 

[kg/mm2] 

Busby et al (2005) 

Yield Strength 

[MPa] = [3.55Hv] 

Gusev et al (2006) 

Yield Strength 

[MPa] = [2.96 Hv] 

FDS Pavlina and Van Tyne 

(2008) Yield Strength [MPa] 

= [-90.7 + 2.876 Hv]  

2MSSS1 299.79 1064.25 887.39 771.50 

2MSSS2 415.97 1476.69 1231.27 1105.63 

2MSSS3 317.00 1125.35 938.32 820.99 

2MSSS4 307.00 1089.85 908.72 792.23 

12MSSS1 320.00 1136 947.2 829.62 

12MSSS2 269.00 954.95 796.24 682.94 

12MSSS3 288.00 1022.4 852.48 737.59 

   

 

Since this research focuses on the welding of two dissimilar materials and clad thickness, it is 

vital to choose the correlation which is applicable to all steels, such as the Busby experimentally 

derived correlation and the Gusev property correlation as well as the full data set (FDS) 

correlation. The hardness Hv represented in the second column is the highest peak for the first 

line of hardness in each sample displayed in Figure 3.15 (a-g). This provides the distribution 

of hardness across the different weld samples, especially the HAZ which experienced the 

highest peaks across most samples. For the 12MSSS-1, yield strength is 727 MPa (Table 3.6), 

the full data set (FDS) correlation gives yield strength of 829.62 MPa as observed in Table 3.7. 

For the 12MSSS-2, yield strength is 600 MPa (refer to Table 3.6), the correlation gives a yield 

strength of 682.94 MPa which is quite close a value. Based on the full data set correlation in 

Table 3.7 the values for the 2MMSS 1-4 samples can be predicted as reliable and higher than 

those of the 12 MSSS Samples. The strength and hardness of steels cover such a wide range of 

hardness value and are converted to diamond pyramid hardness known as Vickers hardness in 
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accordance with ASTM E 140-05 (Pavlina and Van Tyne, 2008) (ASTM, 2005). Average of 

the highest hardness peak comprising of the 1st, 2nd, 3rd and 4th lines have been taken for 2 

MSSS 2 and 3 as well as 12MSSS- 3 and the results are shown in Table 3.8. 

The highest hardness (occurs at the region of the HAZ) in Figure 3.19 (a and b). Taking the 

average across all four lines in point A of 2MSSS-2, results in an average hardness of 415.97 

MPa + 170 MPa + 130 MPa + 70 MPa = 785.98/4 = 196.49 MPa 

This gives rise to a yield strength of 474.41 MPa when using the full data set correlation and 

Guzev and Busby correlation in equations generates values of 679.54 MPa and 581.61 MPa for 

the yield strength.  
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Figure 3.19 Hardness profiles across weld joint for (a) 2MSSS mm and (b) 12 MSSS samples 

 

The average is taken across the line which actually passes through the welded joint cutting 

across all segments of the dissimilar material welded joints such that only the point where the 

line first touches the different hardness profile is used. 

The hardness needs to be taken across the welded joint and the welded joint which comprise 

of the fusion zone bordered by the HAZ. From the Figure 3.19 referred to on page 130 the 

b 
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hardness of the lines cut across the vertical of the welded region which means that it cuts across 

the welded parent metal and the clad metal. 

The reading of line B which is located right in the fusion zone in Figure 3.19 a) has been taken. 

Figure 3.19 a) also takes into cognisance the reading of line A which gives an idea of the 

hardness across the HAZ. Each one is relevant and provides useful information giving an idea 

of the hardness across the weld zone. 

Point B average hardness of 375 kg/mm2 + 210 kg/mm2 + 120 kg/mm2 + 50 kg/mm2 = 755/4 

= 188.75 kg/mm2. This gives rise to yield strength of 452.15 MPa when using the full data set 

correlation and Guzev and Busby correlation in equations generates values of 670.06 MPa and 

558.7 MPa for the yield strength. For the yield strength of 452.15 Mpa for the weld sample 

MSSS2 compared with the parent metals of 370 MPa (2SS-1) and 352 MPa (10MS-2) from 

Table 3.6, it shows an appreciable increase in the yield strength which implies that the strength 

of the weld is higher than those of the parent metals. 

The 12MSSS sample, average hardness of point A is 290 MPa + 100 MPa + 110 MPa + 70 

MPa = 570/4 = 142.50 MPa. This gives rise to yield strength of 319.13 MPa when using the 

full data set correlation and Guzev and Busby correlation in equations generates values of 

505.88 MPa and 421.80 MPa for the yield strength. Comparing the yield strength of 319.13 

MPa with that of the measured value 288.00 MP, there is a good correlation.  

Point B average hardness of 290 MPa + 90 MPa + 110 MPa + 180 MPa = 670/4 = 167.50 MPa. 

This gives rise to yield strength of 391.03 MPa when using the full data set correlation and 

Guzev and Busby correlation in equations generates values of 594.63 MPa and 495.80 MPa for 

the yield strength. 
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Table 3.7  Yield Strength of average hardness across HAZ for 2MSSS 2 and 4 and 12MSSS 1-3 

Specimen 

Average 

Hardness Hv  

[kg/mm2] 

Busby et al Yield 

Strength [MPa] = 

[3.55Hv] 

Guzev et al Yield Strength 

[kg/mm2
] = [2.96 Hv] 

FDS Palvina and Van 

Tyne.  Yield Strength 

[MPa] = [-90.7 + 2.876 

Hv]  

2MSSS2 A 196.49 679.54 581.61 474.41 

2MSSS2 B 188.75 670.06 558.70 452.15 

2MSSS4 B 280.00 994.00 828.80 714.58 

12MSSS1 B 143.75 510.00 425.50 322.73 

12MSSS2 A 181.25 643.44 536.50 430.58 

12MSSS3 A 142.50 505.88 421.80 319.13 

12MSSS3 B 167.50 594.63 495.80 391.03 

 

In Table 3.8, the average yield strength across the HAZ, compares well with the yield strength 

values measured in Table 3.6. Using the Busby correlation, it is observed that for 12MSS2 A 

the yield strength of 643.44 MPa compares well with the result of the measured yield strength 

600 MPa. Likewise, YS of 12MSSS1 with a value of 510 MPa also compares well with 580 

MPa measured in the lab. For the 2MSSS of the weld samples in Table 3.6 the FDS correlation 

is more appropriate with the values 474.41MPa across HAZ A and 452.15 across HAZ B being 

comparable with the measured values of 352 MPa from the 10 MS-2 and 370 MPa from 2 SS-

2.  

Comparing this correlated yield stress with the measured value revealed that the strength of the 

parent metal being high generates high strength in the weld metal being formed. This means 

that the yield stress is comparable with the derived correlation. Applying the Busby 

experimentally derived correlation factor produces an improved value of the yield stress in the 

12MSSS samples whereas the FDS correlation produces an improved value of the yield 

strength in the 2MSSS samples.  
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Figure 3.20 Relationship between the yield stress and the hardness of the weld using Busby 

experimental correlation for (a) 2MSSS-2 and (b) 12MSSS-3 

 

 

There is a similar trend in the increased yield stress profile across the FZ and HAZ of the 

3rd line in 2 mm samples 1 to 4, as well as 12 mm samples 1 and 2. The values of the peak 

yield stress in Figure 3.20 a) is 546 MPa at -2 and 81for b) 853.55 MPa at -2 and 742.86 

MPa at 1; for c) 652.38 MPa at -2 and 697.57 MPa at 3; d) has 1002.03 MPa at -2 and 

1242.70 MPa at 2; e) has 668 MPa at -2 and 664.26 MPa at 2 whereas f) has 452.59 MPa 

at -2, 553.83 MPa at 1 and 606.16 MPa at 3. 
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The strength is also high in the FZ and the HAZ of the 2 mm sample 1 to 4 of both Figures 

3.20 (a-b). For the 12 mm sample one and two, of Figures 3.20, the strength is higher in the 

HAZ than other regions. It is observed that for the first line of all the samples (2 mm samples 

1 to 4; and 12 mm samples 1 to 3), that the yield stress and consequently the Ultimate Tensile 

Strength (UTS) is very high, both in the HAZ and in the FZ compared with the parents’ material 

as shown in Figures 3.20 (a-b). High thermal gradients were experienced during the butt-

welding procedure leading to residual stress and discrepancy in the hardness. By reason of the 

high concentration of thermal stress in the clad, the presence of residual stresses usually affects 

the inherent resistance to corrosion and fatigue cracks. In order to improve the mechanical 

properties of the clad/base metal interface, as well as reduce the residual stresses generated, 

post heat treatments are carried out. 

 

3.4.5 Charpy Tests 

 

The quantity of energy taken into a material during charpy testing is a function of how brittle 

the material is and likewise how ductile the materials it. A brittle metal takes in a small quantity 

of energy whereas the quantity of energy absorbed by a ductile material is high (Charpy Impact 

Test, 2016; TWI, 2016). 

After carrying out a charpy test the surface of the fracture reveals details about the nature of 

the fracture. When a fracture is brittle the face is bright and crystalline, when a fracture is 

ductile the face is fibrous and dull. The crystallinity percentage is judged by the quantity of 

brittle fracture or crystalline on the surface of the fractured sample, this is a measure of the 

quantity of brittle fracture.  

The specifications of a typical charpy v-notch specimen are as shown in Figure 3.21 below – 2 

mm deep notch, 55 mm long, 10 mm wide and having a radius of 0.25 mm on the face. The 
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details of sample preparation are seen under the section on sample preparation of weld samples 

from the weld block. The charpy test was carried out by Avery machine type 6704 with model 

number E66234/6. The striking velocity is 5.25 m/s. 

 

Figure 3.21 Specification of Charpy test samples (a) frontal view, (b) side view and (c) V notch 

 

3.4.5.1 Results 

 

Table 3.8 Absorbed energies of 2MSSS and 12MSSS Charpy specimen 

 

 

The energy absorbed in the Charpy test samples is a measure of the material toughness and it 

ranges from as low as 20 Joules to as high as 70 Joules – with the 2MSSS experiencing higher 

energies of up to 100 Joules with two (2) samples as displayed in Table 3.9. This proves the 

brittle-ductile transition of the specimen. The test further confirms the reliability of the weld 

joint structure and components. The striking velocity is 5.25 m/s. The mechanical properties 

of the weld FZ differs from those of the HAZ and likewise those of the Parent metals (PM). 

Charpy Notch Test  
Absorbed Energy [J]  
2MSSS 12MSSS 

19 94 

43 150 

60 150 

52 128 

72 128 

100 - 
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Stainless steel and mild steel (as observed from the tensile tests and the hardness tests 

respectively) introduces diverse stress mismatch among these different components of the 

Charpy sample. This implies that the stress field in the position prior to the notch is greatly 

proportional to the v-notch position along the weld fusion zone, heat affected zone and base as 

well as clad metals (Jiang et al, 2013).  

Fractured Specimens 

 

Figure 3.22 Charpy specimen (a) 2MSSS and (b) 12MSSS showing breakage at the border of HAZ 

 

3.4.5.2 Discussion 

 

Examining Figure 3.22 (a) and (b), it is observed that the charpy specimen has been fractured 

at a point which corresponded with the borderline of the HAZ (which transitions into mild steel 

on both sides).  

 

3.4.5.2.1 Crystalline nature of the Charpy samples:  

 

This clearly reveals the brittle nature of the heat affected zone and can further be confirmed 

from figures to correspond to the bright colouration and crystalline nature of the HAZ. Hence 

brittle fracture has occurred. 

On the other hand, however, it is observed that the stainless steel clad is just bent over but did 

not fracture completely as indicated in the Figure 3.22 (a) and (b). This indicates a ductile 
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fracture which can further be verified by the dark colouration on the 2MSSS Charpy specimen 

shown in Figure 3.23. 

This is a ductile fracture – the appearance of the surface of the fracture is dark. They were all 

carried out at relatively the same temperature – room temperature. 

 

Figure 3.23 Fractured Charpy notch sample showing a brittle and ductile fracture of a 2MSSSS 

 

A further study on the microstructure of the weld reveals that at the base of the clad/ HAZ 

interface, the transformation of the microstructure is coarser and tends towards a more ferritic, 

martensitic and austenitic structure when it cools. The martensite formed is brittle in nature as 

a result of speedily cooling in the air, which makes it less ductile and consequently low when 

it comes to toughness. In Figure 3.23, the jagged edges show that the fracture was ductile. 

 

3.5 Optical Microscopy 

 

Below are some of the results displaying the weld pattern taken by Olympus Model BX51TRF 

having serial number 8K16962; and subsequently the distribution of grains precipitating from 

the weldment during weld are displayed at a magnification of x50 in Figure 3.24. The direction 
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of the weld is shown in Figures 3.24 (a – f) and illustrated by the flow of grains precipitating 

from the weldment and when the weld torch direction is from left to right. 

 

3.5.1 Results and Discussion 

 

Weld pattern 1 shown in Figures 3.24 (a and b) reveals the weld pattern at the surface of the 

weld metal is the end part of the welding process. It has a huge colouration of red signifying 

iron. There are big grain formations and particle sizes. These were formed upon solidifying. 

The heat changes occurring within the system causes transition zones which tamper with the 

natural array of crystals within the lattices of the structure. When a metal is heated in the air, 

metal impurities such as metal oxides are introduced into the molten weldment or weld system, 

leading to the formation of voids, in spite of the argon gas shielding. When a metal is heated 

beyond its boiling point, there is a compound mixture of fluorides, oxides and silicates formed, 

otherwise known as welding fumes, which condenses on cooling to form smooth elements or 

crystals. While the vapour of stainless steel has a huge quantity of nickel or chromium present, 

that of mild steel, holds a huge quantity of Iron. It contains the following: copper, molybdenum, 

titanium, cobalt, chromium, vanadium and nickel to mention a few.  
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Figure 3.24 (a – b) Weld pattern 1; (c – d) weld pattern 2 and (e – f) weld pattern 3. These are the 

pattern of the weld surface at the top of the weld zone. Direction of weld is from left to right and the 

weld particles are also displayed with the larger particles (a – b), average particles (c – d) and the 

smallest particles (d – f). Magnification of x20 

 

During the process of cooling, a crack is formed or is present on the surface of the weld (Becker 

et al, 2002; Kelkar, 2019; Lu et al, 2005). The tip faults and the amount of energy at the tip 
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further propagate the crack leading to failure. This is being controlled as much as possible 

within the crystal size. 

Weld Pattern 2 shown in Figures 3.24 (c and d) shows a smoother interface and top cross 

section of the weld profile. Large grains precipitated out of the molten solution. The direction 

of the weld is evident and, in this case, is from right to left. At the point of interest, which is 

the point of weld, an entirely new compound is being created, not just a mixture as can be 

explained in the microstructure section below. A solution of one metal in another creates an 

alloy with new properties in particular at the melting point. This is known as a eutectic mixture 

as seen in Figure 3.25. That is one material has a melting point and the other material has 

another melting point. When they form a solution, it has a different melting point at a different 

level. 

 

Figure 3.25 New solution melting point (MP) formed from two other solutions with different melting 

point (MP) 

 

Weld pattern 3 shown in Figures 3.24 (e and f) displays several tiny particles being present in 

the HAZ. There is also a rough transition into the parent metal bordering the HAZ. If the 

solution is not a Eutectic mixture, perfect balance of the melting point, there will be crystals 

precipitated out of the solution (crystallization) as it cools gradually. Therefore, the rate of 

cooling is very important. Complexity, on the other hand is a paste of some mixture that just 

set. While scanning the surface of each element in the compound, it is observed that each 

element has a signature, and each mineral can be identified with.  
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3.6 Electron microscopy  

 

Figure 3.26 New solution melting point (MP) formed from two other solutions with different melting 

point (MP) 

 

3.6.1 Approach 

 

For the sample preparation samples of weld, with same dimensions as in Figure 3.26, were cut 

out from the 12MSSS weld. The 2MSSS weld has dimensions of 40 mm by 20 mm by 12 mm. 

Two samples each of the parent material: (2 mm stainless steel, 12mm stainless steel and 10 

mm mild steel) were also cut into dimensions of 4 mm x 4 mm x 2 mm and 8 mm x 4 mm x 2 

mm respectively. The parent material samples were formed into a mould using 5 spoonfuls or 

2.5 spoonfuls of bakelite S and Struers mount press to enable easy and controlled grinding. The 

grinding of samples with a manual or automated grinder and silicon carbide papers. The 

diamond paste and colloidal silica suspension (also called oxidising polishing cloth) was used 

to attain the mirror surface view of the sample. The surface is dipped in nitric acid to clean and 

preserve from corrosion. 

3.6.2 Results 

 

The polishing made the heat affected zone and weld zone visible as shown in Figure 3.27. 

However, the peculiar features in the WZ and HAZ were appreciated after etching with Nitric 

acid as shown in Figure 3.27. 
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Figure 3.27 Micrograph of FZ and HAZ in 12MSSS 

 

3.6.3 Discussion 

 

The experiment was carried out by following the ASM International standard and Struers 

metallographic procedures for grinding and polishing stainless steel cladding with mild steel 

(Bruce & Lawrence, 2004) These clad samples were examined with the aid of an optical 

microscope to observe the microstructural evolutions within the heat affected zone. The HAZ 

is as shown in Figure 3.27. The HAZ is the boundary or zone surrounding the welded zone. 

This area is of paramount interest in this research because of the grain size formed as well as 

the constituent elements that make up that zone. The result of the charpy tests reveals that the 

most likely part of the weld most susceptible to crack initiation is the HAZ. High heat input 

during welding produces lower rate of cooling which results in coarse grain formation and large 

grain size (if temperature is high enough to promote grain growth prior to transformation). 

Large grain sizes give rise to poor toughness. The large grain formed in this HAZ (as a result 

of the austenitic cooling of the martensitic grains) will get oxidized when the pipe is laid on 

the seabed during deep offshore operations. As this layer – HAZ gets eroded (from the base 

metal), they expose the layer of the clad pipe, which is beneath the base metal, resulting in 

pitting. Pitting is crevices located on surfaces of pipes. If not handled properly as a result of 

2.2 cm 

 

2cm 
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the pressure of fluid within the pipe and the forces acting on the pipe from surrounding 

environment, the ocean current also contributing, can lead to a leak, which could result in a 

burst and then complete failure of the pipeline.  

In addition to the HAZ, voids are formed in a weld metal as a result of porosity and that is 

when gasses such as nitrogen, oxygen and hydrogen are absorbed in the molten weld pool 

which when released on solidification becomes entrapped in the weld metal. Porosity is caused 

by atmospheric interference with the weld puddle. The weld did penetrate the SS region of the 

weld, but it is not conspicuous all throughout the thickness of the SS except close to the mild 

steel region; because it is SS welded to SS and they have similar properties. The filler metal 

used to weld the SS to SS at the root and lower part of the weld is 304/316 filler metal. They 

have similar properties with the SS as seen from section 3.10.1 (EDXA of weld rod – filler 

metals) and are compatible with the SS metal.   

 

3.6.4 Etching 

     

Etching is the phenomena of processing the microstructural details that are intrinsic within a 

material or metal; the silent features, the ones which are not obvious to the microscope, unless 

uncovered via a chemical application. The type of metallographic etching carried out in this 

research is chemical etching and the etchant is nitric acid (HNO3).  Certain features such as the 

shape of the microstructure including the boundaries of the HAZ and transition zones, size of 

grain and inclusions, become visible. A seventy percent concentration of nitric acid is diluted 

with water to form a three percent (3%) solution whose composition is 11.6cc water and 0.5cc 

Nitric acid. The faces of the weld samples were immersed in nitric acid for 20 seconds and the 

parents mild steel in one minute resulted in visibility of distinct zones of the welded joints so 

that the HAZ and FZ – (transition zones) are clearly revealed. 
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Another methodology could involve taking the picture after each etching. Two pictures of the 

microstructure of the base metal are taken into consideration, as well as features in the fusion 

zone. The second image microstructure of the filler metal is also considered. Superimposing 

the two images either manually or in Photoshop helps to get a perfect image and see the areas 

of interest. Etching is an inclusion into the microstructure of the sample. The HAZ is of 

relevance because of the austenite coarse grains formed at the boundary of the HAZ, which 

could lead to oxidation – rust and could affect the structure of the pipe – leading to a 

compromise in the integrity of the structure. Pitting (a localized corrosion in chloride 

environments) (Roa & Rao, 2004; Shin et al, 2012) is then formed which leads to cracks, leaks 

and bursts and finally a collapse.  

 

 

 

 

 

 

 

 

 

 

 



  

154 
 

3.6.4.1 Results 

 

 

Figure 3.28 (a) A schematic diagram of a weld micrograph of 12MSSS-1, (b) Etched 2MSSS1 and (c) 

12MSSS-1 revealing the Clad/ HAZ interface, the HAZ baseline interface and the melted zone/ HAZ 

interface 

 

The surface of the etched sample reveals the grain boundary and interface of HAZ and Clad; 

as well as the interface between the baseline and HAZ of the weld microstructure as shown in 

Figures 3.28 (a, b and c). When comparing these two etched samples with the un-etched 

versions as shown in Figure 3.12 under Hardness test and in Figures 3.29 (a) and (b) below; 

the effect of the etching is greatly appreciated as demonstrated in Figures 3.28 (a) and (b). 
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Figure 3.29 2MSSS samples with the HAZ displayed. NB The boundary and weld features are not as 

distinct as in the etched samples. (a) without clad (cladded plate detached) (b) with clad 

 

3.6.5 Magnified image of Etched 2MSSS and 12 MSSS at 10 µm 50 µm  

 

 

Figure 3.30 Grain sizes for (a) Etched 2 MSSS at magnification of 10 µm (b) Etched 12MSSS at 

magnification of 10 µm (c) Etched 2MSSS at magnification of 50 µm and (d) Etched 12MSSS 

magnification of 50 µm 
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Figure 3.30 shows (a) the grain size of the 2MSSS clad is 4 µm whereas those of the 12MSSS 

weld in Figure 3.30 (b) is 10 µm at a magnification of 10 µm. The difference can also be seen 

in the grain sizes at 50 µm from Figures 3.30 (c) and (d), the 12 mm MSSS weld still has bigger 

grain sizes (10µm) compared with those from the 2 mm MSSS clad weld. The reason is because 

for such a small quantity of melt in the 2 mm MSSS weld, rapid solidification occurs due to 

the low volume of the melt. For the 12 mm MSSS clad weld, coarser grain structure occurs due 

to the slow cooling rate influenced by the higher volume of weld zone and the larger volume 

of melt and large groove.  The volume of fill for the 12 mm clad weldment is larger than that 

of the 2 mm clad weldment. This implies that it takes a longer time to weld the 12 mm compared 

with the 2 mm. It also implies that it takes the 12 mm a longer time to cool than it does for the 

2 mm clad as seen in Figure 3.8 (a and b). 

 

 

 

a b 
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Figure 3.31 Weld pool boundary, columnar dendritic and equiaxed dendritic, as well as the weld 

direction between the FZ of the weld and HAZ (a-d) etched 2MSSS 

 

 

Figure 3.32 Weld pool boundary, columnar dendritic and equiaxed dendritic, as well as the weld 

direction between the FZ of the weld and HAZ (a) etched 2MSSS and (b) etched 12 mm clad MSSS. 

The colours (polarized lights) were used to enable visualization of weld growth features 

 

Figures 3.31 and 3.32 reveals an epitaxial growth showing growth sequence and the dendrites 

present in the weld microstructure of a 2MSSS and a 12MSSS. There is the columnar dendritic 

(long and narrow in feature) which grows out from the base metal and at the tip of the columnar 

dendrites is located the equiaxed dendritic just at the boundary of the weld pool showing the 

direction of the weld pool. The columnar, dendritic and equiaxed growth of the weld grains are 

in the same direction as the weld pool. This growth occurs at the interface between the base 

metal and the weld pool. Note that the equiaxed is about same length from all sides, unlike the 

narrow growth of the columnar dendritic. 
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3.6.6 Microstructures and Observation of MSSS  

 

3.6.6.1 Microstructure transformation of MSSS  

 

The intermetallic sinter, which came into existence during the course of the welding, broke into 

pieces under the thermal pressure of the weld touch and reheating process as shown by the 

weld line (Jiang et al, 2013; Steel, 2016). The ferrite and the pearlite on the stainless-steel side 

of the structure deformed and transformed into a banded structure, see Figure 3.31. The grains 

on the HAZ underwent some changes, such as recovery recrystallization. The iron and carbon 

content of mild steel diffused towards the stainless steel, whereas the chromium, manganese 

carbon and molybdenum of the stainless-steel mild steel diffused towards the stainless steel 

(Jiang et al, 2013; Steel, 2016). The microstructure of the steel side was austenite near the 

interface and as a result of depletion in carbon became austenite as a result of the cooling 

process.  

 

 

 

 

Figure 3.33 Result of SEM images and element distribution profile of the weld interface of MSSS. At 

the weld zone of the weld microstructure, the carbon element on the mild steel diffused toward the 

chromium, nickel and molybdenum at the bonding interface of the HAZ 

 

3.6.6.2 Microstructure transformation of interstitial diffusion reaction layer of HAZ and 

FZ in MSSS 

 

Judging by the results, it is evident that there is an element of carbon in the stainless steel. Refer 

to the tables under the SEM and EDAX section. It is known in welding that the weakest point 
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of the weld is the clad/HAZ interface due to inconsistent fusion and reheating, refer to Figure 

3.33. During butt welding, there are high thermal gradients experienced during the procedure 

leading to residual stress and discrepancy in hardness. The presence of residual stresses as a 

result of a high concentration of thermal stress in clad usually affects the inherent resistance to 

corrosion and fatigue cracks. In order to enhance the mechanical properties of the clad/base 

metal interface, as well as to reduce the residual stresses generated, post heat treatments are 

carried out. The clad zone is the interstitial area, followed by the region between the clad and 

the weld zone (known as the bonding surface), thirdly some of the weld zone (reflective or 

bright), are the surfaces where compounds are located and lastly, the other surfaces (or dark 

coloured regions of the weld zone) are the steel or ferrite layer. 

 

3.6.6.3 Microstructure of the HAZ 

 

The HAZ being a heat-treated area is multifaceted in its make- up because of the quick heating 

up of the different areas within short intervals of time and the cooling during each pass by air 

at room temperature. The start of the HAZ is the clad/HAZ interface as seen in Figure 3.34 (a 

and b) and the peak temperature is just below the melting temperature of the carbon steel. As 

the temperature continues to decrease along the depth of the HAZ, the material undergoes γ 

and α phase transformation; γ at above 700 oC whereas at γ + α at above 727 oC steadily, until 

the HAZ/baseline interface is reached, refer to Figure 3.28 for a more visual explanation. Over 

here, the cooling temperature is usually below the eutectoid temperature of 727 oC, the lowest 

temperature for γ transformation. The degree of cooling has given rise to martensite and bainite 

rate. In Figure 3.34 (a – d), the first part is the interstitial area, the next stage is the bonding 

surface, thirdly the surface where compounds are located and finally the steel or the ferrite 

layer. 
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It is generally understood that the transformation of the microstructure is coarser γ and to ferrite 

and martensitic and austenitic structure at the base of the clad/ HAZ interface, when it cools 

(Sun et al, 2012). As a result of speedily cooling in the air, the martensite formed is brittle in 

nature, which makes it less ductile and consequently has a lower level of toughness. The 

interface between the clad and the HAZ fusion line is coarse in nature. This is because of high 

temperature peaks which stimulate the high random movement of the atoms next to the clad 

HAZ fusion line. The coarsened grain profile of the HAZ stimulated increased grain growth, 

which transformed into acicular ferrite. Coarsening features observed in clad/HAZ is common 

with welding which involves elevated temperatures (Sun et al, 2012). Finer grains surface away 

from the clad/HAZ because of a reduced temperature resulting in a pattern typical of speedily 

extinguished heat. 

 

 

b 
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Figure 3.34 (a - d) SEM Images of HAZ and FZ. From Figure 3.32 (b) above the HAZ/ base line 

interface is the obvious reason why the temperature drops below A1, which is the end for austenitic 

transformation. There are some dark regions which represent the AISI 316 steel baseline before 

cladding. In Figure (a) and (c), the heating temperature is slightly greater than A1 which results in 

white colouration and this is a constituent of α. The transformation is precisely γ+α. 

 

 

3.7 SEM Observation and Results 

 

SEM identifies the elements present in the weld region and HAZ which favours the dissimilar 

weld joint and enhances properties the such as high strength, ductility and corrosion resistance 

of the dissimilar material joint (Goldstein et al, 2018; Vida-Simiti et al, 2004). An interesting 

feature discovered here is the diffusion of elements across transition zones contributing towards 

the enhancement of the mechanical properties of the welded joints. In order to carry out the 

SEM analysis, the sample is prepared in a similar manner to the optical microscopy sample.  
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Figure 3.35 Micrograph of transition zone (TZ) (a) 1-5 in 2MSSS and MS (parent metal) (b) 1-3 in 

12MSSS and MS (parent metal) and SS (Parent Metal) 

 

Table 3.9 Elements in (a) transition zone (TZ) 1-5 in 2 mm SS/MS clad (b) transition zone (TZ) 1-3 in 

12 mm SS/MS clad, (Wt%) 

 

 2 mm clad 12 mm clad 

Elements (Wt%) TZ 1 TZ 2 TZ 3 TZ 4 TZ 5 TZ 1 TZ 2 TZ 3 

Fe 76.65 87.84 88.26 84.27 87.41 90.32 94.65 94.59 

Mn 1.35 1.06 0.97 1.07 0.93 0.74 0.66 0.71 
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Figure 3.36 Spectrum of transition zone 1 in (a) 2MSSS and (b) 12MSSS 

 

The part of the weld in Figure 3.35 (a) is the base layer of the FZ bordering the parent material 

– mild steel on one end and the transition zones on the other end. The part of the weld in Figure 

3.35 (b) is bordering mild steel and the stainless steel as well as the weld interface end. Some 

part of the micrograph is brighter in appearance compared to the other parts of the micrograph 

and similar in appearance to stainless steel. Two of the different constituent elements present 

in this region are listed in the Table 3.10 and all the elements are displayed in the spectrum in 

Figure 3.36, which reveal the fact that there is a diffusion of elements not only across the parent 

metal interfaces but with the filler metal interfaces too. This is illustrated in Figure 3.37 and 

Table 3.11 gives the elements and interpretations. There is diffusion of elements taking place 

across the transition zone and the Parent metal as well as the HAZ. Single plus (+) signifies 

and increases in the elements as a result of diffusion while double plus (++) indicates higher 
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increase in the concentration of the element across the interfaces by reason of diffusion. It was 

discovered that the elements that favour corrosion resistance such as Ni, Cr and Mo were 

diffused from the stainless-steel into the HAZ and FZ likewise higher strength elements such 

as Fe were diffused from the mild steel into the HAZ and FZ. 

 

Figure 3.37 Diffusion of elements across PM, HAZ and FM 

 

Table 3.10 (a) Symbols and Meaning (b) Elements and symbols (c) Colours and meaning 

 



  

165 
 

 

Figure 3.38 Distribution of elements across PM, HAZ and FM of (a) 2MSSS1 and (b) 12MSSS1 

 

Figures 3.38 (a and b) show the actual weld and distributions of elements in the FZ and HAZ. 

Note that for the first transition zone TZ 1 (or HAZ) in the 2 MSSS, the Iron content is high 

76.65% and for the second transition zone TZ 2, the percentage weight of the iron is 87.84%. 

These are higher than the values present in the parent metal which can be found in Tables 3.16 

through 3.18 and also higher than those of the filler metals (FM) in Tables 3.14 and 3.15. 

Similarly, for the TZ 3, TZ 4 and TZ 5, the percentage weights of Fe are 88.26 %, 84.27 % and 

87.41 % respectively (refer to Table 3.10) which are higher than the PM in Tables 3.16 through 

3.18 as well as the FM in Tables 3.14 and 3.15.  

For the 12 MSSS, the weight percentage of Fe 90.32 %, 94.65 % and 94.59 % in TZ 1, TZ 2 

and TZ 3 respectively compared with those of the PM and FM displayed in Tables 3.14 through 

3.18 is higher showing that the strength of the welded joint is enhanced through welding of the 

parent metals and melting the filler metals.  

Observing the trend of weight percentage in Manganese Mn across the welded joint in the 

2MSSS, reveals an increase in the concentration of Mn across TZ 1, TZ 2, TZ 3, TZ 4 and TZ 

5 of the welded joint given as 1.35 %, 1.06 %, 0.97 %, 1.07 % and 0.93 % respectively (see 

Table 3.10) when compared with the values of 0.52% of the PM in Table 3.16. Likewise, for 

12MSSS, there is also increase in weight percentage of Mn across the welded joint across TZ 

a b 
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1, TZ 2 and TZ 3 as seen in the weight percentage of 0.74 %, 0.66 % and 0.71 % when 

compared with the weight percent of 0.41 % in the PM of Table 3.17. These trends reveal an 

increase in the concentration of elements being diffused across the welded joint.  

A closer look at the spectrum in Figure 3.36 (a) shows the highest peak occurs at 22.5K for Fe 

at 6.5 keV in the 2MSSS which implies that an energy of 6.5 keV was used to eject a weight 

percentage of Fe from the K Shell. Another peak occurs at 7.5K for Cr at 5.2 keV and other 

elements such as Ni having a peak of 2.5K, Mn and Mo at 1.8K, Si at 0.7K and carbon 0.04K. 

A similar trend of elemental distribution is also observed in the PM and FM in Tables 3.15 

through 3.18. This depicts a wide distribution of elements across the welded joints. A higher 

concentration of Fe is observed in the 12 MSSS as Fe is emitted from the K shell at a peak of 

25.2 and at an energy of 6.5 keV, depicting higher strength in the 12 MSSS. The other elements 

of the 12 MSSS include Cr at 2.8K, Mn and Ni 1.5 K and Cat 0.04K. Similar distribution of 

elements are also observed in the spectrum of the PM an FM in Figures 3.43 through 3.47. 

It is possible to have the same elements on same spectrum because it depends on the energy 

levels from which the elements are being excited from. The presence of more than one 

concentration of elements is also dependent on the voltage and beam current used for the 

analysis. This because the energy of 20 kV might not be enough to excite an electron form the 

inner L or M shell except the outermost K shell. 

The carbon contents for the different layers of the weld zone remains relatively the same 

irrespective of the varying content of the other elements present in the FZ and HAZs. There 

are high Cr content and nickel content as well as Mo and Mn. Fe content is also high. Higher 

peaks are noticed in the spectrum including Mo compared to the fifth transition zone. Of great 

importance is the very high iron content present in the 2MSSS and 12 MSSS compared to the 
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PM. The presence of Cr, Ni and Mo in the weld are vital for the preservation (to protect it from 

corrosion) and the strengthening of the pipe walls. 

 

3.7.1 Discussion  

 

The presence of nickel and manganese in steel decreases the eutectoid temperature lowering 

the kinetic barrier, whereas tungsten raises the kinetic barriers. The presence of Manganese 

increases hardness in steel and likewise molybdenum. The stainless-steel part of the 

microstructures reveals acicular ferrites within the transition zone next to the weld metal in 

Figure 3.39. When the cooling rate is high in a melting metal surface or material boundaries, 

the acicular ferrites are formed. The different ferrites are being formed starting from the grain 

boundary. Such ferrite includes plate martensite, widmanstatten ferrite, lath martensite and 

grain boundary ferrite. The 12 mm stainless steel and mild steel weld; the section of the 

macrostructure closest to the weld joints and parent metal interface and melting boundary, has 

coarser grains being formed. The level of coarsening is proportional to the heat input into the 

weld system.  The rate of cooling and forming of solid is reduced when high heat energy is 

inputted into the weld system thereby resulting in coarse grain formation (Kursin, 2011). The 

microstructure of the weld metal displays a dendritic array (Figure 3.37) of solidification of 

weld grains primarily austenitic in nature and equi-axed in proportion to other grains and those 

of chromium carbide dispersed with other fine grain boundaries and internal surfaces. 
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Figure 3.39 Microstructures of (a) to (c) 2MSSS1 and (d)12MSSS 2 showing acicular ferrite and 

widmanstatten side plates as well as grain boundary allotriomorph 

 

This carbide is hard and provides a hard-wear resistance layer and coating to the other parts of 

the weld in order to protect it from corrosion and it is also known for increased hardness and 

increased strength. In the 2 MSSS1 and 12MSSS2 samples of dissimilar weld joint in Figures 

3.37 and 3.38 (which has also been analysed using the XRD and the EBSD alongside results 

from the SEM and EDXA of the weld rods as well as parent metal), it is observed that carbide 

also diffuses from the parent metals to the weld metal and likewise chromium is also dispersed 

from the stainless steel to the weld metal as seen in Figures 3.37 and also XRD analysis. In the 
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EBSD, the austenitic phase was identified, and the phase compounds diffused and identified at 

the welded joints included Fe3C, Cr23C6 and Cr7C3. 

The prominent trend to observe here is the peaks of the first line of weld close to the cap, the 

middle region of the weld and the lower (root) of the welded joint close to the base metal. The 

combination of the weld rods and the carbon steel with the molybdenum and manganese 

elements, and the presence of iron from the filler metals increase the hardness of the welded 

joints. The quantity of heat also inputted into the welded joints in the GMAW affects the grain 

nucleation and size of the grain produced on solidification. All these affect the hardness of the 

weld metal (Kursun T., 2011). In the 2 mm clad, the thickness is smaller compared to the 12 

mm clad. The amount of heat applied to such a welded joint compared with that applied to the 

greater thickness of 12 mm makes it cool down faster, forming smaller sized grains as observed 

in Figure 3.30 and 3.39 (a) and (c). The reverse is the case for the 12 mm weld joint whereas a 

result of the bigger thickness a greater quantity of heat if inputted into the weld system and 

consequently, it takes a longer time to cool consequently forming coarser grain sizes compared 

with the 2 mm clad welded joint Figures 3.30 and 3.39 (b) and (d). 

From the hardness test plot of the 2 mm and 12 mm welded joints, it is observed that the ratio 

of hardness of the welded joint to the weld seam is high, whereas the ratio of the base metal to 

the hardness of the welded zone is low. The reason for these differences in the ratio of hardness 

across the welded zone is primarily because of the diffusion of the carbide from the parent 

metal (stainless steel) to the weld metal. In the middle region of the welded joint, there are high 

values of hardness such as HV 300, 320, 420, 288 for the 2 mm stainless steel-clad weld and 

HV 320 and 270 for the 12 mm stainless steel-clad weld. The transition of the chromium-

carbide across the weld parent metal interfaces is responsible for this hardness. The metal rods 

(A15 Cu coated and 304/316 filler wire) used in welding the base metals and weld metals, has 
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high molybdenum content which also increases the hardness of the weldment. Molybdenum 

present in most weld rods generally increases the weld strength and toughness Kursin, 2011). 

 

3.8 Electron back- scattering diffraction (EBSD) 

 

This analysis is used to discover the phases present in the sample and orientation of the crystals 

of the material (SS and MS) as well as to study the morphology, phase identification and micro-

texture of the specimen (Schwartz, 2009), (Randle, 2003) (Chen Z. Y., 2012). The EBSD data 

was acquired using EBSD with EDAX AMETEK (OCTANE SUPER- A 1.18/195915, 

VERIOS/G2) systems on a thermal field emission gun with a Four Quadrant Backscattered 

Electron Detector type. The EBSD mapping data was obtained from a randomly selected 

60mm2 sensor area. The entire aperture is 120.0 micron (μm), current is 0.8901 amperes, 

scanning - sequence is from bottom to top: right WD = 12.5 and high magnification of 100. 

Working distance is 9.5 mm, mapping and resolution is for 100 m. Precaution is taken to ensure 

the detector is brought out before the sample to avoid detector leaks and the return to TV mode. 

 

 

3.8.1 Result  

 

There are changes in hardness at the weld interface of the weld zone which is confirmed by the 

presence of porosity in the weld microstructure of the 2mm MSSS Sample. The different phases 

present in the microstructure are ferrite, martensite and austenite. For the spot 1 the phase 

identified is ferrite (α), likewise for spot 2. For spot 3, martensite (α΄) was identified. Spots 4 

to 6 are also ferrite and spot 7 (γ) is austenite. In the microstructure of the 12mm clad, spots 1 
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and 2 have ferrite (α) phases present in them; spot 3 is austenitic (γ) in nature, while the phases 

present in spot 4 and 5 are martensite (α΄).  

 

Figure 3.40 (a) Microstructure of 2MSSS-1 and (b) Microstructure of 12MSSS-1; showing the distinct 

phases present within the welded interface of the welded zone and lattice orientation of each phase – 

ferrite, austenite and martensite. 

 

3.8.2 Discussion 

 

There is a change in the weld interphase as observed in Figures 3.40 both in the morphology 

and texture of the weld zone, which is verified by the porosity of the weld microstructure. This 

is further confirmed by the decrease in the hardness that starts from the line of the transition 

zone, as observed from the results of the indentation tests and micrographs. This decrease is as 

a result of repeated thermal cycling causing slight softening in the Mo-free region of the weld. 

The Mo and the Mn minerals present in the welding electrodes (rods – filler metals) increases 

in hardness when blended with the carbon steel and is responsible for this increase observed in 

the hardness of the weld zone (Evans, 1988). The size of the grains formed in the weld metal 

by virtue of speedy cooling are small and fine in structure due to low heat input of the joints 

acquired from GMAW (Kursin, 2011).  
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Depending on the phase changes present in a particular micrograph and sample, the properties 

of the weld also changes. The change in the orientation of the hkl values also change the 

properties. The presence of martensite phase change causes a slip, break and fracture. 

Martensite is a mixture of ferrite and austenite and has lots of residual stress mass as such it is 

tougher.  

Previous tests have shown volumetric change and yield strength, as seen under tensile test 

curves in chapter 3 by reason of martensitic transformation. It has been shown to have an effect 

on welding residual stress, by increasing the magnitude of the residual stress in the weld zone, 

as well as changing its sign. In agreement with the above findings, the results of the simulation 

in chapter 5 also reveal that the volumetric change and the yield strength change due to 

martensitic transformation and these have influences on the welding residual stress (Dean & 

Hidekauzu, 2006). The EBSD scan reveals presence of ferrite, martensite and austenite phases 

which are cubic structures. Ferrite is body centred cubic bcc; the crystal lattice of martensite is 

a body-centred tetragonal form of iron in which some carbon is dissolved whereas austenite is 

face centred. 

For Grade 316 stainless steel (and austenitic stainless steel), planar slip is observed, because of 

its low stacking fault energy, and cross-slip is prevented (Acar & Fitzpatrick, 2017). The grain 

boundaries act as strong barriers to slip. At the commencement of plastic deformation (<1.5%) 

dislocations pile up near grain boundaries thereby inducing stress concentration (known as 

intergranular stresses) near the boundary. Consequently, the plastic strain which is enhanced 

during the early stages of deformation produces higher stress concentration near the grain 

boundaries by reason of the high quantity of dislocations in the pile-up. The stress 

concentrations within the grains of the dissimilar welded joint (Intergranular stresses) begins 

to decrease with the activation of multiple slip and cross-slip: the intergranular stresses are 
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therefore relaxed, and the plastic strain compatibility is maintained between the grains. The 

slip transmission across grain boundaries of the dissimilar welded joint and activation of 

dislocation sources in neighbouring grains also lowers the intergranular stresses (Acar & 

Fitzpatrick, 2017).  

Any more deformation after the activation of cross-slip and multiple slip generates 

heterogeneous dislocation structures like dislocation bands and arrays of dislocations inside the 

grains which subsequently increases the intragranular stresses. It has been discovered from 

research that the difference between inter- and intra-granular stresses becomes zero at about 

6% plastic deformation. Intragranular strains are therefore relevant as the intergranular strains 

after 6% deformation and cannot be ignored. The residual strain after plastic deformation 

beyond 6% deformation is said to be made up primarily of intergranular strains which arise 

owing to the elastic anisotropy of the different hkl planes; and secondly intragranular strains 

which are generated by reason of the heterogeneous dislocation structures inside the grains 

(Bate et al, 2005; Di Gioacchino & Quinta da Fonseca, 2015; Acar & Fitzpatrick, 2017; Das et 

al, 2016). 

 

3.9 X-Ray Diffraction (XRD) Analysis 

 

The Bruker AXS Diffraktometer D8 Erz. Nr. 7KP2025-1LG14-3-Z P02, Serial-Nr 203770, (D 

76181 Karisruhe, Germany), was used to analyse the 2mm and 12mm MSSS welded samples 

and the phase composition, as well as the XRD characterisation being carried out with the aid 

of the DIFFRAC.EVA, software version 4.0 (32 bit), which was released in 2014. In order to 

determine the size occupancy and crystal structure as well as the angle, Bruker AXS TOPAS 

version 5 was used to fundamentally compare the structure of the crystals present in these 

samples with a standard structure of a crystal already existing in the library (since each metal 
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has a peculiar signature), so as to obtain the closest similar characteristics or patterns peculiar 

to it thereby identifying the structure (Cullity, 2001; Pecharsky & Zavalij, 2003; Chung & 

Smith, 1999; Chung & Smith, 2000; Pecharsky & Zavalij, 2009). 

 

3.9.1 Approach – Sample preparation 

 

The surfaces of the samples were cleansed with ethanol and the weld samples were placed in 

transparent sample holders; and held in place by plasticine, after which they were placed inside 

the x-ray detector and the analysis was carried out and monitored via the computer. It is 

important to remember that since welding is a multifaceted process, and different phases are 

formed by reason of the change in temperatures during the cooling processes; the properties of 

the weld change based on the phase changes present in a particular micrograph and sample. 

Below are patterns of the element distribution, crystallinity, and different phases present within 

the weld samples as displayed in Tables 3:12 and 3.13 as well as Figures 3.41 and 3.42. 

 

 

3.9.2 Result 

 

The first crystal size of Chromium Nickel Phase (the yellow phase) in the 12mm MSSS is 411.9 

Armstrong. This corresponds to the highest peak in the spectrum. The second Crystal size of 

Chromium Nickel phase (the yellow phase) in the 12mm MSSS is 411.9 Armstrong, refer to 

Figure 3:41 and Table 3:12. This corresponds to the next peak of the spectrum in Figure 3.41. 

The detector also detected a quantity of Chromium Nickel present in the sample at that 



  

175 
 

wavelength as seen in Table 3:12. There are hkl values for 12mm MSSS weld sample-1, as 

well as Iron-Nickel (Fe Ni) phase present in 12mm MSSS weld sample-1.  

Table 3.11 Percentage Crystallinity and Amorphous present in 2mm MSSS Weld Samples and % 

present in 12mm MSSS weld samples 

 

 

 

 

 

 

 

 

Table 3.12 Phases present in 2mm and 12mm MSSS Weld Samples and % Quantification present the 

weld samples 

Samples Phases Formula Quantification 

2mmMSSS 1 Iron Nickel Fe3 Ni2 6.70% 

 Stainless Steel, Ferrite Iron Chromium Fe-Cr 410-L 93.30% 

2mmMSSS 2 Iron Fe α–Fe Iron 58.20% 

 Chromium Iron Molybdenum Nickel 

Silicon 

Fe6.6 

Cr1.7Ni1.2Sil02Mo0.8 
41.80% 

2mmMSSS 3 Iron Nickel Fe Ni 90.10% 

 Iron Nickel Fe(0.7Ni0.3) 9.90% 

2mm MSSS 4 Iron Nickel Fe0.7 Ni0.3 28.60% 

 Chromium Iron Cr Fe3 24.60% 

 Iron Phosphorus Fe 0.96 P0.04 34.10% 

 Molybdenum Nickel Mo Ni4 12.70% 

12mm MSSS1 Chromium Iron Cr0.7 Fe 0.3 7.40% 

 Iron manganese Fe19Mn α-Fe19Mn 6.50% 

 Stainless steel, Ferrite Iron chromium Fe-Cr4 10 L 72.30% 

 Manganese Nickel Mn Ni3 4.40% 

 Chromium Nickel Cr Ni 3.90% 

 Chromium Iron 
Cr0.03Fe0.97 α–

Cr0.03Fe0.97 
5.60% 

12mm MSSS2 Iron Fe 53.40% 

 Iron Nickel (Kamacite (NR)) Fe Ni 46.60% 

 

Samples 
% 

Crystallinity 

% 

Amorphous 

Global 

Area (𝜇m) 

Reduced 

Area (𝜇m) 

2MSSS 1 44.2 55.80% 366.4 161.8 

2MSSS 2 54.60% 45.40% 302.8 209.1 

2MSSS 3 45.40% 54.60% 328.2 149 

2MSSS 4 37.70% 62.30% 1178 444.3 

12MSSS 1 9.40% 90.60% 1269 119.9 

12MSSS 2 50.1 49.9 343.3 172.1 
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Figure 3.41 XRD Pattern for 12MSSS 1&2 revealing multiphase presence 

 

 

Figure 3.42 XRD Pattern for 2MSSS1 revealing multiphase presence 

 

The highest peaks displayed in the spectra in Figure 3.42, which consequently find relevance 

in this 2mm Stainless steel, and mild steel weld are iron manganese and iron nickel as seen in 

Table 3.13. The second crystals measured correspond to the second peak highest peak on the 

spectra.  
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The highest peaks displayed in the spectra, which consequently find relevance in this 12mm 

Stainless steel and mild steel weld are iron nickel and manganese silicide, followed by stainless 

steel ferrite iron chromium. Peak occurring at 45 (2θ) shows it is Austenite. The hardness 

decreases from the boundary of the transition zone. Chromium-Iron (Cr0.7 Fe0.3) phase is 

present in 2mm MSSS weld sample-1 and hkl values are also present for 2mm MSSS weld 

sample-1. Manganese-Nickel (Mn Ni3) phase is present in 2mm MSSS weld sample-1 as well 

as the hkl values. The highest peaks displayed in the spectra, which corresponds to one of the 

phases presents in this 2mm Stainless steel and mild steel weld are iron manganese nickel 

Silicon, Iron Silicon and Molybdenum Silicon. The phases present in this 12mm Sample 2 is 

the Iron phase and the lron Nickel phase 

 

3.9.3 Discussion 

 

The nature of the spectrum (sharp and definite peaks) obtained from the XRD analysis of the 

2mm MSSS and 12mm MSSS samples reveal a crystal-like structure unlike the amorphous 

nature of spectrum that is depicted by a continuous wave-like peak. From the 2mm MSSS 

Sample 1, different phases are present such as iron manganese nickel Silicon, Iron Silicon and 

Molybdenum Silicon. From the 2mm Sample two the phases present are α-Ferrite and iron 

nickel. Likewise, from the 12mm MSSS Sample 1, different phases are present such as the 

Manganese Nickel Silicon, Iron Silicon and Molybdenum nickel. In the 12mm MSSS Sample 

2, we clearly see different phases present such as the Manganese Nickel Silicon, Iron Silicon 

and Molybdenum nickel. These results confirm the distribution of elements within the different 

zones of the welded joints of dissimilar material; with the HAZ seen to have the elements 

known for anti-corrosiveness and high strength which guarantees longevity of the welded joint 

in service and structural integrity of the pipeline in service. This further confirms with the 
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results from the EDAX analyses of the parent metals - stainless steel and mild steel and the 

weld rods (filler metals) - A15 Copper filler wire and 304/316 which reveals the presence of 

these elements in their composition.  Refer to Tables 3.14 and also 3.15 under EDAX. 

The Peak in the XRD figure above depicts the presence of Chromium Cr which is responsible 

for weld failure clearly experienced previously (see figure in chapter1) and discussion under 

SEM section (Lakshminarayanan & Balasubramanian, 2010). From the results of the EBSD, it 

is obvious that there exists martensitic, ferrite and austenitic phases present in the weld 

samples. For the XRD analysis, the index (h, k, l) pattern was obtained, and the results 

displayed below. The phases present were determined and their quantity as well as the 

crystalline size of each phase measured. The creation of Martensite consists of a systematic 

displacement and array of atoms. This implies that austenite and martensite will be closely 

interrelated which means that martensitic alterations give rise to an array of bonds between 

parent and product lattices that can be reproduced repeatedly. Most times the Austenite and 

ferrite phases are parallel and as such the directions that are confirms and matches with these 

planes which are also matching. 

 

3.9.4 Summary 

 

The XRD pattern was used to confirm that the XRD pattern in the HAZ area is similar to that 

of the bulk material – parent material (stainless steel and mild steel as well as filler metals 

(316/304 and A15 Copper wire). The microstructure although similar, cannot be the same 

because of the cooling conditions. 
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3.10 Energy Dispersive X-ray Analysis (EDXA) 

 

This was carried out using the 840 SEM mainly to confirm the findings on the transition of 

elements under SEM analysis and it was discovered that there were good agreements between 

the results in the SEM and in the EDXA (Lyman et al, 1990; Dwivedi, 2018; Scimeca et al, 

2018). The concentration of the elements in the FM and PM which is analysed in the EDAX 

section, favoured the diffusion of elements in the HAZ and WZ, favouring the enrichments of 

the welded joints with hardness, strength and anti-corrosive properties, as shown in the 

mapping in Figure 3.44 and 3.45.  

 

3.10.1 EDXA of Weld Rods – Filler Metals 

 

The A15 Copper filler wire with a thickness of 2.95mm was cut close to the burnt tip at 20mm 

and likewise the 304/316 filler wire having a thickness of 1.56mm. Both were sellotaped at one 

end. Samples are placed inside the detector with the help of a rod and analysed. 

 

3.10.1.1 Results 

 

The results of the elements present in the weld rods and parent metals are displayed below. It 

is observed that both rods contain Mn and Mo elements. These elements are responsible for 

increasing the hardness in the electrode and mild steel and are depicted by the high peaks seen 

on the plots in the hardness test section.  
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3.10.1.2 The 304/316 filler wire  

 

 

Figure 3.43 Spectrum of 304/316 filler wire NB: Iron has the highest peak followed by Chromium and 

Nickle 

 

Table 3.13 Elements present in 304/316 Filler Wire 

 

 

Since 304/316 filler wire, is an alloy of chromium and nickel and contains high quantity of Mo 

to enhance the strength of the material and improve corrosion resistance, comparing the above 

weight percentage in Table 3.14 with the following reference value from (Matweb, 2017): 

12.5% Ni, 18% Cr, and 1.8% Mn, 2.2% Mo and a high percentage of Fe, 64.3; gives a very 

good match of the elemental composition and characteristics. 

 

 

 

 

Element  Fe Mn Cr Ni Mo Total 

Wt% 66.54 1.65 18.11 9.50 4.20 100.0 
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3.10.1.3 The A15 Copper filler metal  

 

 

Figure 3.44 Spectrum of A15 Copper filler metal 

 

Table 3.14 Elements present in A15 Copper Filler Metal 

 

Element Fe Mn Cr Ni Mo Al Total 

Wt% 66.01 1.69 17.82 9.56 3.85 1.07 100.0 

  

 

The A15 Copper filler wire comes in different sizes 1.0, 1.6 and 2.4 mm in diameters and is 

fundamentally a copper coated deoxidized steel rod. It has a melting point of 1450 oC. It has 

an ultimate tensile strength of 440 N/mm2 and a hardness of 120 Hv.  The compositions of A15 

in the Table 3.15 with those provided by  (Weldability, 2017)  which are 0.2% Al, 0.6% Si, 

0.1%C and 1.3%Mn reveals a reasonable agreement. The order of the magnitude of peaks in 

the above spectrum is given as Fe followed by Cr, Mn Ni and Al. It is suitable for Tungsten 

Inert Gas weld and for application on mild steel.  
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3.10.2 EDXA of Parent Material 

 

3.10.2.1 EDXA of Stainless Steel – 2mm 

 

 

Figure 3.45 Spectrum of 2 mm Stainless Steel 

 

Table 3.15 Elements present in 2 SS 1 

Element Cr Fe Cu Mn Ni Mo Si C P Total 

Wt% 29.68 58.15 0.14 0.52 8.30 2.77 0.36 0.04 0.04 100.0 

 

 

The chemical formula of Stainless-steel 0020x grade 316 which is, Cr 10-14%, Ni 2-3%, Mo 

< 2%, Mn <1%, P < 0.03%,  (Azom, 2017) there is a good agreement with the percentage on 

the stainless steel given in tables 3.16. Looking at the spectrum shows that Iron is present in 

high quantity followed by chromium and nickel fulfilling the 300 series of stainless steel. After 

that we have other element such as Mo, Si and Cu present in trace quantities. 

 

 

 

 



  

183 
 

3.10.2.2 EDXA of Stainless Steel – 12 mm 

 

 

Figure 3.46 Spectrum of 12 mm Stainless Steel 

 

Table 3.16 Elements present in 12 SS 1  

Element Cr Fe Cu Mn Ni Mo Si C P Total 

Wt% 19.81 70.64 0.05 0.41 5.31 2.46 1.29 0.02 0.01 100.0 

 

 

Using the Spectrum for Stainless steel Grade 316 given by Azom as a basis for comparison, 

(Azom, 2017) it is obvious from the elements present in the Tables 3.17 that, the chemical 

formula of Stainless-steel grade 316 which is Cr 10-14%, Ni 2-3%, Mo < 2%, Mn <1%, Si < 

0.045%, quite agrees with each other. Since component of Stainless steel is fundamentally 

Austenite and some chromium with nickel, there is high level of Iron present followed by 

carbon, chromium and nickel. Trace elements such as Mo, Si and Cu also exist. The 316 has 

got high tensile strength of 515 MPa and yield strength 205MPa. 
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3.10.2.3 EDXA of Mild Steel – 10 mm 

 

 

 

 

Figure 3.47 Spectrum of 10 mm Mild Steel 

 

Table 3.17 Elements present in 10 MS 2 

  

 

 

 

 

3.10.3 Discussion 

 

There are two Iron (Fe) readings on the spectrum in Figure 3.47 detected by the detector as 

recorded in Tables 3.18.  It is possible to have more than one weight percentage of the same 

elements on same spectrum because it depends on the energy levels from which the elements 

are being excited. The presence of more than one weight percentage of elements is also 

dependent on the voltage and beam current used for the EDAX analysis. This because the 

energy of 20 kV might not be enough to excite an electron form the inner L or M shell except 

the outermost K shell. 

Element Fe Fe   S Mn Cr Ni Mo C P Al 

Wt% 32.76 66.34 0.06 0.31 0.18 0.00 0.23 0.02 0.02 0.1 
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Stainless steel is an alloy of chromium and nickel and contains a high quantity of Mo to enhance 

the strength of the material and reduce its susceptibility to corrosion. It contains 12.5% Ni, 18% 

Cr, and 1.8% Mn, 2.2% Mo and has a high percentage of Fe, 64.3. A comparison of the 

elements with Tables 3.14, 3.16 and 3.17, gives a very good match of the elemental 

composition and hence characteristics of the filler metal and the parents material SS and a good 

match is observed for the value of Fe when compared with Table 3.18 for MS (Matweb, 2017). 

The composition of the filler metal alloys is influenced by corrosion resistance, weldability of 

the parent metal, the anodic coating standard and the minimum mechanical characteristics of 

the weld metal. Usually, the filler metals are matched to the base metal and the clad and are to 

be welded together respectively. In this experiment, the A15 Copper filler wire was matched 

with the mild steel, whereas the 304/316 filler wire was matched with the stainless steel for 

TIG and MIG Welds The filler materials for varying alloys can be obtained from BS EN 1011 

Pt 4:2000. (TWI, Aluminium Alloys, 2016). 

The chemical compositions of Cr4 are 0.02 P, 0.030 S, 0.40 Mn and the remaining percentage 

is Iron  (Azom, 2017). When compared with the Table 3.18, it gives a good match. The yield 

strength of CR4 steel is 210 MPa and the Ultimate Tensile Strength is 350MPa  (Azom, 

2017). 

Using the Spectrum for Stainless steel Grade 316 given by Azom as a basis for comparison, 

(Azom, 2017) it is obvious from the elements present in the Tables 3.14 that, the chemical 

formula of Stainless-steel grade 316 which is Cr 10-14%, Ni 2-3%, Mo < 2%, Mn <1%, Si < 

0.045%, quite agrees with each other. Since the component of Stainless steel is fundamentally 

Austenite and some chromium with nickel, there is a high level of Iron present followed by 

carbon, chromium and nickel. Trace elements such as Mo, Si and Cu also exist. The 316 has 

got high tensile strength of 515 MPa and yield strength 205MPa  (Azom, 2017). The measured 
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composition compares well with the data sheet of manufacturers and published composition of 

the material and literature (Lianyong et al, 2019, Ul-Hamid, 2005, Khorrami et al, 2014, Kumar 

& Mukherjee, 2017, Borba et al, 2016, Ren et al, 2016) and the accuracy is quite consistent. 

 

3.11 Summary  

 

The narrow gap welding of SS and MS using GMAW has been carried out and after the 

mechanical test and lab analysis had been carried out; it was observed that: 

i. The trend of heat transmission via the dissimilar welded joint followed a particular trend of 

heat distribution, which can be explained by factors such as thermal conductivity of SS and 

MS, thickness of weld piece and distance away from the WA, WL, WE.   

ii. High tensile strength was present at the welded joint and parent metal. The slip was observed 

in the stress-strain curve of the weld which was solely due to the high thermal gradient, 

anisotropy and the presence of martensitic transformations of the austenite present in the weld.  

iii. The Charpy test revealed a fracture along the HAZ, showing the HAZ to be the weakest 

point of joint and quality of weld and filler metal used in the weld. This is an over matching 

scenario. 

iv. The hardness test portrayed high hardness and subsequently a tensile strength in the HAZ 

compared to the parent metal. 

v. The SEM revealed that there was a diffusion of elements from MS and SS, as well as the 

filler metals and the presence of molybdenum and manganese elements. The presence of iron 

from the filler metals increases the hardness of the welded joints. 



  

187 
 

vi. The EBSD brought out the different phases present in the welded joints – Austenite, 

Martensite and Ferrite. Of these phases, martensite was dominant. 

vi. The EDAX analysis of the parent metals and filler metals further confirmed the sources of 

the elements required for good bonding in the welded joints and corrosion resistance.  

Steels, especially austenitic have very good weldability properties. However, austenite is not 

stable at room temperature, hence certain alloys are required for its stability. Of these alloys, 

the most common is nickel, followed by carbon, nitrogen and manganese. With the addition of 

alloys such as chromium, nitrogen, titanium, molybdenum, columbium and nickel to stainless 

steel, the features of austenitic stainless steel could be enhanced, 70% as strength at high 

temperatures, corrosion resistance and oxidation resistance. At high temperatures, Carbon can 

enhance the strength of austenitic stainless steels but has the drawback of decreasing the 

corrosion resistance by producing a compound when reacting with chromium. Austenitic steels 

do not harden in the Heat affected zone primarily because they do not harden in by heat 

treatment. Ferritic stainless steels have some chromium present within the range of 12 to 27% 

and have a considerable number of alloys that produce austenite. Martensitic stainless steel has 

high ‘hardenability’ and when welding, they involve pre- and post-heating in the HAZ in order 

not to crack. The presence of filler metal in the weld zone did enhance the property of the weld 

as analysed in the SEM, EBSD and XRD. The choice of the filler metals: 304/316 and A15 

Copper wire was appropriate for over matching characteristics and good bonding of the fusion 

zone as seen by the results of the Charpy test profiles and also the results of the Indentation 

tests. It reveals the quality of the weldment, weld and bond between the weldment which 

implies durability of the pipe in performance operations. 
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3.12 Conclusion  

 

The study investigated the intrusion of the transition zone into the Heat affected zone and weld 

zone. It has been discovered that the hardness of the parent metal is less than that of the weld, 

which is about 30-70%. There is a high transition of elements such as Cr, Mo, Fe and carbides 

which increases hardness from the clad to the Heat Affected zone. A mapping of this has been 

carried out in Figures 3.44 and 3.45 and 3.37. There is also a transition of elements which 

enhances the strength of the weld joints and consequently the welded joints. The hardness of 

the HAZ interface was enhanced by the presence of the diffused elements. The HAZ consisted 

of higher concentrations of Ni, Mo and Cr, which makes it anti- corrosive, thus enhancing the 

attributes of the welded joints for longevity. There is also the transition of strength enhancing 

elements within the HAZ, as seen from the SEM results, which is further confirmed by the 

EDAX analysis.  

Coarse austenite and an acicular martensitic/ bainitic structure – The cladding is comprised of 

banite, fine martensitic and austenitic dendrites structures. The HAZ is multifaceted in its 

structure by reason of rapid heating within a short time period and after which cooling at normal 

room temperature ensues for each consecutive weld pass interval. The HAZ commences from 

the clad / HAZ interface in the figure above. The temperature also increases with increasing 

depth.  

The welding of 2 mm and 12 mm thick 316 stainless steel clad and 10mm carbon steel base 

metal have been carried out successfully WITH GMAW using A15 Copper and 304/316 filler 

wires. In the 2mm thick 316 stainless steel clad, the hardness value was observed to be greater 

than in the 12mm thick 316 stainless steel. By reason of the high quantity of the heat inputted 

into the weld system, the growth of the grain in the 12mm clad weld resulted in reduced impact 

strength values in the welded joint. In the 12mm thick 316 stainless steel clad, impact strength 
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was observed to be relatively stable and high compared with those in the 2mm thick 316 

stainless steel. Although the 2mm weld recorded and overall distribution of high hardness, it 

also had very low values. By reason of the quantity of the heat inputted into the weld system, 

the growth of the grain in the 2mm clad weld resulted in reduced impact strength values in the 

welded joint. The high impact strength was seen in the 316 weld and consistently the hardness 

test at the Heat Affected zoned were high. 

X-ray results of thermal weld experiments and mechanical testing, as well as lab analysis all 

show that there is a good behaviour and a match between welds of dissimilar material joints. 

The X-Ray diffraction patterns have been measured for 2mm MSSS weld sample and 12mm 

MSSS weld sample. In each case, at least 2 samples have been analysed. The X-Ray diffraction 

patterns analysis suggests that the HAZ area predominantly contains martensitic phase and 

austenitic phase. Measurement of the X-Ray diffraction patterns was measured in this research 

and it was found that the X-Ray Diffraction pattern of the weld HAZ matches those away from 

the HAZ, that is, the parent metal mild steel and stainless steel. The filler metals used at the 

bottom of the weld zone is A15 Copper wire filler metal and 304/316 filler wire. 

NOTE: Publications based on the chapter content and published in international conferences 

and journals are found in Appendix 1 – first page only.  
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4. SIMULATION FOR THERMAL ANALYSIS 

 

4.1 Introduction 

 

This chapter describes the numerical procedure of acquiring the thermal analysis in a multiple 

pass butt-welded stainless steel and carbon steel clad pipe and plate. The geometry and the 

material properties of the models are defined, and results are analysed in thermal contours and 

graphs for two clad thicknesses in both plate and pipe models. 

This research starts with thermal simulation on the same material, then covers the clad plates 

and pipes. This chapter also discusses the results of the finite element simulation of the transient 

thermal analysis in a 2D and 3D (clad plate and pipe) with respect to the experimental results. 

This is also compared with the results in pipes.  

Chapter 4 has been written in a coherent manner with the relevant sections in chapter 4 starting 

with 2D and 3D domain. This is evidenced in sections 4.3. Geometry of Model followed by 

4.4 Meshing and 4.8 Simulated models after which is 4.9 Results and Discussion which already 

follows this format. 

Section 4.3 Geometry of Model commences with 4.3.1 the 2D models which encompass 

subsection 4.3.1 the 2D plate followed by the 3D models in subsection 4.3.2 comprising of the 

3D plate in subsection 4.3.2.1, the pipe stripe in subsection 4.3.2.2 and finally the full pipe 

model in subsection 4.3.2.3. 

Section 4.4. Meshing began with subsection 4.4.1 2D models which addressed the 2D plate 

model in subsection 4.4.1 followed by subsection 4.4.2 which addresses the 3D Models further 

split into subsection 4.4.2.1 the 3D plate and subsection 4.4.2.2 the pipe strip as well as 

subsection 4.4.2.3 the fully cladded pipe.  
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The simulated models have been discussed in section 4.8 with the 2D Model – Plate under 

subsection 4.8.1 followed by the 3D Model – Pipe Strip in subsection 4.8.2 and subsection 

4.8.3 which is the 3D Model – Full Cladded pipe. 

Section 4.9 Results and Discussion began with subsection 4.9.1 Temperature versus time plots 

– transient cycles in 2mm and 12mm plates followed by 4.9.2 which is the welding direction 

in both plates and pipes and subsection temperature distribution in 4.9.3.1 pipe strip, 4.9.3.2 

Full pipe – 2mm and 4.9.3.3 full pipe 12mm 

 

4.2 FEA Thermal Analysis 

 

(NAFEMS, 2008) FEA thermal analysis is used to simulate the movement of heat via parts and 

assemblies by reason of environmental conditions and steam source, electrical generation or 

friction. In thermal analysis, temperature contours which determine the band of the weld region 

and HAZ are present. 

Three basic heat transfer types exist namely conduction, convection and radiation. For heat 

transfer to take place, a temperature potential has to be set up whereby heat flows from a place 

of high temperature to another of low temperature. In this thermal analysis the types of heat 

flow considered are convection and radiation. In convection, the hotter fluids or liquids rise 

because it is less dense than the cooler fluid which sinks due to gravity – as the fluids interact 

together during welding. Radiation is carried out by electromagnetic radiation between the 

surfaces of a body and the surroundings. The Stefan-Boltzmann constant is given as σ = 

5.67x108W/m2-K4. The transient heat transfer requires specific heat C in kJ/kg-K and mass 

density in kg/m3 (Akin, 2009). 

The method of equation solver for the stress analysis is the direct method using the solver 

default matrix storage (SIMULIA, 2017). The solution technique employed in this thermal 
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analysis is the Full Newton technique with a total of 8 iterations. The severe discontinuity 

iterations were propagated from the previous steps with the load variation with time ramped 

linearly overstep. The maximum number of increments is 10000 for each step of the analysis. 

An emissivity value of 0.1 per increment was used. 

The factors considered for thermal analysis include penetration of the heat affected zone, 

thermal conductivity of each finite element mesh, and density of metal, solidus temperature 

and liquidus temperature as well as the latent heat capacity. The irregularity in temperature 

profile is also due to phase change. The temperature-dependent properties have been inputted 

into the inbuilt thermal profiles of the model (Yaghi et al., 2006; Deng & Murakawa, 2006; 

Nezamdost et al, 2016, Deng & Kiyoshima, 2010). Plots of temperature versus time and 

distance have been displayed in the results section. 

During the welding process, the parent metal expands, compression occurs along the 

circumferential direction and this produces shearing and bending. This further leads to the 

initiation of hoop stress (in the circumferential direction) and meridian stress (in the axial 

direction).  This further implies that the quantity of heat inputted into the model affects the 

geometry of the model. The design as well as the diameter of the pipe also affects the geometry. 

In this axisymmetric model, there are high tensile stresses in the hoop and axial directions of 

the inner diameter of the pipe that have resulted in the integral shrinkage of the pipe (Sinha et 

al, 2013).  

When carrying out thermal analysis there are a list of steps and physical parameters needed, 

such as creating the geometry, assigning material properties, applying boundary conditions and 

thermal loads, meshing, creating job and analysing the results of simulation. FEA involves first 

modelling the geometry suitable for the challenge in question and thereafter selecting the 

material properties compatible for the nature of loading and boundary conditions involved – in 



  

193 
 

this case it is the convection and radiation. Meshing with the suitable element is carried out 

after which a job is created and submitted for analysis.  

In this research, the finite element analysis of the stainless steel and the mild steel plate and 

pipe was carried out using ABAQUS CAE. There are two parts to the modelling. The first is 

the thermal modelling which involved designing and building the geometry of the model 

carried out under the part module. The next step is assigning material properties such as density, 

thermal expansivity, specific heat capacity, latent heat, solidus and liquidus temperature etc. 

under the Property module. The various parts created under the property were assembled under 

the assembly model such as the clad metal, base metal and weld metal. Heat and cool passes 

were created under the step module. The thermal output variables such as nodal temperature 

was also selected under the step module. Under the interaction module, the masses, as well as 

the surface film coefficient for convective and emissivity for radiative faces of each weld pass 

were added. Thermal loads in the form of body heat flux are applied in each heat pass and 

boundary conditions applied in the load module by restricting motion in y direction. Meshing 

is carried out under the mesh module and the job created for thermal simulation; at the end the 

results are analysed. 

 

4.2.1 Consideration of Factors for Thermal Analysis 

 

The factor considered while carrying out the modelling of the thermal analysis is the 

penetration of the HAZ of the weld metal into the parent metal. The thermal conductivity of 

each part of the Finite Element mesh equivalent to the weld passes is taken into account and 

prior to being positioned, the elements are assigned thermal conductivity of air, which changes 

to the steel value as soon as they are placed.  
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The density of the metal and the solidus and liquidus temperatures, as well as the specific heat 

capacity and latent heat capacity are also considered because, they are very vital and play a 

major role in determining the thermal analysis of the weld. 

 

4.3 Geometry of Model 

 

Considering the fact that the whole pipe (360 degrees) can be split up into smaller radii or 

lengths along the circumference; which if assembled together forms a complete pipe; the pipe 

strip can be generated as shown from the top view in Figure 4.1 below:  

 

 

 

Figure 4.1 Cross-section of the top view of the circumference of a pipe split into (a) pipe strip 

sections. (b) pipe strip 

  

One of these strips was closely studied and the simulation of the thermal analysis on that scale 

was examined and observed to confirm the same happenings as with a full pipe. Analysis and 

the temperature versus distance plots further confirmed this from the results under section 4.9. 

The full pipe model was developed after this pipe strip study/experiment was completed and 

the thermal analysis which was carried out on a smaller scale in the pipe strip model was carried 

out on full-scale with the complete pipe model. The result of the transient analysis and 
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temperature versus time curve from the full pipe model confirms with the finding of the thermal 

distribution in the pipe stripe.  

The 2D Plate Model was developed to simulate the thermal analysis of a plate and to see if it 

conforms to that of a pipe model. This was confirmed by the outcome of the transient thermal 

analysis and temperature versus distance curves under section 4.9. Irrespective of the fact that 

it is a plate model, the results and outcomes of the plate model is in concurrence with that of 

the pipe. The 2D plate model was first designed and after that the 3D model was built. It was 

found that the thermal responses both transient and distant were confirmed true for both pipes 

and plates in section 4.9.  

Fundamentally, pipes were welded from sheets which could be viewed as plates of infinite 

length and breadth as illustrated in Figure 4.2. This is in addition to the fact that the weld 

experiments were carried out on Clad plates.  

 
Figure 4.2 Illustrating the conversion of a Plate or Sheet into a Cylinder (Bhatia, 2014) 

A cylinder and a plane as shown in Figure 4.2 are said to be isometric, meaning one can be 

converted into the other without altering the local distances. A plane cannot be transformed 

into a sphere because its dimensions of length would have to be altered in order to perfectly 

deform into a sphere. This means that the surface of a sphere is not Gaussian flat with respect 

to the plane. A Gaussian flat surface as shown on the plate in Figure 4.2 has a Gaussian 

curvature (as shown in the cylinder in Figure 4.2) at each point of the magnitude of zero (0). 
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Going by this principle, the surface of a cylinder (as shown in Figure 4.2) can be said to be a 

Gaussian flat plane since it can be revolved from a flat sheet or plate.  

Furthermore, it implies that without stretching the plane, folding or tearing it, r (u,v) is an 

orthogonal parameterization of a surface (ETSU, 2014). Clad models of both plates and pipes 

were further developed to also confirm the above findings (scaling the dimensions) and the 

comparison of the experimental results and the simulated results gave a good agreement, hence 

verifying the results of the FEA simulation carried out. 

 

4.3.1 2D Models  

 

4.3.1.1 The 2D Plate 

 

Figure 4.3 Geometry and weld line of a 2D Plate Model 

 

Figure 4.3 above is a typical model of a 2D Plate showing the weld path across the length of a 

plate 30mm by 20mm and with a 1mm thick weld path.  
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4.3.2 3D Models  

 

4.3.2.1 The 3D Plate 

 

Figure 4.4 Geometry and weld line of a 3D Plate Model 

 

Figure 4.4 is a typical model of a 3D Plate showing the weld path across the length of a plate 

30mm by 20mm and with a 5 mm thick weld path.  

 

4.3.2.2 The Pipe Stripe 

 

 

Figure 4.5 Geometry and weld line of a pipe strip. Dimensions of the pipe strip are OD 12.94, ID 

10.35, thickness 5mm and height 160mm. 
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Figures 4.5 reveals the geometry and dimensions for the 3D pipe stripe and the weld passes in 

a magnified view 

 

4.3.2.3 The Full Pipe Model 

 

Figure 4.6 Geometry and (a) weld line of Full Pipe Model and (b) cladded section of pipe 

 

Figures 4.6 (a) and (b) are the full pipe geometry showing the weld path across the pipe and 

the cladded section of pipe respectively. They each have dimensions of 160mm length, 10mm 

thickness for carbon steel and 2mm thickness clad, as well as 12mm thickness clad 

respectively.  

 

4.4 Meshing  

 

The Abaqus CAE has built in it, different terminologies such as library, family, geometric order 

and functions such as assign element types, which can be used to create and categorize meshes 

for different geometries. Looking at the physics of flow which indicates direction; it calls for 

developing meshes to track the direction of flows within an object or medium. This mesh could 
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be either 2D or 3D depending on the need or nature of the geometry required to meet the 

challenge.  

 

 

4.4.1 2D Models  

 

4.4.1.1 The 2D Plate 

 

 

Figure 4.7 A 2D Plate showing linear quadrilateral elements of type DC2D4 

 

A 4-node linear heat transfer quadrilateral DC2D4 was used for meshing the 2D plate in Figure 

4.7 generating a total of 59,192 nodes and 58,695 elements. It can be observed that the meshes 

are very refined/fine towards the centre of the weld and finer on the left compared to the ones 

on the right; this is to examine the effect of the large meshes on the right-hand side of the plate, 

on the thermal simulation.  
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4.4.2 3D Models  

 

4.4.2.1 The 3D Plate 

 

Figure 4.8 A fully clad plate showing linear brick elements of type DC3D8  

 

A total of 217770 nodes are present in this fully cladded plate model, in Figure 4.8 with a total 

of 198200 linear brick elements of type DC3D8; an 8-node linear transfer brick. Family is 

thermal and the element library is standard.  

 

Figure 4.9 3D Plate showing an 8-Node linear heat transfer brick DC3D8 
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For the 3D plate shown in Figure 4.9, linear brick elements of type DC3D8 were used in 

meshing the plate. Linear brick elements of type DC3D8 (8 node linear heat transfer brick) 

were used consisting of a total of 69300 nodes and 58200 elements. 

 

4.4.2.2 The Pipe Strip 

 

In recent times most 3D CAD geometries are modelled using the quadratic tetrahedral 

elements. Hex grids are employed for both numerical and computational efficiency. Numerical 

in the sense that they permit defined regular spacing in the direction of flow normal to the wall 

without skewness (Stone et al., 2015). Mesh sensitivities were carried out and the numbers of 

elements were plotted against the temperature.  

 

Figure 4.10 Pipe Strip showing an 8-Node linear heat transfer brick DC3D8  

 

The family of the mesh for the thermal models in the pipe strip in Figure 4.10 is heat transfer, 

element library is standard, and the geometric order is linear. The 8-node linear heat transfer 

brick contains 18, 256 nodes and 14,742 linear brick elements of type DC3D8. Local seeds are 

assigned by size and where applicable, constraints are employed to either allow the number of 
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elements to increase or decrease. A single constraint is also applied to create a focussed profile 

for the mesh. This is in order to eliminate errors from the mesh profiles. Global seeds are 

applied in the range of 0.5 and the curvature control for both global and local seeds are 0.1. 

Mesh controls were also applied to the different geometries. The plate conventionally is brick 

whereas the technique for carrying out the meshing is structured compared with Free, Sweep 

or bottom up. 

 

4.4.2.3 The Fully Cladded Pipe 

 

 

Figure 4.11 A fully clad pipe showing linear brick elements of type DC3D8  

 

For the fully clad pipe in Figure 4.11, the total number of nodes is 208640 and the total number 

of elements is 180306. Abaqus use quad options and with quad, the geometry does not need to 

be regular or regular brick elements.  
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An 8-node linear heat transfer brick is generated using the brick element. The section of the 

meshed pipe in Figure 4.11 which corresponds to the weld is depicted by orange circles. The 

linear brick elements could be recommended for reduced time of computation and ease of 

running analysis by reason of the structured grids which make up the mesh. All elements are 

identical and can be easily known or predicted indirectly based on this structured array. In the 

long run, this implies reduced cost of running analysis for the company. Brick elements 

guarantee absence or minimal skewness by reason of the uniform or regular grid shape which 

implies reliable results; however, the hex mesh can also be unstructured depending on the way 

in which element indexing is executed (Stone et al., 2015). 

Tetrahedral elements have greater stability at high temperatures compared to brick. With few 

meshing procedures, a good mesh is produced; even in complicated geometries where absolute 

mesh control is not feasible. The mesh attributes such as skewness, min and max angles 2x2 

and 3x3 determinant, orthogonality, volume ratio and quality are resolved uniquely by each 

CAE software. Although it takes a longer time to run due to its lower time step, it guarantees 

good and reliable results (Bourdin et al., 2017). For the 3D pipe, the element for meshing is 

C3D10 quadratic heat transfer tetrahedron. Tet was chosen because of its very good mesh 

technique and can always be used in most geometry including multifaceted geometries due to 

their nature of grid flexibility. This makes it faster to mesh. Most FEA CAE software analyses 

Tet mesh with greater accuracy. It is also good for carrying out mesh convergence or 

refinement. In summary, the use of tetrahedral elements has high prospects (Stone et al., 2015). 

For the fully clad pipe, the total number of nodes is 233600, elements 157519 and the element 

type for cylindrical is DC3D10 – A 10 node quadratic heat transfer tetrahedron with the total 

number of nodes being 185029 and the total number of elements being 120926. Elements of 

type DC3D10 is a 10-node quadratic tetrahedron. The element type used in this mesh is Tet. 

The family is thermal, and the element library is standard. It has a quadratic geometric order. 
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4.5 Material Properties  

 

Thermo physical properties include thermal conductivity, specific heat and density. The latent 

heat and expansion are also accounted for in the material properties. The material properties of 

the stainless-steel material for both thermal and stress analysis are plotted in a single graph 

according to Brickstad and Josefson shown in Figure 4.12 below (Brickstad and Josefson, 

1998). The units of the parameters of thermal and stress material properties of stainless steel 

are shown whereas those of the finite element analysis are presented in the brackets (Yaghi et 

al, 2006). 

 

 

 

 

 

 

 

 

 

 

 

 

 

From the above curve, the Youngs modulus E in Pa decreases with increasing temperature, 

whereas the thermal conductivity λ in W/mK increases with increases in temperature. The 

figure also shows that the heat capacity C in J/kgK also increases in temperature until it gets to 

the peak at a teperature of 1400oC when the stainless steel melts; after which it remains 

constant. The phase disolution temperatures σy for the parent metal as well as the weld metal 

Figure 4.12 Brickstad and Josefson curve for temperature dependence material 

properties versus temperature (Yaghi et al., 2006). 
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decreases with respect to the increasing temperature. The thermal coefficient of expansion α in 

/K is constant. In the thermal analysis as well as stress analysis of the finite element modelling, 

kinematic hardening was applied. The material density is 7850kg/m3 for carbon steel whereas 

stainless steel is 7970kg/m3. The liquidus temperature employed here is 1400oC for the 

stainless steel and the mild steel. The solidus temperature is 1375 oC.  The latent heat capacity 

of 260kJ/kg was utilized.   

The respective material properties sourced from literature, CES (Cambridge Engineering 

Selector) Edu Pack 2013 are outlined in Tables 4.1 – 4.3. 

 

 

Tables 4.1 – 4.3 Material properties  

 

Table 4.1 Specific Heat Capacity of X65 Carbon steel and Grade 316 stainless steel 

 

Specific Heat [Jkg-1K-1] Temp [oC] 

360.674 0 

409.888 198 

492.397 443 

575.29 618 

617.015 657 

675.387 718 

817.509 802 

1001.83 840 

1135.94 855 

456.321 894 

495.521 1384 

570.027 1560 
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Table 4.2 Mass Density of Carbon Steel, Coefficient of Expansion) Latent Heat, Solidus and Liquidus 

Temperature of X5 and Grade 316 Stainless Steel 

 

Properties X65 316 

Mass Density [kg/m3] 7970 7850 

Expansion Coefficient [1/K] 1.30E-05 1.70E-05 

Latent Heat [KJ/kg] 300000 260000 

Solidus Temp [oC] 1375 1400 

Liquidus Temp [oC] 1375 1400 

 

 

Table 4.3 Thermal Conductivity of X65 and Grade 316 Stainless Steel 

 

Conductivity [W/mK] Temperature 

X65 316 [oC] 

36 24 0 

37 23 62 

38 22 208 

39 19 323 

40 18 508 

31 17 746 

28 16 861 

33 15 1417 

35 14 1493 

39 13 1500 

39 12 1523 

 

The Abaqus FEA software has considered the thermal conductivity of the weld metal and HAZ, 

which are different from that of the two parent materials being welded, so that it is reflected in 

the thermal distribution of the FEA results. In the geometry, steps, boundary conditions and 

during the simulation the welded zone is clearly defined and distinct from the parent’s material. 

After imputing the material property of the parent metal, it is intrinsically inculcated into the 

welded joint and zone by the Abaqus software, such that the welded joint is treated as a 
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combination of both parent material. The addition of filler material was modelled by de-

activating and re-activating the elements that represented each pass. All passes were defined 

with the corresponding weld metals which were present in the model at outset, and all the 

elements in the weld region was deactivated before initiating the first heating step. The 

deposition of the weld metal was achieved by activating the elements defined for each pass, 

which were isolated from the previous passes. 

 

4.6 FEA Applying Thermal Loads and BC  

 

Within and around the FZ there are high temperatures and flux gradients, likewise the HAZ. 

The heat perpetuates through a distance of 10 mm on both sides of the weld line. For the butt- 

welding of two pipes or plates with a single V groove, the full 3D model was carried out using 

Abaqus CAE, boundary conditions were applied to enable the heat flow and pattern in a desired 

manner as to enhance the weld performance of the metals concerned. Although for the 

experiment, the stainless steel is only attached to the mild steel at the weld line; the stainless 

steel is permanently bonded or attached to the mild steel at the contact surface in the FEA 

model. This is because the simulation is based on perfect bonding of the two materials at the 

contact surface. Frictionless contact was assumed for the bonding between both surfaces in 

Finite Element. It should be noted here that for the lab experiment, the surfaces of both metals 

(stainless steel and mild steel) were grinded at the start of the experiment to ensure good contact 

– physically and thermally. Surface finishing of the metal surfaces using universal machines 

was carried out prior to spot welding the surfaces of the plates together including boundaries. 

Finally, G Clamps were used to hold them in place and hold them firmly within the set up; 

prior to welding both surfaces together. 
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4.6.1 Thermal Loads 

 

The nature of the loads applied in the thermal analysis is thermal, specifically body heat flux 

via the heat transfer medium. The differences in average temperature are the main thermal 

loading parameters. Table 4.4 contains the welding process parameters. 

 

Table 4.4 The Welding process parameters are as follows 

Parameter 
Minimum 

Value 
Maximum Value 

Welding Voltage [V] 230 240 

Welding Current [A] 5 45 

Welding Process Efficiency [%] 0.6 0.8 

Welding Speed [mm/s] 0.04 0.04 

 

 

4.6.1.1 Activation Processes – Birth and Rebirth of elements 

 

In order to simulate added mass into the FE model this technical birth activate the process for 

the group of elements representing the added volume mass (Buhl et al, 2019, Fanous et al, 

2003, Chiumenti et al, 2010). A widely technique used in simulating added mass in FE is the 

birth or activation process. The justification is that filler metal is added to the system, that is 

why the birth and activation process used by Abaqus is employed in this research. The whole 

purpose is to provide the capacity to add additional mass and heat into the system. All these 

functions are provided by Abaqus – it is an existing method ready for used and used widely by 

other people and it is a tested and trusted method. The activation process covers firstly, the 

added mass and secondly, the input of heat. Although they can be done separately but it can be 

done through added mass. 
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Activation Process of elements 

Elements are added through the interaction module using the model change option during the 

construction of the geometry initially and then removed (deactivated) so that they become 

added when running the analysis at a much later stage. Steps are used to remove and include 

elements so that the temperature does it change considerably when running the analysis for 

steps that are specifically for adding and removing material. 

Steps in the Structural Model 

A new model – structural analysis is created from the thermal analysis using the same database, 

material, sections, parts, instances etc with the elements transformed into structural elements 

and no changes made to the mesh. 

To avoid distortion of elements which can occur if the bead material is removed and also 

displacement of the material by removal of the bead material at the beginning of the analysis 

and replaced as needed during the analysis materials are at high temperatures so that the 

stiffness is low and the thus it will not significantly impact the analysis.  

Birth and death of element  

In the heat transfer model, there is material activation which takes place and also the heating 

and cooling from the evolving surfaces as well as the original exterior surfaces. Elements get 

activated at a given temperature which is the initial temperature defined which is the ambient 

or room temperature for the whole assembly – base material and weld material with base 

material being at the room temperature and weld material at the weld temperature. 

Stress analysis entails uploading temperature histories and weld material will be optimized at 

the ultimate temperature while the base metal will be at the ambient temperature  
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Heating and cooling, 

Heating, elements are activated at constant melt temperature which is used to create constant 

moving heating temperatures; whereas cooling is carried out on only active elements on free 

surfaces and handled internally by using Film and Radiate. 

For the stress analysis,  

Element activation is used to maintain the stress continuity and is identical to heat transfer 

whereas the temperature loading is imported from Heat Transfer loading and cut-off 

temperature. It also entails the temperature dependent behaviour which entails the phase 

transformation and phase dependent behaviour change.   

 

 

4.6.2 Boundary Conditions 

 

During simulation of a multi-pass welding thermal cycle, there are heat losses from the surface 

via convection and radiation. Differences in the quantity of heat inputted in each pass is 

accounted for and this corresponds to the total of the time taken to weld as well as the waiting 

time before the start of each subsequent pass. (Pathak et al, 2012) Accounting for heat loss to 

the surrounding implies heat loss from the surface of the metals (parent metal, weld metal and 

clad), via convection and radiation. Heat transfer coefficient accounts for heat loss by 

convection and radiation. There are two main boundary conditions considered in this analysis 

namely convective cooling and radiation. Frictionless contact exists for the bonding between 

both surfaces in Finite Element. For thermal model, all these temperatures have been applied 

as boundary conditions B.C. – Initial temperature, Outside temperature and Room temperature. 

Although the temperature dependent properties started from zero (0 oC), the outside 
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temperature and ambient temperature were taken to be room temperatures of the value of 20 

oC. 

In the analysis and simulation required for this research Abaqus is enough for the underlying 

physics and modelling of the problem because the weld passes have been defined using 

boundary conditions. (Refer to Paragraph under section 4.5 Material property). 

 

4.6.2.1 Reflective Surfaces 

 

The sink temperature is 20oC. Heat sink simply refers to the temperature of the surrounding 

surfaces that helps absorb the heat away from the welded spot, hence helping in cooling down 

the welded spot. For the first pass, the type of surface used is film conditioning for the 

convection process and likewise the remaining passes. The film coefficient of 1.2E -005 was 

used. The sink definition is uniform. For the radiation process, the type of surface used is 

surface radiation for the different heat passes. The radiation type is ambient, and the emissivity 

distribution is uniform given to be 0.1. Ambient temperature is 20 oC. 

 

4.6.2.2 Convection 

 

Low order radiation boundary conditions were employed in defining convective waves 

(Hastrom et al., 2012). Convection is the prevailing procedure for transmission of heat from 

the weld sample to the immediate environs. The range of values used for this research varies 

from 15 to 20 Watt/m2 oC. Comparing the calculated thermal cycle with the experimental cycle, 

there, is a proper match and correlation as shown in Figures 4.24 - 4.25. Generally, natural 

convection was employed in this transmission of heat from the weld to the immediate environ, 

with the specific value of 15 used in this particular research plot (Youtsos, 2006).  
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4.6.2.3 Radiation  

 

The Radiation boundary condition was designated to the open and exposed end of the weld 

passes, because it is the end of the weld that is exposed to the immediate environ. The 

temperature of the immediate environ is set to room temperature, however, it is known that the 

temperature difference and hence radiation between the weld passes and the immediate environ 

(example welder), would be greater than room temperature.  

It should be noted here that the layers of the passes, the combination of the material, the weld 

zone which contains both stainless and mild steels have been defined in the Abaqus software. 

 

4.7 Mesh Convergence  

 

In order to effectively construct and build the successful thermal model of the weld, mesh 

sensitivities otherwise known as mesh convergence were carried out for the different models 

of weld. For the 2D Plate Model the following mesh convergence was obtained in Figure 4.13.   

 

Figure 4.13 Mesh Convergence for 2D Plate 
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It was discovered that the first 2 rows and the very last row were more than sufficient for the 

convergence because of the discrepancies in the number of elements involved in the mesh 

convergence criteria of element size for selection. It is observed that the convergence for a 

nodal temperature of 448.5 first occurred at 15,150 elements. This implies that any model of 

the 2D Plate having a minimum of 15, 150 elements in its structural make up is suitable by the 

convergence standard and criteria to undertake the Convergences using a thermal analysis of the 

welds in plate. 

 

4.8 Simulated Models 

 

 

The thermal simulation for the different models 2D and 3D plate, pipe strip and full pipe have 

been discussed below under various subheadings. The weld lines have been indicated in the 

geometry of the model in the previous section – 4.3 ‘geometry’, of this chapter (see Figures 4.3 

to 4.6). The different colour bands for the FE results of the temperature field just show the 

temperature distribution, which may (as described in section 4.3) or may not correspond to the 

weld zone. The red-orange colouration represents the Fusion Zone, after which the yellow-

green thermal contours represent the Heat Affected Zones. It should be noted here that the HAZ 

varies in different material welds, hence a variation in the minimum boundary. It could also 

extend well beyond that of a typical weld, especially due to the different weld thickness of the 

clad. The range of temperatures experienced by the weld zone and the Heat Affected Zones 

vary, as shown in Figures 4.14 through 4.23. 
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4.8.1 2D Model – Plate  

 

4.8.1.1 Different Weld Steps (from left to right) at the same Time Step 

 

Figure 4.14 below shows the thermal simulation for heat pass 1 through heat pass 7 in a full 

2D Plate with different temperature contours which are seen as colour variations representing 

each thermal distribution shown in the temperature panel at the top left side of Figure 4.14. 
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Figure 4.14 (a) heat pass 1 at time step 1.350 secs, (b) heat pass 2 at time step 1.350 secs, (c) 

heat pass 3 at time step 1.350 secs, (d) heat pass 4 at time step 1.350 secs, (e) heat pass 5 at time 

step 1.350 secs, (f) heat pass 6 at time step 1.350 secs and (g) heat pass 7 at time step 1.350 secs. 

Temperature profiles of a weld spot through the weld pass length. 

 

It suffices to model a weld in 2D model using the finite element analysis (FEA) as shown in 

Figure 4.14 (a-g) to understand the thermal profile during the process of welding. This also has 

the advantage of convenience and increased speed of simulation and is referred to as 

Axisymmetric in an axisymmetric model. The procedure for welding entails the melting 

(dissolving) of the material after which it cools down for a certain period in order to solidify, 

thereby forming beads in the weld zone. This is the interface between the upper and lower 

fragments of the steel plates as shown in Figures 4.14 (a and g). 
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4.8.1.2 Multiple Passes Time seps in a Pass (Cooling) 

 

The temperature contours obtained in the thermal analysis are the first set of results to be 

generated in the welding of finite element simulation. They depict the sections which are 

affected by heat as well as the sections in which melting occurs. In the following Figures 4.15 

through 4.19 various temperature contours are displayed and correspond to the temperature 

contours for a finite element model of a 2D Plate. Different time steps for Pass 1 and Pass 3 

are shown as examples. For each pass, the peak temperature is noticed halfway through the 

modelling. 

Figure 4.15 (a) is the end of the heat pass 1 or the start of the weld cooling process for pass 1 

at time zero seconds. This is immediately after the weld. Figure 4.15 (b) shows the progress of 

the weld heat being dissipated after 30 seconds of cooling as the heat propagation in the plate 

by conduction takes place. Note that there is no heat source which is removed at the beginning 

of the cool pass. 

The cool pass is needed to represent the time period for the welding machine to return to the 

beginning position after completing one complete pass. The highest temperature drops over 

time, and at the end of the cooling time of 2 minutes, the hottest spot on the plate is not the 

weld spot. Graphs showing the temperature drop over time are given in the section 4.9. – 

Results and Discussion. This phenomenon of the heating up at the welding spot and 

temperature propagation is also repeated in Figures 4.18 and 4.19 for pass 3. Figure 4.18 (a) is 

a typical weld heat pass referring to actual welding being carried out at pass three after a time 

interval of 2.380 seconds into welding. 
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Figure 4.15 a) Step: Cool Pass 1, Increment 0, Time = 0 and b) Step: Cool Pass 1, Increment 1, Step 

Time = 30.00 

 
Figure 4.16 a) Step: Cool Pass 1, Increment 2, Step Time = 60.000 and b) Step: Cool Pass 1, 

Increment 3, Step Time = 90.000 

 
Figure 4.17 Step: Cool Pass 1, Increment 4, Step Time = 120.000 (2 minutes).  

 

 

Figures 4.15 through 4.17 showing temperature profiles at different time steps, cool pass 1 during the 

welding process 

 

a 

 

b 
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An almost uniform temperature distribution which shows the cooling down stage. 

 
Figure 4.18 a) Step: Heat Pass 3, Increment 7, Step Time = 2.380 and b) Step: Cool Pass 3, Increment 

1, Step Time = 30 

 
Figure 4.19 a) Step: Cool Pass 3, Increment 2, Step Time = 60.00 and b) Step: Cool Pass 3, Increment 

3, Step Time = 90.00 

Figures 4.18 through 4.19 Temperature profiles at different time steps of cool pass 3 during the 

welding process) 

 

 

4.8.2 3D Model – Pipe Strip 

 

4.8.2.1 The pipe Strip Model (Single Material) 

The Pipe Strip model was the first model to be developed in this research and in accordance 

with the aims and objectives in chapter 1. It contains seven steps of through-the-thickness weld 

passes also known as sheet or strip weld passes. Each weld pass consequently possesses 
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different increments which are executed within different time steps for simulation of the weld 

passes. The different weld increments corresponding to the different time steps for weld pass 

one is displayed for the pipe strip model in Figure 4.20. The different colour bands represent 

the different weld temperatures. Colour band red to orange band represents the hottest part of 

the weld zone such as FZ, yellow to green stands for the intermediate temperature range 

whereas the blue refers to the cooling temperature such as the background. This implies that 

for Figure 4.20 (c), the weld zone temperature ranges from 1,162 OC to 1,375 OC, the HAZ 418 

OC to 1,056 OC, while the rest of the pipe lies with the temperature range of 312 OC to 99OC. In 

like manner, the following strip welds are deposited as shown in Figure 4.21. 
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Figure 4.20 3D weld pipe strip shows the different temperature profiles for heat pass 1 at a particular 

time step (a) 0.2000 seconds, (b) 0.3500 seconds, (c) 0.5000 seconds 

 

For this research, a bead is referred to as a pass. For the 2D weld models and the different 

thicknesses of cladding for the 3D weld models, the number of passes is seven. This is referred 

to as an industrial application and at the time allows weld passes in the different wall 

thicknesses. It is regarded as good practice to simplify weld models by representing several 

weld beads by a pass. For simplicity it is also assumed that the first weld bead is laid prior to 

the next and so on until the final weld bead (the seventh pass) is completed.  
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Figure 4.21 Weld profiles of (a) Pass one (b) Pass two (c) Pass three (d) Pass four (e) Pass five (f) 

Pass six (g) Pass Seven 

 

The weld bead is represented in the following Figures 4.21 (a-g). These figures clearly illustrate 

the temperature profile of the same time step along the path line at the weld, at a constant speed. 

Note that the temperature distribution varies for the different weld passes irrespective of the 

fact that it is the same time step.  

 

4.8.3 3D Model – Full Cladded pipe  

 

Figure 4.22 (a-f) below shows the thermal simulation for heat pass 1 in a full 3D Pipe with 

different temperature contours which are seen as colour variations representing each thermal 

distribution shown in the temperature panel at the top left side of the figure. The red band 

depicts the hottest part of the weld, with a temperature of 1,391 oC, whereas the other regions 

indicate a lower temperature leaving the bulk of the pipe at 99 oC almost 100oC. 
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Figure 4.23 (a and b) shows the thermal distribution for cooling step 7. It is clear to see that the 

overall temperature of the body is hotter than in previous weld steps as a result of temperature 

distribution from the weld process. The different colour bands representing the weld zone and 

the heat affected zones are red-orange and yellow green with blue as the background colour. 

These values differ for different stages of the weld and for Figure 4.22 (a) and (d); the Heat 

Affected Zone (HAZ) corresponds to a range of 557 to 208 and 1,089 oC to 539 oC. The method 

of weld deposition utilized during the welding process in the pipe is known as the added ring, 

whereby the weld is carried out by the deposition of a ring layer per time in the welded passes. 

 

 



  

223 
 

 

Figure 4.22 (a-f) 3D Weld Pipes showing the different Weld times for a particular weld pass – Heat 

Pass 1. Temperature profiles of a Ring added mass weld through the weld pass length 

 

 

 

4.8.3.1 Cooling 

 

Figures 4.23 (a-b) shows the cool passes for the ring added mass in the cylinder. It is important 

to note that the temperature range is almost the same in the cooling phase. In Figure 4.23 (a), 

this can be seen as 836 oC to 652 oC, with a difference of 184 oC (there is less than 200 oC 

difference between them). Similarly, for Figure 4.23 (b) the thermal distributions range from 

363 oC to 202 oC which leaves a difference of 161 oC. Also, a value of less than 200 oC, indicates 

an effective cooling of the welded region. The different colour bands correspond to different 

temperature profiles which significantly represent the FZ, the HAZ and the rest of the pipe. In 
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Figures 4.23 (a) and (b), the FZ is depicted by the red-orange colour band which corresponds 

to 803 oC to 836 oC and 314 oC to 336 oC and are confined within the blue lines in Figure 4.23 

(b); whereas the HAZ lies within the yellow to greenish blue colour band. These are the 658 

oC to 716 oC, leaving the rest of the pipe at a temperature of 642 oC in Figure 4.23 (a). Likewise, 

further cooling occurs at 213 oC to 291 oC, leaving the pipe at 207 oC to cool down in Figure 

4.23 (b). 

 

 

Figure 4.23 (a) complete thermal model of a fully clad pipe, cool pass 7, time step 10 and (b) 

complete thermal model of a fully clad pipe, cool pass 7 

 

 

4.9 Results and Discussions 

 

 

4.9.1 Temperature versus Time Plots – Transient Thermal Cycles 

 

The thermal cycles shown in Figures: 4.24 and 4.25 (a-d), clearly portrays the fact that the 

temperature at a specific point reaches a maximum with respect to time when the weld torch 
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crosses a corresponding section of the weld. (Refer to Figures 3.7 (a and b) under section 3.3 

Thermal Measurement in Chapter 3). The point nearest the weld line heats up to an extreme 

degree, whereas at the point farther away from the weld line there is a peak that occurs.  The 

nodal spread of the temperature from the thermal analysis are fed into the input of the stress 

analysis. Temperature gradients which are steep in nature are seen well ahead of the heat 

source, this depicts the fact that the speed of the heat is faster than that of the weld torch. At 

the back of the heat source, the gradients show the cooling process once the peak temperature 

has been attained. Figures 4.24 and 4.25 (a-d) also depicts the final stage of the cooling 

procedure of the weldments to a uniform temperature. They also conform to literature from 

Dar et al (2009), Feli et al (2011) and Sinha et al (2013) Figure 2.25 (b) in chapter 2.  

For the thermal analysis, the stainless steel and mild steel are the same especially since their 

thermal properties lie within same range. In terms of accuracy, they are still close, even though 

they are made up of different compositions of elements, as observed in section 3.10.2 Result 

of EDXA of parent materials in chapter 3. 

In Table 3.3, 3.4 and 3.5 under chapter 3, the position of the thermocouples and their distance 

from the weld edge (WE), weld line (WL), weld start axis (WSA) and weld start (WS) have 

been displayed. The values of the transient and simulated temperatures and time of heat travel 

of the thermocouples are displayed in Tables 3.4 and 3.5. The weld start in this research is with 

respect to the depths of the clad and base metal since two different clad thicknesses are being 

considered – the 2mm clad thickness and the 12mm clad thickness. Refer to Figures 3.7 (a and 

b) under section 3.3 Thermal Measurement in Chapter 3.  
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4.9.1.1 For 2mm Clad Thickness 

 

 

 

 

Figure 4.24 Measured and Simulated Transient Thermal Cycles for Thermocouples TC1, TC2, TC3 

and TC5 at Various Points along different weld cross sections from weld start 

 

The side-by-side evaluation of the experimental transient temperatures and the expected 

transient temperatures is shown in Figures 4.24 and 4.25 (a-d) below. From the results, there is 

a good agreement between the simulated and experimental values of the temperature change 

with time at the location of the thermocouples 1, 2, 3 and 5 and 1, 2, 7 and 8. In general, we 

can say that the results are within expectation. 
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In Figure 4.24, the transient curve for thermocouple 1 measured versus simulated temperature, 

shows that there is a good agreement between the measured readings and the simulated 

readings, confirming the quality of simulation carried out using the Abaqus CAE. Likewise, 

for thermocouple 2 in Figure 4.24, there is a good agreement between the experimental and 

analytical result.  

The fact that the temperature varies in a parabolic form with respect to the elapsed welding 

pool and attains a peak value at the weld pool centroid, further proves that the quantity of heat 

inputted into the model affects the geometry of the model – resulting in the deformities caused. 

The irregularity in the temperature profile is also due to phase change. Note that the simulated 

curves depict isolated welding pass. This is evidenced by a peak value at the point of weld 

before cooling down, unlike the actual measured reading which rises slowly due to the gradual 

transmission of heat through the weld plate. The simulated value attains a sharp peak at the 

weld point because after each weld the weld temperature returns to the ambient temperature 

(which does not apply to the actual weld). Also, there are no thermal histories retained in order 

to ensure continuity from previous heat values.  

From the values of the transient and simulated temperatures and time of heat travel of the 

thermocouples displayed in Tables 3.4 and 3.5 in chapter 3, the maximum temperature are in 

very good agreement, but in terms of the transient temperature, the error of about 50 OC is 

negligible compared to 300 OC when compared with high weld temperatures 1,200 oC to 1,500 

oC, as illustrated in Figure 4.25 for TC7. The measured temperature reading commences from 

20 OC unlike the simulated which commences from 0 OC. Again, 20 OC is negligible compared 

to 300 OC, see Figure 4.25 (d). In the cooling down phase, the measured result is faster than the 

simulation due to the heat conductivity of the metals; however other data can be fine-tuned in 

the simulation. 
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It has been noted in the Figure 4.24 that thermocouples TC3 and TC5 receive some thermal 

energy by reason of their position as displayed in Table 3.4 in chapter 3 and in the Figure 3.7 

under section 3.3.1 of Chapter 3- Thermocouples. Also, in Figure 3.7 the position of the 

thermocouples shows that the thermal conductivity affects the temperature profiles. TC5 is 

placed underneath the 2 mm Clad plate stainless steel, which has a thermal conductivity of 16 

[W/mK] and has access to the heat from the heat source much faster when compared to other 

thermocouples and as a result, TC5 has the first peak within a short period of time. TC3 which 

has the second highest peak has the added advantage of proximity to the weld line and being 

75mm away from the heat source - which increases the contact with heat faster compared with 

other thermocouples. The thermocouple TC2 however, receives the highest quantity of heat 

compared to the others by reason of its centralised position to the heat source (50mm) and 

proximity to the weld line compared to other thermocouples placed close to the edges of the 

plates. It does not dissipate the heat built over time to the surrounding area as fast as the other 

thermocouples at the different ends. Rather, the heat is trapped in such a manner that allows it 

to slowly dissipate into the surrounding area.  
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4.9.1.2 For 12mm Clad Thickness 

 

 

 

Figure 4.25 Transient curves (temperature vs time) for measured and simulated in (a) TC1, (b) TC2, 

(c) TC7 and (d) TC8 

 

For the 12mm clad, the following Transient curves for the Measured versus Simulated were 

obtained in Figure 4.25. It is observed from Figures 4.25 (a-d) above that the thermocouples 

TC1 and TC2 have very high temperature ranges as a result of being situated close to the weld 

start positions compared to other thermocouples such as TC7 and TC8. Thermocouples TC7 
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and TC 8 in Figures 4.25 (c and d), are placed underneath the weld plate at a distance of 50 

mm from the weld start and 13.50 mm and 26.50 mm respectively from the weld line; and as 

such do not receive enough heat compared to Thermocouples 1 placed 13.50 mm from the weld 

start (opposite TC6) and TC2 which is placed both 15mm from the weld edge and 22 mm from 

the heat source. It should also be noted that by reason of electric distortion there have been 

some unwanted signals in the temperature profiles as observed in TC7 and TC8. 

  

4.9.2 Welding Direction (Nomenclature) 

 

In order to describe the direction in of the welding carried out, the usual concept of the 90 

degrees, 180 degrees, 270 degrees and 360 degrees have been used in a clockwise manner to 

describe the direction of the weld, as well as the 3 o’clock, 6 o’clock, 9 o’clock and 12 o’clock 

convention. In agreement with these previous conventions for weld direction, the concept of 

45 degrees, 135 degrees, 225 and 315 degrees is hereby introduced in this research in addition 

to the 1:30 hours, 4:30 hours, 7:30 hours and 10:30 hours concept; all in the clockwise direction 

as shown in Figure 4.26. 
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Figure 4.26 (a) A representation of the pipe rotation and nomenclature of 90, 180, 270 and 360 

degrees respectively and (b) A representation of the pipe rotation and nomenclature of 45, 135, 225 

and 315 degrees respectively 
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Presenting the 45, 135, 225 and 315-degree reference system, which is simply rotating the cross 

section of the pipe in Figure 4.26 (a) through an angle of 45 degrees in the clockwise direction, 

as illustrated in Figure 4.26 (b). It makes it convenient to view, decipher and read the weld 

direction especially since it is the same irrespective of the direction taken. The above theory 

and style of representation of a welding direction is known as 1:30 hours, 4:30 hours, 7:30 

hours and 10:30 hours. A clock face is used as a temporal connotation. Recall Figure 4.2 under 

section 4.1.2, the geometry of model, the principle of the Gaussian flat surface having a zero 

Gaussian curvature at every point clearly reveals that the surface of a cylinder can be referred 

to as a Gaussian flat plane; revolved from a piece of paper (ETSU, 2014). Based on that, the 

four positions of interest on the pipe circumference can be represented onto the plate and the 

following output is obtained as shown in Figure 4.27. 

 

 

Figure 4.27 A plate representation of the pipe rotation and nomenclature of 45, 135, 225 and 315 

degrees respectively. Concept and theorem explained earlier on in section 4.1.2 Geometry of models 

and illustrated by Figures 4.2 (a) and (b). 
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Figure 4.27 implies that the different weld directions can also be represented on a plane surface, 

as shown on the 2D plate in Figure 4.27. The same is applied to 3D Plates. 

The variation of temperature with distance is displayed for 3 o’clock weld position 6 o’clock 

and 9 o’clock respectively in Figure 4.28 (a). For different weld angles in Figure 4.28 (b), the 

peak temperatures are displayed with respect to their distance from the weld line with the 

highest peak depicted at 60o which was one of the angles used in the experimental weld. 

 

 

Figure 4.28 (a) Transient Thermal Cycles at 3 o’clock, 6 o’clock and 9 o’clock at different weld times 

(b) Transient Thermal Cycles at different weld length (distances) at 12 o’clock 

 

4.9.3 Temperature Distribution 

 

Figure 4.29 (a-d) shows the distribution of the axial temperature at four different time steps (3 

o’clock, 6 o’clock, 9 o’clock and 12 o’clock, from the weld start to the weld progress positions. 

At a specific position, the temperature distribution is steep as the weld arc transverses that 

section (see peak of Figure 4.29 (a-d)). As the weld torches crosses the section the drop-in 

temperature becomes obvious from the plot, travelling at the rate of 3mm/s around a 

circumference of 300 x Π, it arrives at its destination after 40 seconds. The Figures 4.29 (a-d), 
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4.30 (a-b) and 4.31 (a-b) below also show the thermal variations for four different cross sections 

at differing time steps. 

4.9.3.1 Pipe Strip (Single material) 

 

 

Figure 4.29 Axial Temperature distributions for four different cross sections (a) 3, (b) 6, (c) 9 and (d) 

12 o’clock positions at different time steps from the weld start 

 

No significant difference observed between nodal paths. Results are repeatable and they are in 

close agreement.  
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4.9.3.2 Full Pipe - 2mm Clad Thickness 

 

 

 

Figure 4.30 (a-b) Axial temperature distributions for 45o and 135o cross-sections at different weld 

times 51.42 and 102.84 seconds from the weld start in a 2mm clad 

 

 

Figure 4.31 (a-b) Axial temperature distributions for 225o and 315o cross-sections at different weld 

times 205.68 and 257.10 seconds from the weld start in a 2mm clad 

 

 

 

 

 

 

 

a b 
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4.9.3.3 Full Pipe - 12mm Clad Thickness 

 

 
 

Figure 4.32 (a-c) Axial Temperature distributions for 45o, 135o and 225o Cross-sections at different 

weld times 51.42, 102.84 and 205.71 seconds from the weld start respectively in a 12mm Clad Pipe 

 

From the different plots of temperature versus distance, the effect of the clad on the weld is 

seen as the clad effectively reducing the operating temperature thereby reducing the thermal 

conductivity of the welded path. The reduction in thermal conductivity enhances the 

effectiveness in the insulating effect of the cladding. The simulation in Figures 4.30 and 4.31 

shows that the 2mm clad has lower temperature than the 12mm clad in Figure 4.32. The reason 

for this difference is because the 2mm clad requires only a single welding pass whereas the 

12mm clad requires seven welding passes, which means more heat input, thus higher 

temperature. The curve from Figure 4.32 shows that the pipe performance under a high 
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temperature is possible with a larger clad layer compared to a smaller clad layer. Bearing in 

mind that temperature imparts directly on the toughness, modulus of elasticity, ultimate tensile 

strength and yield stress, means that increased operating temperatures will also impact upon 

the properties of the clad pipes.  

 

4.10 Further Discussion 

 

From the various plots of temperature versus distance along the path of weld propagation and 

direction, it has been observed that the distribution of the heat follows a unique pattern which 

has been displayed above in Figures 4.29 (a through d), 4.30 (a and b), 4.31(a and b) and 4.32 

(a through c) whereby the different HAZ has been considered. The peaks displayed in the plot 

correspond to the immediate environ of the weld with the number and magnitude of the peaks 

increasing as the cumulative quantity of heat dispelled within the weldment, increases. 

Likewise, it decreases the further away one goes from the region of weld.  

 

4.11 Summary 

 

 Based on the above findings we can draw the following conclusions: 

i. Transient responses have been shown in the weld results. The experimental results 

match very well with the simulated results. 

ii. The result of the heat input fed into the FEA analysis generates a unique set of results 

which has obvious effects on the thermal analysis and output.  

iii. Convection is the major procedure for transmission of heat from the pipe, plate and pipe 

strip to the immediate environ and the maximum film coefficient value is 15Watt/m2 
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oC; whereas Radiation boundary conditions have minimal or no consequence on the 

estimated temperatures and can be overlooked. 

iv.  The 2D models of the pipe and plate generates meaningful and vital information 

regarding the mesh alignment and perfection of the finite element solution. 

v. The number of load steps needed for the heating and cooling periods can be determined 

and have been determined by the load module and step module respectively, as seen in 

the FEA model in Abaqus. 

vi. The 3D models of the full pipe, pipe strip and plate generate meaningful and vital 

information regarding the mesh alignment and perfection of the finite element solution. 

   

4.12 Conclusion and Key Findings 

 

For this research, the thermal analysis of girth weld in subsea pipeline has been carried out with 

the display of the temperature profile, consideration of the distance from the region of the weld 

and specifically the weldment being acknowledged. It has been observed that the measured 

transient heat curves match well with the simulated transient heat curves, confirming the 

quality of the simulation carried out.  Factors such as latent heat, convection and radiative heat 

contribute significantly towards the regular rise and fall in temperatures profiles which is the 

trend observed and displayed in the peaks and valleys within the results.  

From the temperature versus distance plots it is observed that for the 2 mm clad Stainless Steel 

and X65 weld, the thermal plots are not as high as the 12 mm clad stainless steel and X65 

carbon steel clad which shows a high peak of 1500 oC. The significance of this since the melting 

point for stainless steel is high is that cladding with 2 mm X65 Carbon steel and Stainless steel, 

lowers it to a moderate value so that a good result of temperature is obtained. It should neither 

be too high nor too low, thus guaranteeing stability and improvement in performance of the 
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clad pipe and hence ensuring longevity of the service lives of pipes. The nature of the material 

used in the modelling (weld parameters) plays a very significant role in the temperature – the 

time displacement curve and being responsible for the lag observed in the transient curve for 

the measured data. 

In the experimental data, the thermocouples detected the heat at different rates, at different 

times by reason of proximity and only attained peak value when the heat source was right at 

the same spot as the thermocouples. This clearly means that the response to the temperature 

was dependent on several factors, such as the nature of the material - stainless steel or mild 

steel, material thickness (depth, height and width), thermal conductivity of the material 

(stainless steel is 16 [W/mK] and mild steel is 36 [W/mK]); position from heat source (distance 

away from the heat source) and time of transmission (time at which the temperature reading is 

taken). These are all going to affect the temperature time (transient) curve being displayed in 

the figures.    

NOTE: Publications based on the chapter content and published in international conferences 

and journals are found in Appendix 2 – first page only.  
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5. SIMULATION FOR STRESS ANALYSIS 

 

5.1 Introduction 

 

This chapter describes the numerical procedure of acquiring the stress analysis in a multiple 

pass butt welded stainless steel and carbon steel clad pipe and plate. The geometry and the 

material properties of the models are defined, and the results are analysed in stress distributions 

and graphs for two clad thicknesses in both plate and pipe models. 

Butt-weld multiple passes of stainless-steel clad pipes have been simulated in a non-linear finite 

element analysis using the Abaqus software. The physical problem is highly nonlinear 

involving thermal softening (mechanical behaviour in close to welding in semi-solid states) 

and the interaction of dissimilar materials with different properties. As such, a nonlinear 

analysis becomes a necessity.   

As with Physical processes which are inherently nonlinear such as stretching a plastic band 

and it becomes harder to pull as the deflection increase because permanent deformation is being 

achieved, manufacturing process like welding entails nonlinear simulation. Also, thermal 

variation of material properties. 

The results obtained in this research are mostly nonlinear. Stress, heat transfer, graphs are 

nonlinear. The whole process has been done via nonlinear analysis and because nonlinear 

option was toggled, nonlinear information is expected from the analysis.  

Through thickness variations, discrepancies of the hoop and axial stresses at the Heat Affected 

Zone (HAZ), and weld zone are examined at the circumferential butt welds in piping setups.  

There are factors that affect residual stress as well as factors arising from the weld procedures. 

Such factors comprise geometry of the weld joint, weld heat input parameters, wall thickness 

and diameter of the pipe. Tensile stresses in hoop and axial directions have been examined on 
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the internal pipe surface with the axisymmetric model with inbuilt shrinkage characteristics 

and the result was consistent in stress dimensions from measured data and FEA predicted 

results. An accurate and thorough assessment is needed on the associated residual stress and its 

effect on the structural properties of the pipeline.  

3D simulations of stress in girth welded pipe sections have been carried out using the Abaqus 

CAE software in two steps, the first being the thermal modelling with a moving hot spot and 

added mass and the second being the stress or mechanical analysis. This research is 

fundamentally on the 3D finite element modelling of residual stresses in a stainless-steel clad 

girth welded x65 Carbon steel pipe; in which the modelling procedures for universal residual 

stress characteristic is clearly demonstrated. The different kinds of weld induced residual stress 

fields are hoop (meridian) and axial or longitudinal. Butt-weld geometry of the pipeline with a 

specification of 508mm (internal diameter), wall thickness of 50mm and API Grade of X65 

carbon steel pipe clad by stainless steel grade 316; having a ring mass deposition was 

employed.  

Through a series of the joining of both transient and non-linear analysis, thermo-mechanical 

process of arc welding, which is naturally multifaceted is resolved. With the aid of thermal, 

residual stress and deformation experiments, the validity of the thermal and stress models is 

verified. There is an agreeable similitude between the simulated outputs and those of other 

authors.    

 

5.2 Technique of Structural Analysis   

 

The thermal history of the various nodes from the previous thermal analysis are fed as nodal 

body load alongside temperature variant mechanical properties. For the part of mechanical 

analysis, stresses were calculated to see stress status in the materials such as the residual stress, 
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and to check if yielding may occur. In the simulation, Von mises stress was used together with 

its associated yield criteria. Stress analyses need to be carried out to find out the magnitude of 

stress level in the material – in particular, to see if the stress reaches the maximum yield where 

the failure occurs. In doing that the von mises criteria is used – that is FE analysis are carried 

out to find out stress distribution using the von mises stress. Von mises stress are used to check 

for the yielding with the three principal stresses 𝝈𝟏, 𝝈𝟐 and 𝝈𝟑coupled with the kinematic 

hardening. 

The displacement nodes from the previous analysis are fed in as the nodal body loading. Von 

misses stress is used to check the stress status and the yielding following Equation 5.1 with the 

three principal stresses 𝝈𝟏, 𝝈𝟐 and 𝝈𝟑 coupled to a kinematic hardening rule: 

𝝈𝒑 =  
1

√2
 [(𝝈𝟏 − 𝝈𝟐)2+ (𝝈𝟐 − 𝝈𝟑)2 +  (𝝈𝟏 − 𝝈𝟑)2] 1/2                           Eqn (5.1) 

The isotropic model suggests that if the yield surface is symmetric about the stress axes which 

also means that if the yield strength in tension and compression are initially the same, they 

remain equal as the yield surface develops with plastic strain. The kinematic hardening rule 

can also apply in model specific responses such as Bauschinger effect (a property of materials 

where stress/strain characteristics change as a result of microscopic stress distribution of 

material) where hardening in tension will lead to a softening in a subsequent compression. 

Here, the yield surface is constant in shape and size but merely translates in stress space as in 

Figure 5.1. 
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Figure 5.1 Kinematic Hardening (Kelly, 2013) 

 

The need for the kinematic hardening has been addressed in the Abaqus software. Kinematic 

hardening models are employed to predict (mimic) the performance of metals exposed to cyclic 

loading and are therefore pressure independent plasticity models, that is, yielding of the metals 

is independent of the corresponding pressure stress. These models are appropriate for most 

metals placed under cyclic loading conditions. It is possible to employ the linear kinematic 

hardening model along with the Mises yield surface, however, the nonlinear isotropic/ 

kinematic model can only be employed with the Mises yield surface in Abaqus/Standard. 

Within the current model, the kinematic hardening is utilized to make sure the hardening of the 

material is properly addressed.  

When modelling a welding process, the straining hardening effect is an important factor to be 

considered. Materials experience a series of repeated heating and cooling during the multi-pass 

welding process. This thermal cycle act as cyclic tensile and compressive loading to the 

material and induce stress-strain behaviour with plastic deformation hence straining hardening. 

In this study, a linear kinematic hardening model was employed with the consideration of 

Bauschinger effect which reduced elastic region (reverse yield) in a reverse loading, thereby 

reducing the level of residual stress. 
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Isotropic hardening was employed in preliminary FE models however the results were not 

reported in this thesis. It was found that without considering the reverse yield which is always 

maintained the same as the prior yield in the opposite direction, isotropic hardening model has 

the tendency to overestimate residual stresses. It is suggested that a combined isotropic-

kinematic strain hardening model is more applicable for the actual hardening behaviour of the 

material. However, because of lack of material data, this hardening behaviour was not 

modelled. 

The parameters for meshing are the same as those used when carrying out the thermal analysis, 

in order to facilitate convergence of the structural analysis via mapping of data and elements 

having similar topology. The thermal analysis enables the generation of elements as 

degeneration of elements (the weld-remove concept) which was inputted in the structural build-

up of the model. The ambient temperature for the clad and base metals is also set in such a way 

that thermal strains are zero for the different thermal expansion coefficients.  

The method of equation solver for the stress analysis is a direct method using the solver default 

matrix storage. The solution technique employed in this structural analysis is the Full Newton 

technique with a total of 8 iterations. The (deleted) iterations were propagated from the 

previous steps with the load variation time ramped linearly over each step. The maximum 

number of increments is 10 for each step of the analysis.  

The modelling is carried out in two separate steps. First the thermal analysis was carried out 

and completed. Next the stress analysis was carried out with the outcome of the thermal 

analysis as the input of the stress analysis. In this sense the whole analysis is sequentially 

coupled. The stress components and invariants were utilized in the weld remove and these were 

also propagated with the different heat and cold passes. The plastic strain components, 

magnitude and logarithmic strain components were incorporated into the steps along with the 
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translational, rotations and velocities, as well as forces and moments. The contact stress and 

displacement were utilized for effective contact and nodal temperatures.  The 2D model was to 

simplify the model and enable better understanding of the parameter before developing the 3D 

mode for further studies. Abaqus provides a two-stage option for thermal (Step 1) and structural 

(Step 2) analyses. Based on the thermal analysis, deformation or displacements of nodes are 

obtained. They are then used as the input to the following structure analysis, in which the 

corresponding stresses are obtained, generating the same deformation as in the thermal 

analysis. In the simulation, material properties corresponding to the temperature are needed to 

cater for the thermal softening effect, i.e., changes in material properties due to the temperature 

effect. 

Different models were studied in this research and they include the 2D plate, 3D pipe strip as 

shown in Figure 5.2, clad pipe and clad plates (in Figure 5.3). For the pipe strip the dimension 

is: OD 12.94, ID 10.35, thickness 5mm and height 160mm.  

 

 

Figure 5.2 Boundary condition applied in (a) a pipe strip and (b) a full clad pipe 
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Figure 5.3  Boundary condition applied in (a) a 3D cladded plate and (b) a 2D Plate 

 

 

5.3 Geometry 

 

 A modelling space of 2D and 3D were used for modelling the 2D and 3D Plate welds 

respectively. Deformable solid and extrusion was also utilized in creating the parts concerned. 

Dimensions of the 2D plate were 20mm by 30mm, whereas those of the 3D plates were 10mm 

by 10 mm having thicknesses of 0.4 mm and 1.6 mm.  

 

5.4 Material Properties  

 

Thermo-physical properties include thermal conductivity, specific heat and density; however, 

there are also other material properties that are fed into thermal and stress models. These 

include elastic – Young’s Modulus, Poisson’s ratio, and plastic – yield stress and plastic strain 

properties. The material properties used for the stainless steel and carbon steel pipes and plates 

are as listed below. The respective material properties were based on the data sheet provided 
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by material supplier starless steel as well as literature. They were also sourced from literature, 

CES (Cambridge Engineering Selector) Edu Pack 2013 are outlined in Tables 5.1 and 5.2 

below. Since this research is part of the bigger project, the information from other part of the 

team was used because repeating the information was not required, however, confidence was 

gained in that the information was correct and was adoptable to the model in this very research. 

The CES Edu pack had transferred that information, so they could be relied on. 

Table 5.1 Material Properties used for the SS316 

 

 Young’s Modulus [MPa] Poisson’s Ratio Temp [oC] 

1 210000 0.30 20 

2 190000 0.32 200 

3 153000 0.34 400 

4 95000 0.36 600 

5 63000 0.38 900 

6 11000 0.40 1200 

7 7000 0.45 1500 

  

 

Yield Stress [MPa] Plastic Strain  Temp [oC] 

480 0.00  20 

560 0.01  20 

398 0.02  200 

450 0.03  200 

340 0.04  400 

405 0.05  400 

210 0.06  600 

290 0.07  600 

50 0.08  900 

90 0.09  900 

18 0.10  1200 

4 0.11  1500 
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Table 5.2 Material Properties used for the X65 Carbon steel 

 Young’s Modulus [MPa] Poisson’s Ratio Temp [oC] 

1 219000 0.3 20 

2 154000 0.32 200 

3 157000 0.34 400 

4 60000 0.365 600 

5 69000 0.39 900 

6 12000 0.43 1200 

7 6000 0.44 1500 

 

 Yield Stress [MPa] Plastic Strain Temp [oC] 

1 460 0.00 20 

2 550 0.01 20 

3 388 0.02 200 

4 500 0.03 200 

5 335 0.04 400 

6 400 0.05 400 

7 206 0.06 600 

8 260 0.07 600 

9 31 0.08 900 

10 80 0.09 900 

11 15 0.10 1200 

12 4 0.11 1500 

 

Tables 5.1 and 5.2 were inputted into Abaqus standard for simulation as the material data  

 

5.5 Applying Boundary Conditions  

 

For the Pipe, boundary conditions were applied at the side, top and bottom of the pipes and 

likewise the 3D plates as seen in Figure 5.4. Displacement and rotation were restricted in the 

X, Y and Z directions. The distortion occurring in the model is accounted for by setting the 

initial strains to zero at the period of the activation of the element. 
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Figure 5.4 A boundary condition is applied in a clad plate. The middle of the left end of the plate and 

clad are constrained in the y direction. U2 = 0 

 

Schematic of the boundary condition is seen in Figure 5.5 below: 

 

 

Figure 5.5 Schematic of the Boundary Condition 
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For the structural analysis, the boundary condition applied is at the boundaries, which denote 

the effect of the clamping of the cylinders in place for the welding procedure. This implied that 

all the nodes at the end of the pipe are fixed in the axial direction, as well as two other nodes 

being fixed and situated at 180 degrees from each other, also in the axial, radial and 

circumferential directions. 

In order to obtain an accurate result, a ‘Complete Newton Raphson’ iterative solution technique 

is utilised incorporating a sparse matrix solver for both thermal and stress analysis. The reason 

for the choice of the Full Newton-Raphson solver is its ability to incorporate a modified 

material properties table alongside a stiffness matrix which reformulates after each equilibrium 

iteration. The typical nature of both stress and thermal models is that a huge quantity of 

temperature dependent data is utilized across the choice of material which changes rapidly in 

the course of the analysis. As such, the Newton Raphson scheme generates correct results for 

the analysis output compared to Initial Newton Schemes or Modified Newton Schemes. For 

the different weld scenarios considered in this research, the emissivity values were taken to be 

0.1.  

 

5.6 Meshing 

 

Mesh sensitivities were carried out and 3D Stress elements were chosen from the family, and 

quadratic elements were used to carry out the meshing in the pipe, whereas an 8-node quadratic 

block was used for the Plates. The meshing parameters employed in the stress analysis is stress 

specific in order to speed up the mapping of the nodal data and elements having same topology 

to improve the convergence during structural analysis. The creation of an element occurs at the 

solidification temperature, whereas the melting temperature (sink) or ambient temperature is 

that at which the thermal strains equal zero for thermal expansion coefficients of the base 
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metals and filler metals. The hourglass control used in the meshing element is to enable a single 

point reduced integration scheme and to regulate convergence, hence preventing unnecessary 

locking while running the stress analysis.  

Plane stress was used, and linear geometric order was used to mesh the 2D plate generating a 

total of 59,192 nodes and 58,695 linear quadratic elements of type CPS4R. Figure 5.6 below 

shows the meshing of the pipe strip using linear hexahedral elements of type C3D8R having a 

total number of 14742 elements and 18256 number of nodes. Family of mesh is 3D stress; the 

Element Library is standard and Geometric order is linear. It is an 88-node linear brick with 

reduced integration and hourglass control.  

 

 

Figure 5.6 A 2D Plate showing a 4-node bilinear plane stress quadrilateral, reduced integration, 

hourglass control (CPS4R) 

 

a 
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Figure 5.7  A pipe strip using linear hexahedral elements of type C3D8R (b) An Asymmetric pipe 

showing quadratic quadrilateral elements of type CAX8R 

 

For the 2D axisymmetric pipe in Figure 5.7, the axisymmetric stress was used in carrying out 

the mesh and an 8-node biquadratic axisymmetric quadilateral of reduced integration was 

generated. Total number of nodes were 61, 409 and 20176 quadratic quadilateral elements of 

type CAX8R was generated.   

 

Figure 5.8 (a) A 12mm Clad Plate showing an 8-node linear brick reduced integration, hourglass 

control (b) A 2mm Clad Plate showing linear hexahedral elements of type C3D8R 

 



  

253 
 

Figures 5.8 is a meshed 3D 2mm clad plate which contains a total 600735 nodes and 561904 

linear hexahedral elements of type C3D8R (An 8-node linear brick or reduced integration and 

hourglass control). The family is 3D Stress; element library is standard with a linear geometric 

order.   

 

 

Figure 5.9 A full Clad Pipe showing quadratic tetrahedral elements of type C3D10 in (a and b) 

 

For the fully clad pipe, as shown in Figure 5.9, the element type for cylindrical is C3D10, a 10-

node quadratic tetrahedron with the total number of nodes at 222,449 and the total number of 

elements being 148,918. An element of type C3D10 is a 10-node quadratic tetrahedron. The 

element type used in this mesh is Tet. The family is 3D Stress, and the element library is 

standard. It has a quadratic geometric order.  

The cross-sectional view of the end of the pipe in Figure 5.9 (b) clearly reveals Triangular 

meshes. Triangular meshes were employed because they are very good for irregular shape 

and random meshing. They are usually the best method to use for meshing the corners of the 

circular surfaces of the pipelines. Other meshing types do not give good result for corners of 

circles. In order to obtain good result from the corners of the cladded pipe, triangular meshing 

a 

 

b 
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was employed. It is also convenient to operate manually by changing the type of mesh to 

different type. Abaqus FEA by defaults uses triangular meshing for geometry such as circular 

surfaces. 

 

5.7 Results and Discussion   

 

5.7.1 Residual Axial Stress 

 

Considering the residual Stress along S13 Direction (that is the x-axis) as depicted by the arrow 

in the FEA simulation below; the axial (longitudinal) stress across the length of the plate is 

shown in the graph below. This further compares to the residual stress analysis of the outer 

pipe carried out by Sinha and Co. in (Sinha et al, 2013). Deformation refers to an alteration in 

the size or shape (appearance) of an object as a result of the application of energy. In this case 

the heat is transferred. In some other cases, the forces could be mechanical and sourced by 

compressive forces or pushing, torsion or bending forces and shear or even tensile forces 

responsible for pushing. It is also known as strain.  

In the thermal analysis, heat is being applied to the body, pipes and plates resulting in mobility 

of grain boundaries, line and screw dislocations, point vacancies, stacking faults and twins in 

both crystalline and non-crystalline solids. The displacement of these defects is triggered 

thermally, hence hindering the rate of atomic diffusion. For deformation to occur, 

intermolecular forces within an object or body resist such external forces. If the forces within 

is great, the body assumes a new state of equilibrium and returns to its original shape. If the 

applied forces overcome the internal, deformation sets in. 
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5.7.2 Residual Axial Stress in 2D Plate 

 

This is the stress distribution in a single plate across the weld direction at heat pass 2 in Figure 

5.10. Considering the residual stress along x-axis as depicted by the coordinate arrow in Figure 

5.10; the axial (longitudinal) stress across the length of the plate after second pass weld is 

shown in Figure 5.10. The results clearly show that the maximum residual stress occurs at weld 

zone where the weld meets the parent metal from both sides. Interestingly, the stress at the 

edges of parent plate is in tensile while in the centre of the welding zone the stress is in 

compression. It means the stress sign in the middle of the welding pass is negative and at the 

edges of the welding pass where it meets the parental plate are positive. Similar trend of stress 

distribution is observed in Figures 5.27 b. 

 

 

Figure 5.10 Stress distribution across the weld direction of 2D plate 
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Figure 5.11 Residual stress curve of 2D plate 

To validate the numerical simulation obtained in this study, a comparison made with the work 

carried out by (Sinha et. al., 2013) in chpater 2, is carried out. As a result of residual stress a 

deformation on the plate at the vicinity of the weld zone appears, of which the size or 

appearance of the deformation has a link with the application of energy resulted from the 

welding heat. It also may appear as a result of a forces (energy) generated during welding 

process. This force could be sourced for compressive forces or pushing, torsion or bending 

forces and shear or even tensile forces responsible for pushing. It causes strain on the specimen.  

The reason for the stress profile in Figure 5.11 from experimental perspective is that thinner 

girth welded plates display more local inward deformation which is sourced from the 

combination of shrinkage effect on cooling of the weld metal and reduced stiffness of the 

thinner pipe. Deformation results in local bending inwards and hence tending towards tensile 

axial stresses on the surface of the plate. It is suspected that the displacement of these defects 

is triggered thermally, hence hindering the rate of atomic diffusion. For deformation to occur, 
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intermolecular forces within an object or body resist such external forces. If the forces within 

is great, the body assumes a new state of equilibrium and returns to its original shape. If the 

applied forces overcome the internal, deformation sets in or will likely take place. 

Tensile stresses which are positve are seen in the 2D plate stress distribution in Figures 5.11 

and also and compressive stresses in middle occur in the vicinity of the weld region, whereas 

farther away from it are the tensile stresses. There is no failure since the yield stress is not 

exceeded. Although when temperature rises, the yield stress is redueced, the value of the 

residual stress for the 2D plate is still within safe value.   

The stress results obtained from experimental work and the simulated result have been 

compared in Figure 5.11 and 5.12. The simulated result has been computed with butt-welded 

plate done by Anderson, and Sheng and Sheng & Chen results and ultrsonic rsidual stress 

measurement carried out by (Javadi et al, 2012). 

 

Figure 5.12 Transverse stress in a Butt-welded plate courtesy of Anderson Sheng and Chen, measured 

and simulated (current research) transverse stress in a plate 
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Figure 5.13 Residual stress in a Butt-welded plate courtesy of Javadi et al – Ultrasonic Measured, FE 

and simulated (current research) in a plate 

 

 

5.7.2.1 Validating Stress in 2D Plate 

 

In order to validate the stress models obtained from simulation, the Anderson and Sheng and 

Cheng model of residual stress is used as a refernce. From Anderson and Sheng and Cheng 

model of residual stress in a plate, the compressive stresses occur in the vicinity of the weld 

region whereas farther away from it are the tensile stresses. The maximum value of the tensile 

stress being 75 MPa and those of the compressive being 50 MPa. The straight lines are the 

transverse residual stresses simualted by Chen and Sheng, whereas the dotted curves represent 

those from Anderson’s. The measured resisdual stress are those represented by tiny circles. The 

red-dotted line in Figure 5.11 represents the residual stress simulated in the 2D. It is shaped in 

distribution like that of the Anderson stress in the sense that the compressive stresses below 

the weld crown are shaped like a ‘W’ whereas the tensile stresses above the weld crown are 

‘M’ shaped. Secondly, the value of  simulated stress compared to those found by Anderson’s 
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shows a difference. The difference in weld  modelling parameters, dimension of geometry,  and 

material property (such as yield strength, Young’s Modulus) accounts for this difference in 

stress value. The dimesions of their plate is 100 mm in width compared to the dimension used 

in this research,  20 mm as depicted by the distance from weld. However, there is no failure 

since the yield stress of 357 MPa, is not exceeded. Although when the temperature rises, the 

yield stress is reduced and the value of the residual stress for the 2D plate is still within safe 

value.  

When comparing the results of Anderson, Sheng and Cheng with the residual in Figure 5.11, it 

can be seen that compressive stresses occur at the vicninty of the weld, whereas at a distance 

farther away from the weld region, tensile stress occur. This proves the validity of the 

simualated results. Similar trend is observed for the Ultrasonic measured residual stress in 

Figure 5.12, having similar magnitude of residual stress in the range of 200 MPa when 

compared to 220 MPa. The difference in the width of the stress distribution is as a result of the 

dimension of 20mm width for the current FE research as compared to the 400 mm width 

employed in Javadi et al. 

This and other parameters have been checked alongside the weakness of the research and that 

of the boundary condition of Yao Ren and those available in literature. These features have 

been highlighted and addressed. The reason for the inconsistencies – the width of the block 

used is as a result of the difference in the thickness and geometry of the models. Despite the 

comparison of these results, it will be proper that similar dimensions are employed in the future 

for ease of comparison with the exact dimensions of the model. 

For some limitations, the full model of all the authors were not considered because they had 

different dimensions of their models. The main point and focus of the comparison made is that 

for the FE model, the result is similar in stress distribution, trend and magnitude in some cases. 
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5.7.3 Residual Stress in 3D Plate 

 

The highest stress is observed at the HAZ.  This is because when the HAZ gets cold, the weld 

zone is soft (molten) and can consequently readjust the stress within it, which is restricted by 

the already solidfied HAZ. The trend for the residual axial stresses reveals a closed analogy 

with past authors/ research. The high residual stress peaks observed in this research are as a 

result of the different material properties – mechanical properties such as high yield stresses 

for the base metal and weld, geometry and heat source parameters. The high yield stresses in 

the filler metals as discussed in Chapter 3 subsection 3.10.2 – Results, agrees with these results.  

 

Figure 5.14 Residual Axial Stresses for 3D plate, A is edge of Plate while ‘a’ is weld zone 

A 
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Figure 5.15 Residual Axial Stresses curve in S11 direction for 3D plate. Points A and ‘a’ corresponds 

to edge of Plate and weld zone respectively 

 

Figure 5.15 shows the residual stress distribution in a 3D plate. The high residual stress peaks 

observed in this simulation are in agreement with those of the high yield stresses in the filler 

metals as discussed in Chapter 3 Table 3.7 under subsection 3.4.2 – Tensile Tests because the 

yield stress is not exceeded. 

It was known from tensile and hardness tests that filler metal was overmatching parent material,  

therefore, assignment of literature material properties to the weld region could be one of the 

reasons why the predicted residual stresses in weld region showed lower accuracy than that of 

parent metal. The reason for the kink observed at the sharp corner of the HAZ in Figures 5.14 

– 5.16 is because the stress component parallel to the interface between two different materials 

is discontinuous across the interface due to the difference in the elastic and thermal properties 

across the interface.  However, the stress component perpendicular to the interface between 

two different materials is continuous across the interface, and the direct strain parallel to the 

interface is continuous across the interface.  The axial residual stress is parallel to the 

HAZ/weld metal interface and parent metal/HAZ interface, thus there is bound to be a stress 
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jump (or discontinuity) in the stress at these interfaces since the parent material, HAZ and weld 

metal all have different elastic and thermal properties.     

A considerable effect of varying the position along the weld path is observed on the distribution 

of the residual stress field. The farther the position from the weld start axis, the higher the 

residual stress. The stress zone of influence that is the axial distance from the weld line over 

which the residual stress extends is a vital parameter for improved structural integrity. Smaller 

zone of influence is desirable in most of the engineering applications. From larger zone of 

influence for the residual stress is shown for the stress field on the plate surface.  The zone of 

influence increases with increase in weld path from path 1 to path 2. For example, in the 3D 

Plate in Figure 5.15, an increase of 480Mpa in tensile stress fields on plate surface is observed 

in the weld zone and 475 MPa at the HAZ region. These higher magnitude stresses are 

attributed to the increased bending for larger weld path. 

In addition to temperature and pressure redistribution which causes the increase in the stress 

distribution at the HAZ, the addition of filler material was modelled by de-activating and re-

activating the elements that represented each pass. All passes were defined with the 

corresponding weld metals which were present in the model at outset, and all the elements in 

the weld region was deactivated before initiating the first heating step. The deposition of the 

weld metal was achieved by activating the elements defined for each pass, which were isolated 

from the previous passes. 
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Figure 5.16 Residual Axial Stresses curve in S22 direction along the weld direction for 3D plate 

Points A and ‘a’ corresponds to edge of Plate and weld zone respectively. 

 

The residual stress profile corresponds to the fact that compressive stresses are symmetric 

across the weld line and in and around the Fusion Zone and HAZ. It is of the order of 35 MPa 

from the curve although the simulation records a high stress of 233 MPa, which when compared 

with the yield stress of 357 MPa is still less within the safe margin of the stress. The reason for 

the kink observed at the corner of the stress distribution is due to mesh not being fine enough 

or because of the boundary condition being fixed, however this does not change the pattern but 

change the value locally. 
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Figure 5.17 Residual Axial Stresses curve in S22 direction along the weld direction for 3D plate 

Points A and ‘a’ corresponds to edge of Plate and weld zone respectively 

 

From the simulated model of the 3D Plates, the residual stress value goes as high as 120 in 

Figure 5.15 and 450 MPa in Figure 5.16 at heat pass 1, time step 0.2969 seconds and reduces 

to 100 MPa at step time 0.5586 seconds in Figure 5.17. These values are reasonable when 

compared to the yield stress of the material coupled with the fact that the yield stress is not 

exceeded. The residual stress curve, however, reveals compressive stresses having negative 

values.  

 

 

5.7.4 Residual Stress in Pipe Strip 

 

As discussed in Chapter 1, the pipe strip model was developed and the residual stress across 

the length of pipe strip (axial or longitudinal stress) both internal and external surface, the 

residual stress distribution along the weld zone internal and external were also determined and 

the results displayed in Figures 5.18 – 5.23. 
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5.7.4.1 Residual Axial Stress Distribution on Outer surface of a Pipe Strip 

 

 

Figure 5.18 Axial stress distribution on the outer surface of pipe strip 

 

The yield stress is 357 MPa, which is greater than the residual stress value of 115 MPa as 

seen in Figure 5.18. The residual stress is less than a third of the yield stress, which implies 

the value of the residual stress is within safe measure and not causing any material failure.   

 

Figure 5.19 Residual Axial stress curve for the outer surface of the pipe strip 
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The reason for the reduction in the stress value in Figure 5.19 is as a result of the temperature 

and pressure redistribution across the weld zone and parent metal. Initially, the ambient 

temperature, is 20 oC, while the weld temperature is 1500 oC, this difference in temperature 

affects the stress value.  From the residual stress distribution curve, at the ambient temperature, 

the yield stress is 357 MPa, however, as the temperature increases, the value of the yield stress 

decreases. This implies that at 200 oC, the value of the yield stress reduces by 20% as a result 

of transient heat (and not its steady state), and thus becomes 285.6 MPa. It was known from 

tensile and hardness tests that filler metal was overmatching parent materials, therefore 

assignment of literature material properties to the weld region could be one of the reasons that 

the predicted residual stresses in weld region showed lower accuracy than that of parent metal. 

Similar trend of stress distribution exists between the outer surface of the pipe strip and the 

outer surface of the full pipe in Figure 5.27 (b). 

 

5.7.4.2 Residual Axial Stress Distribution on Inner surface of a Pipe Strip 

 

FE has two contingencies: The procedure in FE entails that the initial material and weld 

material are defined. The software defines the HAZ automatically as evident from the FE stress 

distribution. In order to justify experiment; result of hardness on HAZ is higher in experiment 

and Hardness has a relationship with stress as seen in Equations 3.9 through 3.14 in Chapter 3. 

The stress passing through the HAZ has been checked and found that stress in HAZ is different. 

According to those formula (Equations 3.9 – 3.14), stress has direct correlation with hardness. 

When stress decreases hardness decreases. There is a clear agreement between what is obtained 

in the experiment and the FE. 
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Figure 5.20 Axial stress distribution on the inner surface of pipe strip 

 

 

Figure 5.21 Axial stress distribution curve for the inner surface of pipe strip 

 

Compressive stresses are symmetric across the weld line. In and around the FZ, (HAZ), stress 

field of great degree, are observed on the outer surface of pipe strip. Around the HAZ, there is 

a protuberance (hump-like) profile at the outer surface of the pipe within the region of the weld 

line indicating the existence of stress variation underneath the weld crown. The region of high 

stress exists within the Heat Affected Zone. The residual stress profile is seen in Figures 5.20 

– 5.22. The maximum value of the axial residual stress field does not supersede the material 

yield stress. A reasonable agreement exists between the simulated values of axial stress on the 

Remove the shade 
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inner circumferential (surface) length of the pipe strip and the residual axial stresses on the 

inner surfaces of the full pipe. This can be seen in Figures 5.20, Figures 5.27 (a) and 5.28 (a), 

as well as findings from literature as seen in Figure 2.29 (a) and 2.33 (b) in chapter 2.  

The addition of filler material was modelled by de-activating and re-activating the elements 

that represented each pass. All passes were defined with the corresponding weld metals which 

were present in the model at outset, and all the elements in the weld region was deactivated 

before initiating the first heating step. The deposition of the weld metal was achieved by 

activating the elements defined for each pass, which were isolated from the previous passes. 

 

Figure 5.22 Residual stress distributions on inner surface of pipe strip 

 
a 
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Figure 5.23 Residual (transverse) stress curve distributions on inner surface of pipe strip along weld 

direction 

 

The stress distribution increases inwards from the outer circumference towards the inner 

circumference of the pipe strip as indicated in the Figures 5.21 and 5.23. 

Careful observation of the stress distribution inside and outside of the surface of the pipe strip 

reveals compressive stresses are symmetric across the weld line. In and around the Fusion Zone 

and Heat Affected Zone, stress field of great degree, are observed on the inner surface of pipe 

strip. Around the HAZ, the protuberance (hump-like) profile at the outer surface of the pipe 

within the region of the weld line, indicates the existence of stress variation underneath the 

weld crown. The region of high stress exists within the HAZ. The residual stress profile is seen 

in Figures 5.19 – 5.22 in their self-equilibration on the graph. The maximum value of the axial 

residual stress field does not supersede the material yield stress. A reasonable agreement exists 

between the simulated values of the axial stress on the outward circumferential (surface) length 

of the pipe strip and the residual axial stresses of the full pipe as shown in the Figures 5.27 (b) 
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and 5.28 (b), as well as findings from literature, as seen in Figures 2.29 (b) and 2.33 (a) in 

chapter 2.   

 

5.7.5 Residual Stress in Full Pipe  

 

 

Figure 5.24 A typical FEA model showing stress in cladded pipe 

 

 

5.7.5.1 Weld Direction (Nomenclature) 

 

Figure 5.24 shows the residual axial stress in a cladded pipe. It is important to note here that 

the direction considered when taking the readings from the pipes are the clockwise direction 

with the first reading taken from an angle of 45 degrees, as illustrated in Figure 5.25 and 

explained earlier in section 4.10.2 of Chapter 4. Some researchers conventionally take to the 

90o, 180o, 270o and 360o, also connoted as the 3 o’clock, 6 o’clock, 9 o’clock and 12 o’clock 

convention. This is the order in which the axial stresses were taken – 45o, 135o, 225o and 315o. 
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Figure 5.25 Cross section view of the pipe circumference illustrating the order of the weld direction 

 

5.7.6 Residual Axial Stress Result for a full pipe 

 

Residual stress differs throughout the entire length of the pipe depending on the position of the 

weld start and end, as well as the tack welds. From Figures 5.26 -5.27 for the residual axial 

stress in the cladded pipe, it is observed that close to the weld vicinity, compressive and tensile 

stress fields, are present in and near the section of the weld, both on the external and internal 

surfaces of the pipe. Furthermore, this occurrence can be credited to the varying temperature 

profiles without and within the surfaces of the pipe. By virtue of the thickness of the wall of 

the cylinder and very close to the weld line (which is represented by the vertical line), the 

tensile and compressive residual stress field are generated by reason of contraction occurring 

within the weld pipe. The residual stress curves obtained in this research is similar to that in 

Sinha et al (2013) in Figure 2.26 (a and b), Feli et al (2012) Figure 2.30 (a and b) and Dar et al 

(2009) as shown in Appendix 7 pages 338 and 339. 
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The differences in the values of the residual stresses are as a result of the different material 

properties such as yield strength for the base and filler metals, weld geometry and heat source 

parameters. There have been volumetric change and yield strength (as seen under tensile test 

curves in chapter 3 as a result of martensitic transformation which have effects on welding 

residual stress, by increasing the magnitude of the residual stress in the weld zone as well as 

changing its sign. The simulated results show the magnitude of the residual stress.  

 

5.7.6.1 Full Pipe with 2mm Clad (2MSSS) 

 

 

Figure 5.26 Inner and outer surfaces of the pipe – cross sectional view 
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Figure 5.27 Residual axial stress curves for the (a) inner and (b) outer surfaces of the 2 mm clad Pipes 

 

In the standard notation of stresses, positive stresses mean tension and negative stresses 

correspond to compression. Figure 5.25 shows the cross section of inner and outer surfaces of 

the pipe. It is important to note that for this simulation, tensile forces are observed on the inside 

of the pipe, whereas compressive stresses are observed on the outer surface of the pipe. The 

compressive residual axial stresses near the weld region decreases to zero (0) after 9 mm on 
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both sides of the weld line WL. Farther away from this point stress reversal from compressive 

to tensile is observed. The low magnitude tensile stresses then approach zero at 25 mm on both 

sides of WL in Figure 5.26 (b) a steady value of axial stress for 60 mm away from the WL can 

be seen in the residual stress distribution curve.  

In Figure 5.26 (a) the high order of tensile stresses close to the WL decreases to a magnitude 

of 10 MPa at 12mm from the WL. This same tensile stress further reduces to zero magnitude 

25 mm away from the WL and reverses to lower compressive residual stresses of 5MPa at 30 

mm from both sides of the WL and this distribution is observed for the inner surfaces of the 

cylinder at different cross sections from weld start position. This distribution of stress is the 

trend observed for other authors referenced in this research and in the open literature such as 

(Jonsson & Josefson, 1988) (Deng & Murakawa, 2006) and (Rybicki et al., 1982) See 

Appendix 7. Comparisons with residual stresses from the literature were carried out. As the 

stresses in the referred articles are provided in full values and not normalised, direct 

comparisons were made also in full values. This also helps a practical sense with the reference 

to the material yield stress. 

 The middle region of the weld which is the HAZ reveals high tensile stresses to the order of 

110 MPa on the inner surface of the pipe; whereas the end of the weld region of the pipe is held 

in a compressive stress of magnitude 10 MPa by reason of the tensile forces experienced from 

the surrounding region (weld envirion) which solidifies rapidly after weld. Compressive 

stresses to the magnitude of 300 MPa are observed on the outside of the pipe, while the end of 

the weld region of the pipe is kept in tensile stress of the order of 10 MPa. Sinha et al (2013) 

obtained a value of 250 MPa for the compressive stress distribution in the weld zone of their 

single layered pipe thickness of 2mm. There are localised stress reductions within and around 

the weld start/end and tract weld as observed in Figure 5.26. Further away from the weld line 
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and perpendicular to the weld direction, stress reversal is displayed and are not significant in 

the vicinity of the weld end. The weld start effect is more severe on the outer surface of the 

pipe compared to the inner surface of the pipe. This is potrayed in Figure 5.26 (a).  

Around the HAZ, the protuberance (hump-like) profile at the outer surface of the pipe within 

the region of the weld line indicates the existence of stress variation underneath the weld crown. 

This is the region of high stress within the HAZ, and Tensile stresses are symmetric across the 

weld line. In and around FZ, (HAZ), the stress field to a great degree, is observed on the inner 

surface of the pipe. The outer pipe region of the HAZ (the compressive stresses) are symmetric 

across the weld line. In and around FZ, (HAZ), the stress field to a large degree, is observed 

on the outer surface of the pipe. The protuberance (hump-like) profile at the outer surface of 

the pipe (within the region of the weld line) indicates the existence of stress variation 

underneath the weld crown. Region of high stress exists within the HAZ. 

The reason for the stress profile in Figure 5.26 (a) from experimental perspective is that thinner 

girth welded pipes display more local inward deformation which is sourced from the 

combination of shrinkage effect on cooling of the weld metal and reduced stiffness of the 

thinner pipe. Deformation results in local bending inwards and hence tending towards tensile 

axial stresses on the inner surface of the pipe. 

 

5.7.6.2 Full pipe with 12 mm clad (12MSSS) 

 

Tensile stresses are symmetric across the weld line. In and around FZ, (HAZ), the stress field 

to a great degree is observed on the surface of the pipe. For the 12 mm clad thickness, the 

compressive residual axial stresses near the weld region decreases to zero (0) after 10 mm on 

both sides of the weld line WL. Away from this point stress reversal is observed from 
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compressive to tensile. The tensile stresses of 140 MPa then approach zero at 30 mm on both 

sides of WL in Figure 5.27 (b) a fluctuation in the stress reversal is observed for the inner 

surfaces of the cylinder at different cross sections from weld start position up to 80 mm from 

the weld line on both sides of the weld. This stress reversal is known as ‘creep effect’, which 

is characteristic of the thickness of the weld section and comprise of 10m clad thickness in  

  

 

 

Figure 5.28 Residual Axial Stress curves on the (a) Inner and (b) Outer Surfaces of the 12 mm Clad 

Pipes 
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addition the 10 mm base metal thickness. However, there are no creep effects observed in the 

2mm clad pipe although low magnitude tensile stresses of the order of 5MPa are observed. 

Creep is beyond the scope of this research and will be considered in future studies. 

In Figure 5.27 (a) the high order of tensile stresses (330 MPa) close to the WL decreases to 

approximately 0 MPa at 12 mm from the WL on both sides of the weld line. This same tensile 

stress further reduces to a magnitude of 150 MPa at 20 mm away from the WL and reverses to 

lower compressive residual stresses at 25 mm from both sides of the WL and this distribution 

and stress reversal is observed for the inner surfaces of the cylinder at different cross sections 

from weld start position. This distribution of stress and stress reversal is referred to as ‘Creep 

effect’ and is as a result of the thickness of the cladded pipe walls. This further proves the 

relationship between pipe thickness of dissimilar material weld and residual stresses on both 

inner and outer surfaces of pipe and can also be confirmed from (Rybicki et al., 1982) who 

deduced that a relationship exists between residual stress and pipe wall thickness for only the 

interior of the pipe at higher thicknesses.  

Thickness of the dissimilar material cladded pipe is one of the geometric parameters (such as 

diameter and thickness of piping connection being welded and geometry of weld grove 

preparation) that affect the residual stress magnitude and distribution. Since there are inherent 

complexities in welding processes the factors that affect the final residual stress are either 

categorised under geometry or press parameters. Thermal conductivity also plays a role here 

because the clad and base metals referred to are solids. Unlike the thermal conductivity of gases 

which increases with temperature as explained from kinetic theory of gases and the thermal 

conductivity of liquids which decreases with increasing temperature because the liquids expand 

and molecules move apart; the thermal conductivity of solids is such that by reason of lattice 
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distortions, higher temperatures make it difficult for the electrons to flow hence thermal 

conductivity of metals decreases.  

Unlike (Rybicki et al., 1982) who experienced the greatest axial stresses in the thinner wall 

thicknesses compared to the larger wall thickness because axial residual stresses tend to be 

more compressive as pipe thicknesses increased, however in this research residual axial stresses 

are higher in the thicker clad thicknesses. The reason being that the greater the thickness of the 

clad metal, the more the plastic strain and hence the deformation increases (inducing greater 

residual stresses on the structure) - in order to balance out (relax) some of the residual stress 

strain (Jiang et al., 2011). 

Throughout the length of the 12 mm clad pipes, there are highly fluctuating stress patterns 

transverse to weld direction that is in the axial direction. There are localised stress reductions 

within and around the weld start/end and tract weld as observed in Figures 5.27 (a) and (b). 

Further away from the weld line and perpendicular to the weld direction, stress reversal is 

displayed along the margin. Compared to the 2 mm clad thickness, it is observed that the 

thickness of the pipe wall significantly affects the residual stress distribution in a butt-welded 

pipe. 

This oscillatory effect is due to the relatively coarse mesh pattern of the 3D pipe model. The 

reason the coarse model was chosen was to limit to excessive computational load. The reason 

for the oscillation of results in residual stresses is because from the simulation, the results from 

the elements and nodes and are not exactly the same – as a result of the nature of finite element. 

The noise and oscillation can be filtered; however, the oscillation has not been out of range in 

the analysis.  

The oscillatory values are numerical noises because the element mesh is not optimised, which 

may require further improvements such as the need for further refinement a coarse mesh; or 
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contacts between the pipes. Looking at the highest residual stress value, it goes reasonably with 

the experiments. The highest stress is the most significant. The highest positive stress location 

is the point of crack initiation. Highest stress value is correct, and the main target is to find out 

where the crack may appear, and this is informed from the highest point of stress.  

Also keenly observing Figures 5.26 and 5.27, it can be seen that increasing the clad thickness 

and hence the effective wall thickness of the pipe increase the residual stresses unlike the 

finding obtained from (Rybicki et al, 1982).  Increasing the clad thickness and subsequently 

the pipe wall thickness enlarges the zone of influence of the residual stresses farther away from 

the weld centre line. Deformation is due to Weld metal shrinkage and stiffness of local pipes 

precludes localized bending deformations, there are creep effects observed for larger clad 

thicknesses. 

In the vicinity of the weld zone and the HAZ, the protuberance (hump-like) profile at the outer 

surface of the pipe within the region of the weld line indicates the existence of stress variation 

underneath the weld crown. Region of high stress exists within the HAZ. The compressive 

stresses are symmetric across the weld line. In and around the FZ, (HAZ), the stress field of 

great degree, are observed on the outer surface of pipe.  

 

5.7.7 Validation of Axial Stresses in 2MSSS and 12MSSS  

 

From Figure 5.29 the results of the axial, radial and hoop stresses of the Neutron diffraction 

were plotted against the distance from the weld central for the inner surface of the pipe. The 

internal stresses are tensile and there are perturbations observed under the weld crown. The 

maximum value of the radial stress is 200 MPa while the axial stress is 250 MPa. The hoop 

stress is 500 MPa. In Figure 5.29, the ND measured stresses are also plotted against the axial 
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stress of the 2MSSS (2 mm clad weld of dissimilar material joint) and it is observed that the 

value of the axial stress for the 2MSSS which is 110 MPa, is closer to that of the ND  

 

Figure 5.29 2MSSS residual axial stresses (this research) versus ND measured (Ren, 2008)  

 

 

Figure 5.30 12MSSS residual axial stresses (this research) versus ND measured (Ren, 2008)  
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measured radial stress with a difference of 90 MPa and also comparable to the ND measured 

residual axial stress, with a difference of 140 MPa. In Figure 5.30, the residual axial stress in 

the interior of the 12MSSS (12 mm clad weld of a dissimilar material joint) 330 MPa, is 

comparable to the ND measured axial stress of the pipe subsurface 250 MPa with a difference 

of 80 MPa, hence validating the residual stress models. Both axial residual stresses of the 

2MSSS and 12MSSS are compared to each other in Figures 5.29 and 5.30 and it is observed 

that inside the pipe surface the stresses are tensile, and the protuberance effect is observed 

under the weld crown. It is important to note that the yield stress is not exceeded, which means 

it is operating within a safe value. Other measured stresses were used to validate the simulated 

results obtained in this research (refer to Appendix for more details). The discussion and result 

of the hoop stress, radial and axial shrinkages are in the Appendix.   

As explained in subsection 5.6.2.1, validating stresses in 2D plate on pages 260-261, the reason 

for the inconsistencies – the width of the block used is as results of the difference in the 

thickness and geometry of the models and the full model of all the authors were not considered 

because they had different dimensions of their models. The focus of the comparison made is 

that the result is similar in stress distribution for the FE model both in trend and magnitude in 

most cases. There are more validations of the residual stress distributions in the 2mm and 12 

mm clad thicknesses in Appendix 7 using experimental results from open literature. 

 

5.8 Summary and Conclusion 

 

Different models have been developed and their residual stresses – axial and transverse have 

been determined. Comparisons between measured and simulated residual stresses show that to 

a reasonable extent there is a good agreement between measured and simulated and even 

literature where applicable. The 3D pipe strip model was also examined, and an interesting 
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trend of stress distribution was discovered. In the pipe, several reasons are responsible for the 

differences between the predicted and simulated, such as the estimation and errors in the 

measuring techniques. This will generate errors in the magnitude of the measured residual 

stresses. 

 

5.8.1 From the results of the 3D stresses, the following can be deduced: 

 

The residual stresses increase from inside the pipe strip towards the outer circumference and 

on the surface of the pipe strip, the residual axial (longitudinal) stress distribution increases 

from left to right. Through-the-thickness of a Pipe Strip – residual axial stress distribution from 

the right to the left outer surface of a pipe strip shows that it increases in that order. Residual 

axial (transverse) stress distribution from the outer circumference and top of the pipe strip 

increases inwards to the inner circumference and the top of a pipe strip increases in that order. 

 

5.8.2 Results conform to stress distributions on the outside surface of the pipe. 

 

From the results of the axial stresses the following can be deduced: 

1. There exists a relationship between the pipe wall thickness of the dissimilar material 

weld and the residual stresses not only on the interior of the pipe but also on the external 

as observed from the ‘creep effect of the 12 mm clad thickness pipe when compared 

with the 2 mm clad thickness – effect of geometric parameter on stress. 

2. By reason of the symmetry across the weld line WL, the axial stresses are symmetric in 

nature, that is compressive stresses which are high in magnitude are observed outside 

the pipe surfaces while tensile stresses are seen inside the pipe surfaces.  
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3. The circumferential position of the weld bead does not determine or affect the axial 

stresses. This is seen from the distribution of the axial stresses inside and outside – the 

pipe being similar in magnitude and distribution.  

4. A protuberance (hump-like shape) is seen at the exterior surface of the pipe close to the 

weld line, which signifies the distribution of the stress variation under the weld crown. 

 

 

5.8.3 From the results of the Transverse stresses the following can be deduced: 

 

1. Transverse stresses are symmetric in nature as a result of the weld line symmetry 

2. Higher values of tensile stresses are observed close to the fusion zone, whereas 

compressive stresses are seen both on the exterior and interior of the pipe away from 

the Heat Affected Zone (HAZ)  

3. The circumferential position of the weld bead from the start of the weld to the finish 

directly affects the Hoop stresses and determines their distribution. In conclusion, 

volumetric change and yield strength which occurred under the tensile test curves as a 

result of martensitic transformation clearly has an effect on the welding residual stress, 

by increasing the magnitude of the residual stress in the weld zone, as well as changing 

its sign.  

With the aid of residual stress and deformation experiments, the validity of the stress models 

is verified. There is an agreeable similitude between the simulated outputs and those of other 

authors – Refer to Appendix 7 for more comparison between the simulated results in this 

research and other experimental results.   
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NOTE: Publications based on the chapter content and published in international conferences 

and journals are found in Appendix 3 – first page only.  
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6 DISCUSSIONS AND CONCLUSIONS 

 

6.1 Discussions 

 

In this research, the experimental welding of dissimilar metals and the cladding of carbon steel 

and stainless steel has been carried out. The underlying principle behind the weld research is 

the Gaussian transformation theorem, which implies “A Gaussian flat surface has a Gaussian 

curvature at each and every point of the magnitude of zero”, which further showed that the 

thermal distributions on the surface of a cylinder can also be appreciated by studying the 

thermal distribution on the surface of welded plates. 

The experimental findings were used to validate the 2D axisymmetric weld model, the 2D plate 

models, the 3D pipe strip model, the 3D clad pipe and plate models. The next stage was to 

examine the microstructures with the aid of laboratory examinations, in order to discover the 

trend of occurrences by reason of the applied thermal stresses, as well as to uncover the weakest 

point of a burst, which was discovered with the help of mechanical tests carried out in the 

laboratory. 

The objectives are ground in the principle that weld thermal sources induce thermal stresses 

onto the weld metals (and materials), which in turn undergo residual stress transformations. 

Although the temperature has a first order effect on the microstructure, strain, stress, and 

formation of defects; the volumetric change and yield strength which are a result of the 

martensitic transformations, also have effects on the residual welding stress, increasing the 

magnitude of the stress in the welded zone. The presence of martensite in the welded zone 

further verified that, because there were recurrences of reheating taking place throughout the 

thick 12mm clad section of the weld, as well as changing its sign. The use of Finite Element 

Analysis to analyse these transient temperature changes and residual stress formation in the 

clad weld is fast gaining attention as a means of effective simulation. The use of thermocouples 
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in the monitoring of the variation of heat transmission within the weld metal is an avenue in 

the understanding of the heat distribution during the welding process. 

A great deal of effort and thought has been put into designing the weld simulation technique 

and passes suitable to each weld model and also in carrying out of the weld experiment, 

mechanical tests and laboratory examinations as explained in the methodologies employed; a 

reasonable amount of success was attained. The key findings which define this research are in 

accordance with the objectives stated in chapter 1. 

 

6.2 Findings  

 

6.2.1 Thermal Profile for weld 

 

The weld experiment using high temperature thermocouples revealed that the transmission of 

heat via the weld block is based on several factors such as thermal conductivity, time of 

transmission, nature of material, thickness and length of weld and clad metal (2mm and 12mm), 

nature of the material and distance from WE, WL, WA, and WS. The weld parameters, such 

as the distance of the thermocouples from the weld start (WS), weld start axis (WSA), weld 

line (WL) and weld edge (WE) positions, as well as the time taken to attain the peak transient 

temperature values, were recorded and the transient curves generated. In the 2mm clad weld, 

the thermocouple TC2 had the highest peak with a distance of 50mm from the weld start 

position (WS) and 10mm from the weld edge (WE) position. It had the slowest rate of heat loss 

by reason of its centralised position (being surrounded by other thermocouples) and not being 

located at the edge for speedy cooling. The first temperature peak, however, was observed in 

thermocouple TC7 located underneath on the 2mm clad plate at 50 mm from the weld start 

position. It was therefore resolved that by virtue of the small thickness of 2mm of the stainless-

steel plate, in addition to the thermal conductivity of stainless steel which is 16[W/mK], the 
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speedy peak depicted in thermocouple TC5 was facilitated, compared with other 

thermocouples TC1 and TC3, which had closer proximity to the heat source weld start 

positions. In the 12mm clad, the highest peak is seen in thermocouple TC1 for its closest 

proximity of 13.5mm to the heat source and weld start position; however, the first temperature 

peak was detected in thermocouple TC7 which is located underneath the bottom plate and had 

the advantage of thermal conductivity 16 [W/mK] and a thickness of 12mm stainless steel, 

which facilitated the speed and rate of heat transmission. Comparing the number of high peaks 

obtained in the 2mm clad MSSS weld and the 12mm clad MSSS weld, it was observed that the 

2mm clad MSSS weld had the highest peak in thermocouple TC2 (708.8 oC) followed by 339.8 

oC and 320 oC, whereas the 12mm clad MSSS had high peaks ranging from 453.15 oC, 376.93 

oC and 353.13 oC. Refer to Figures 3.8 (a and b), as well as Figures 4.23, 4.25 (a – d) and 4.27 

(a – d). 

 

6.2.2 Experimental 

 

Mechanical properties of the welding – UTS of weld joint is high compared with those of parent 

metals showing the quality of the weld. The Charpy test samples fractured at the Heat affected 

zone (HAZ) depicting the quality of filler material and the weakest point of burst is HAZ due 

to fusion. 

The hardness test shows that hardness is higher in the weld zone – more in the HAZ than the 

PM. This is an overmatching approach adopted for filler metal. It also means good bonding 

between dissimilar metal and therefore HAZ will provide a lasting effect for the pipe against 

corrosion.  
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Microstructural Observation using SEM on PM and Weld to confirm the type of phases they 

have present within the microstructure and structure, as well as the distribution of the elements 

located within the welded joints and hardness profile.  

SEM – The different sections of the dissimilar welded joints were identified according to their 

elemental contents which came about by diffusion and transfer of elements in the course of 

welding and reheating of the thick weld sections. Consequently, mapping of the elements 

across the welded joint was created as shown in Figures 3.45 (a – c).  In the HAZ the key 

elements that make for hardness, strength and corrosion resistance were present as well as in 

other parts of the weld joint microstructure. The presence of Iron was also vital in enhancing 

the strength of the dissimilar materials welded joints as observed in the diffusion and transfer 

of elements across parent metals (PM), clad metal (CL), FM and HAZ as well as transitions 

zones of the dissimilar welded joints. The Results of EDAX further confirmed this. Nickel and 

manganese in steel decreases the eutectoid temperature – lowering kinetic barriers, whereas 

Tungsten raises kinetic barriers. Manganese also increases the hardness in steel. The stainless-

steel part of the microstructure also revealed acicular ferrites within the transition zone next to 

the welded metal; this was formed from the high cooling rate in the melting metal surface or 

material boundaries. The acicular ferrites are formed starting from the grain boundaries e.g. 

Plate martensite, widmannstetter ferrite, lath martensite and grain boundary ferrite. 

 

EBSD – (Electron Back Scattering Diffraction) – Decrease in hardness from the line of the 

transition zone from both indentation test and micrographs. Mo and Mn minerals in weld rods 

decreases hardness when blended with carbon steel forming rapid cooling fine and small size 

grain structures.  

From the tensile test, a number of factors such as temperature, strain rate (by reason of 

continuous loading) and anisotropy affect the shape of the stress- strain curves.  Although the 
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profile and characteristics of the first weld sample under stress is similar to the behaviour of 

the parent metals pre UTS, it behaved differently from those of the parent materials – (mild 

steel and stainless steel) in the post UTS stage – by reason of slip occurring after the UTS. 

From EBSD (Bhadeshia, 2001), the formation of Martensite causes the movement of atoms 

connecting the Austenite and Martensite, as well as ferrite. This martensitic transformation 

occurs as a result of deformations of the parent metal into another product due to one-line 

invariant strain. The reason for the deformation of the stress-strain and force-displacement 

curves has been established as slip dislocation through a crystal lattice which generates shear 

leading to alterations in shape. The bulk deformation and yield strength, by reason of 

martensitic transformation, have affected the weld residual stress, thereby increasing the 

volume of residual stress in the welded metal and altering its direction.  

There appears to be good bonding between the dissimilar material weld joint from optical 

observations. Hardness is high along the welded zone and especially in the HAZ. This was 

observed under section on Hardness test in Chapter 3. The material strength is high in both 

parent materials (of the order of 413 MPa for the 2 mm SS, 585 MPa for the12mm SS and 357 

MPa for the 10 mm MS) generating a very high yield strength (of 570 and 725 MPa) and 

ultimate tensile strength (of 700 MPa and 759 MPa) in the weld. The over matching approach 

is adopted for the filler metal from the test of the hardness profiles, which clearly shows that 

the strength of the weld is high in the weld zone and especially in the HAZ compared to the 

parent metals. This is also true of the tensile test equivalence across the different hardness 

profile of the welded joints. It also confirms the findings that the tensile strength of the welded 

zone is higher than that for the parent material, especially in the HAZ, further confirming the 

overmatching of the filler material thus showing good bonding between the dissimilar 

materials. A linear relationship exists between the yield stress and the hardness of the weld 

samples, which further confirms that both 2mm and 12mm stainless steel-clad hardness 
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increase with decreases in temperature and applied load. The charpy test shows that the weakest 

point is in the HAZ because the dynamic failure and hence the impact failure occurred at the 

HAZ, and not in the FZ. Hardness could lead to brittle nature which could eventually lead to 

failure. The result of the charpy impact test also shows the quality of the filler material with 

respect to the good bonding of the fusion zone.  

The study investigated the intrusion of the transition zone into the HAZ and weld zone, 

revealing that the hardness of the parent metal is less than that of the welded zone, which is 

about 40-70%. The transition of hardness from the clad to the HAZ is even. Diffused elements 

aided hardness of the HAZ interface. The HAZ consist of coarse austenite and an acicular 

martensitic structure. The cladding comprises of fine martensitic and austenitic dendrite 

structures. 

Generally, the HAZ is multifaceted in its structure by reason of rapid heating within a short 

time period, after which cooling at normal room temperature ensues for each consecutive weld 

pass interval. The HAZ commences from the clad / HAZ interface. Temperatures increase with 

increasing depth and the effect of clad thickness on weld increased the weld zone. Clad 

thickness also increased the weld bead. While the increase in clad thickness meant increase in 

volume of fill and quantity of weldment, which also implies longer cooling time of weldment, 

leading to formation of coarsened grain size, the weld time on grain formation for the 2mm 

thick clad is smaller which means shorter cooling time and faster cooling rate, thus producing 

small size grains. The cooling time on grain formation results in coarse grain size generation, 

and this was further confirmed from the result of the charpy test which revealed that the HAZ 

fractured easily compared with the notch (at the fusion zone), showing it to be the weakest 

point of the joint and further revealing the quality of the filler metal used in the welding (A15 

Cu-coated and 304/316 filler wires using GMAW) of the fusion zone – good bonding. 
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In the 2mm thick 361 stainless steel clad, the hardness value was observed to be greater than 

in the 12mm thick 361 stainless steel. Because of the high quantity of heat inputted into the 

weld system, the growth of the grain in the 12mm clad weld resulted in reduced impact strength 

values in the welded joint.  

X-ray results of thermal weld experiments and mechanical testing, as well as lab analysis, all 

show that there is a good behaviour and match between welds of dissimilar material joints.  

X-Ray diffraction patterns have been measured for the 2mm MSSS weld sample and the 12mm 

MSSS weld sample. At least 2 samples have been analysed in each case. The X-Ray diffraction 

patterns suggest that the HAZ area predominantly contains a martensitic phase and an austenitic 

phase. Measurement of the X-Ray diffraction patterns was carried out in this research and it 

was found that the X-Ray diffraction pattern of the weld HAZ matches those away from the 

HAZ, that is, parent metal mild steel and stainless steel. The filler metal used at the bottom of 

the weld zone is A15 Copper wire. 

 

 

6.2.3 Thermal Analysis – Simulation 

 

This is the creation of different models of weld passes, such as temperature profiles of a weld 

sheet through the weld pass with the thickness of a pipe strip, weld spot through the weld pass 

that is the length/size of 2D plates, ring added mass weld through the weld pass that is the 

length of a clad pipe and added mass weld through weld pass length of Narrow gap welding of 

thick sections of dissimilar materials joints in Abaqus FEA analysis in order to examine both 

temperature distribution and thermal transient flow.  First of all, the modelling of each weld 

pass deposition technique was carried out to suit the geometry of the model, as well as to deliver 

the required amount of weldment within the right simulation time. These include the spot 
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deposition of the 2D weld plates, through-the-thickness deposition of the pipe strip, the added 

mass deposition of the 3D plates and the ring deposition of the 3D cladded pipes, each 

containing a round of seven weld passes. The heating and cooling steps were both examined. 

The Gaussian transformation was employed which implies that a cylinder and plane are said to 

be isometric, meaning that one can be converted into the other without altering the local 

distances. Based on this principle, the discoveries from the weld experiments – carried out on 

weld plates, were applied to the simulated pipe models.  

The first set of transient responses from the respective thermocouples used in the measurement 

of heat transmission during the weld were modelled and it was found that the results agreed 

well with that of the experiments, within the range of 90% to 100%. The accurate interpretation 

of the results depends on how well the governing physics behind the transmission of heat from 

the heat source through the base and clad metals to the thermocouples is understood.  

It was discovered that, for part of the transient curve prior to the peak value, the simulated 

transient temperatures exhibited instantaneous peak values. They displayed isolated weld 

passes and started from zero (0 oC) because they have no histories and, as such, return back to 

the ambient temperature after the peak, which is not applicable in actual weld situations. The 

actual weld transient temperature rose slowly from 20oC by reason of thermal conductivity of 

the mild steel (base metal) and stainless steel (clad metal) before attaining a peak value. After 

the peak value, there is a difference of about 50% between the measured and simulated curves. 

This was accounted for by the phase change. Another reason for this is that some thermocouples 

such as TC 2 and TC 3, which are situated in between other thermocouples and not at the edge, 

retain their heat and gradually dissipate it to the environment, thus retaining more heat than 

other thermocouples.  

The distribution of heat in the thermocouples differs in the sense that, for the 2mm clad 

stainless-steel weld, the highest temperature peak of 708.82 oC is detected followed closely by 
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a temperature of 339.76 oC and 320 oC, whereas for the 12mm clad stainless steel weld, 

although the highest peak was not depicted, yet more values of moderately high temperatures 

of 453.15 oC, 376.73 oC, 353.13 oC and 306.73 oC were detected compared to the 2mm clad. 

This means that the temperature response is solely dependent on factors such as the nature of 

the material, either carbon steel or stainless steel, thermal conductivity, thickness of the 

material – height, width and depth, transmission time and distance (position) away from the 

heat source. It also goes to show that the 2mm clad is better suited for very high temperatures 

or functions since from the experiment it is able to tolerate high temperatures; and that for 

reasonably high temperatures, environments, the 12mm clad will be a formidable base for such 

functions or environments, because the outcome of the weld experiments clearly shows that 

the 12mm clad has a very good range of moderately high temperatures present in it. 

 

Nomenclature for the thermal distribution of heat and weld direction was assigned which 

embraced the 45, 135, 225 and 315 degrees, also based on the Gaussian principle. This was 

used to display the temperature profile for the temperature-displacement curves applied to both 

pipe and plates. No significant difference was observed between nodal paths. Results are 

repeatable and are in close agreement as shown in Figures 4.29 (a and b), Figure 4.30 and 

Figure 5.19. 

The results from the temperature versus distance curves also displayed a good agreement 

between the simulated results and the literature. Weld propagation follows a unique path 

defined by the curve, and the peaks correspond to the immediate region of the weld including 

the HAZ. The quantity of heat increases within the weld region and dissipates gradually away 

from the region of weld, bearing in mind that the temperature directly affects the yield stress, 

tensile strength, toughness, and modulus of elasticity of the material.   
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6.2.4 Stress Analysis  

 

6.2.4.1 The Pipe Strip Model  

 

This was built to examine the residual stress distribution and to apply it to the pipe in line with 

the aims and objectives mentioned in chapter one. The stress profiles, both axial and 

longitudinal on the inner surface, outer surface, through-the-thickness, top of pipe strip, bottom 

and transverse stresses were all studied, and it was discovered that the residual stress profile in 

a plate is similar to that of inside a pipe. However, the stress distribution on the inner and outer 

surfaces are similar, which is to say that since it is not enclosed like a pipe (or pressure vessel), 

the simulation software regards both surfaces as outer surfaces of a pipe. The stress distribution 

on the outer surface of the pipe strip is greater than those on the inner surface of a strip as a 

result of compressive forces. The inner surface of the pipe strip has compressive stresses which 

are symmetric across the weld line, and a stress field of reasonable magnitude compared with 

the other range of stresses, the yield stress of the material – which was not exceeded, is noticed 

on the FZ and the HAZ. Crown-like protrusions are observed above the weld region, which is 

caused by stress difference, thus making the HAZ a region of high stress. The stress is 

insignificant at the parent metal. Worthy to note is the fact that the stress does not exceed the 

yield limit of the material.  

On the outer surface of the pipe strip, compressive stresses are also symmetric over the weld 

line and around the HAZ, and FZ stresses of greater dimensions are observed.  Crown-like 

protrusion is also seen in the region of the weld line, which shows the stress profile of the HAZ 

and the FZ. The stresses are in self-equilibration and the material yield stress is not exceeded. 

Reasonable agreement exists between the residual axial stress of the pipe strip outer surface 

and that of the pipe surface. 
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It was also discovered that at the top of the pipe strip, the stress increases inwards, towards the 

inner circumference of the pipe, as indicated by the stress profile distribution.  This is solely 

due to the compressive forces acting inwards from the circumference of the pipe strip; however, 

the value is negligible because of the edge effect. 

Through-the-thickness of the pipe strip the residual axial stresses increase outward towards the 

outer pipe strip surface. The stress profile is also similar to that observed on the inner and outer 

surfaces of the pipe strip, in the sense that the weld crown indicates the presence of appreciable 

residual stress fields underneath it within the regions of the HAZ and the FZ. The residual stress 

is nominal at the parent metals.    

   

6.2.4.2 Longitudinal and Transverse Stress within the 2D Plate 

 

The distribution of transverse stresses within the 2D plate compared well with findings from 

the literature – specifically measured transverse stress, Chen and Sheng as well as Anderson, 

as shown in Figures 5.9 (a – c). The stress distribution in the parent metals was nominal, 

whereas within the HAZ and the FZ, stress profiles of high magnitude were displayed. This 

was observed under the weld crown, and the stress is symmetric on both sides of the weld line. 

The finding from the 2D plate agrees with findings from the through-the-thickness stress profile 

of the 3D pipe strip, and also with findings from the clad pipes. Compressive stresses are 

present within the vicinity of the weld arena (HAZ and FZ) and the distribution becomes tensile 

farther away from the region of weld (parent metals).   

The results for the longitudinal stress also agreed with the findings from the literature regarding 

the lower section of the residual stress. Tensile stress was observed close to the weld region 

(HAZ and FZ), whereas nominal stress distribution was observed farther away from the weld 
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region (parent metal). A symmetric stress profile is seen on both sides of the weld line. This 

was also confirmed with results from the inner surfaces of the clad pipe. 

  

6.2.4.3 Axial Stresses within the Clad Pipes 

 

In the 2mm and 12mm clad pipes, it was discovered that the residual stress profiles are in their 

self-equilibration state. Also, because of the symmetry across the weld line WL, the axial 

stresses are symmetric in nature, that is, compressive stresses which are high in magnitude are 

observed outside the pipe surfaces while tensile stresses are seen inside the pipe surfaces. The 

circumferential position of the weld bead does not determine or affect the axial stresses. This 

is seen from the distribution of the axial stresses inside and outside the pipe being similar in 

magnitude and distribution. A protuberance (hump-like shape) is seen at the exterior surface of 

the pipe close to the weld line, which signifies the intensity of the stress distribution under the 

weld crown. These volumetric changes and yield strength which occurred under the tensile test 

curves as a result of martensitic transformation have direct effects on the welding residual 

stress, by increasing the magnitude of the residual stress in the weld zone as well as changing 

its sign. The simulated results demonstrate the volumetric change and the yield strength change 

due to the martensitic transformation effects of the welding residual stress. 

From the validation of the results of the simulated axial stress and the Neutron 

Diffraction (ND) measured stress showing the residual axial, radial and hoop stress 

distributions on the inner surface of pipe, the following can be deduced: 

From Figure 5.21 (a and b) the results of the axial, radial and hoop stresses of the Neutron 

diffraction were used to validate the axial stresses from the dissimilar welded joints of 2mm 

and 12 mm clad thicknesses. The result of the ND measured residual, axial and hoop stresses 

shows good agreement with the axial stresses of the 2 mm and 12 mm clad pipes.  It is observed 
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that the internal stresses are tensile and there are perturbations under the weld crown. The 

maximum value of the radial stress is 200 MPa in Figure 5 (a), while the axial is 250 MPa and 

the hoop stress is 500 MPa. In Figure 5.21 (b), the ND measured stresses are plotted against 

the axial stress of the 2MSSS (2 mm clad weld of dissimilar material joint) and it is observed 

that the value of the axial stress for the 2MSSS, which is 110 MPa is closer to that of the ND 

measured radial stress with a difference of 90 MPa and also comparable to ND measured 

residual axial stress with a difference of 140 MPa. In Figure 5.21 (c), the residual axial stress 

in the interior of the 12MSSS (12mm mm clad weld of dissimilar material joint) at 330 MPa, 

is comparable with the ND measured axial stress of the pipe subsurface at 250 MPa having a 

similar trend of stress distribution, hence validating the residual stress models. Both axial 

residual stresses of the 2MSSS and 12MSSS are compared with each other in Figure 5.21 (d) 

and it is observed that inside the pipe surface the stresses are tensile and has the protuberance 

effect observed under the weld crown. It is important to note that the yield stress is not exceeded 

which means it is operating within a safe value.  

 

6.2.4.4 Hoop Stresses within the Clad Pipes 

 

Hoop stresses are symmetric in nature as a result of the weld line symmetry, and higher values 

of tensile stresses are observed close to the FZ, whereas compressive stresses are seen both on 

the exterior and interior of the pipe away from the HAZ.  

Since hoop stresses are the stresses parallel to the weld bead direction, they are advanced as a 

result by reason of the expansion and contraction of the weld region in the radial direction 

during the heating and cooling occurrences in the course of the welding procedure. The 

distribution of the residual hoop stress for the exterior and interior surfaces of the pipe at 

different positions from the weld start position shows that large tensile and comprehensive 
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hoop stresses are present in the interior and on the exterior surfaces of the cylinder within the 

locality of the Weld line WL. This also implies that the reverse is the case, which means that 

stress reduction and stress reversal are experienced away from the weld line, just as is the case 

with axial stress. This phenomenon is also confirmed by N. U. Dar et al. The disparity in the 

value of the hoop stress is solely due to varying weld parameters such as material properties 

and heat source parameters. 

 

6.3 Conclusions  

 

An effective weld between dissimilar metals is one in which the strength of the weld equals the 

weaker of the two metals being joined. This invariably means great tensile strength and 

ductility to prevent failure in the weld joint. This kind of desirable weld output can be achieved 

via several welding procedures. 

The findings and relevance of the work performed in this thesis are focussed on the effects of 

the thermal and residual stresses on the HAZ. The HAZ is a region of the base metal and clad 

metal which undergoes alteration in its metallurgical properties (even though it has not melted), 

by high thermal energies during welding or high heat cutting. The HAZ, which has differing 

lengths, depths and widths also differs in areas of severity (affected by heat) and undergoes 

heating and cooling cycles. These changes could be metallurgical, in which case they induce 

stresses that subsequently reduces the strength of the material or generates nitrides within the 

HAZ thus affecting the weldability. The hardness of the HAZ with respect to its environment 

can be increased from the microstructure as well as the resistance to corrosion and/or cracking, 

also known as sensitization. Regulating the pre- and post-weld heat treatment conditions can 

enhance all these properties – high localized stresses, hardness and sensitization.  
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The physical attributes of the HAZ can also be altered. The extent to which the physical and 

metallurgical properties are altered is dependent on factors such as the filler metal, the quantity 

of heat inputted into the weld and the base material. The size of the HAZ is controlled by 

parameters such as time of exposure to heat, the welding speed and the current used in carrying 

out the welding.  

In the residual stress analysis, there are agreements and similarities when observing the stress 

distributions on the graph compared with other authors validating the results of the simulation 

carried out in this research and also the quality of simulations carried out. Secondly, because 

the residual stress goes up to 110MPa in the 2mm clad pipe and 330 Mpa in the 12 mm clad 

pipe which implies that the yield strength of the material, 400MPa is not exceeded and there is 

still good agreements in the overall profile of the residual weld stress, even when compared 

with the stress profiles for authors who worked on same materials such as Sinha et al, Qureshi 

and Feli as shown in Figures 2.15 - 2.17. Indeed, it has been established that the weakest point 

of joint in the clad pipe weld is the HAZ, and so consideration should be given to this when 

designing the weld parameters and filler metals to avoid under-matching scenarios which could 

lead to weld failures and eventually the collapse of the entire pipe.  With the aid of thermal, 

residual stress and deformation experiments, the validity of the thermal and stress models is 

verified. There is an agreeable similitude between the simulated outputs and those of other 

authors.    

The research contained the following contributions such as: 

1. Resolution of the intricacies of the heat transmission in the welded joints of dissimilar 

materials using the Gaussian transformation principle – which was employed and applied in 

order to determine the intricacies of the thermal distribution occurring during the GMAW 

welding process of dissimilar materials in a weld joint of a pipe. High temperature 
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thermocouples were positioned at strategic locations on the welded joints to accomplish this 

target. 

2. Discovery of the different factors responsible for the unique pattern of heat distribution at 

the welded joints during the course of welding and the fact that these factors dictate the path 

through which the heat is distributed throughout the welded joint. These factors include the 

distance from heat source, weld line, weld axis, density, thermal conductivity and nature of 

material. 

3. Resolving the modelling problem for multiple (seven) weld passes of thick sections of 

dissimilar material joints by developing different models of weld passes, such as temperature 

profiles of the weld sheet through the weld pass thickness of a pipe strip, weld spot through the 

weld pass length of 2D Plates, ring added mass weld through the weld pass length of a clad 

pipe and added mass weld through the weld pass length of a clad plate. 

4. Resolving of the modelling problem for residual stress in (multiple) seven weld passes of 

thick sections of dissimilar materials joints by developing different models of residual weld 

stress profiles in a pipe strip, 2D plates, clad pipes and clad plates would then alleviate the 

stress distribution in a dissimilar material weld joint and the shrinkage effects of a pipe.  

5. Representation of welding direction by employing the Gaussian transformation principle in 

order to enable its application on both plates and pipes. 

6. Understanding of the effect of heat input on the mechanical properties and microstructures 

evolution of welding of dissimilar material joints, because of the continuous reheating taking 

place at the clad thicknesses during the welding process. The application of heat into the 

different clad thicknesses of the dissimilar material joint weld resulted in different rates of 

cooling and subsequently generated martensite in both the FZ and HAZ of GMAW, further 
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increasing the hardness and strengthening the FZ and HAZ of the different clad thicknesses of 

the dissimilar material joints. 

7. Understanding the effect of solid-state phase transformation on the residual stresses of the 

dissimilar material joints of weld with respect to two different clad thicknesses. There were 

transformations from austenite to ferrite and especially the martensitic transformation of the 

weld microstructure altered the magnitude of the residual stress in the fusion zone and HAZ 

and also altered the yield strength of the FZ and HAZ, consequently producing a substantial 

effect on the weld microstructure and base. 

 

6.4 Future Research 

 

Based on the work carried out in this thesis and the discoveries made in this research, different 

questions have arisen and caused concerns that will be addressed in the future. Such areas of 

interest include the following: 

 

6.4.1 The need to look at welding of several (more than one) layers of clad 

 

 HAZ of welds of more dissimilar materials especially for clads used in the oil and gas, 

petrochemical and pressure vessel, as well as the nuclear industry. In this research work, 

two layers of clad thicknesses were considered which were 2mm and 12mm. Nevertheless, 

future work should be carried out with emphasis on more than two layers of clad thicknesses - 

the different clad thicknesses applicable to real life situations in the industry ought to be 

considered. This involves 3 clad layers and 5 clad layers or more, all of or the same or of 

differing thickness. The ability of the thermocouples to effectively detect temperatures across 

the different strategic positions of these clad layers is of major concern. The nature of the 
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thermal responses with respect to transient temperatures of the thermocouples is a very 

prominent issue ranging from the temperature peaks to the cooling phases. How effective are 

the responses captured by the data logging device? Is the trend lost due to several clad layers 

or is there a good thermal response observed even for the third (3rd) layer or clad, or the fifth 

(5th) layer of clad or even the seventh (7th) layer of clad? Bearing in mind that one of the 

novelties and major areas of concern is that this research aimed at uncovering is the dissimilar 

material joint, the key question would be what is the composition, feature and consequently the 

behaviour of the dissimilar material joint formed at the weld interfaces between several clad 

layers? What would the HAZ and FZ look like? Would it conform to the results obtained from 

two layers of clad? Or would it differ considerably and why? When subjected to mechanical 

testing such as tensile, charpy and hardness; would such weld interface housing the FZ and 

HAZ pass the test? The identification of the weakest point of the weld joint from the charpy 

tests would contribute to the knowledge in order that precautions could be taken in order to 

strengthen the bond in the affected joint. The efficacy of the filler metal in carrying out the 

weld across the different clad layers is also important to provide good bonding across the 

different profiles of the weld. Are there cases of over or under matching – should one filler 

metal be used across the several clad layers or different filler material? Would that address the 

challenge of over or under matching? What would the hardness profile look like across each of 

the different layers of each clad? Would the hardness be most pronounced in the HAZ, FZ or 

parent metal – referring to the efficiency of the weld, would it fail due to being brittle in nature 

and if so where? What are the different phases present in HAZ and FZ of such welded joints? 

At key areas such as the interface between the parent metals, what is the nature of grains formed 

at these interfaces and how do they affect the nature of the weld? What is the elemental reaction 

and diffusion in terms of chemical composition of the parent metals and the filler metal? How 

does that strengthen the weld? 
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6.4.2 The need to incorporate thicker cross sections of clad thicknesses.  

 

Two millimetres (2mm) and twelve millimetres (12mm) clad thicknesses were considered in 

this research, however, for future research, it is recommended that other clad thicknesses such 

as 15mm and 20mm, could be considered so that a careful broader study of the thermal response 

of the high temperature thermocouples placed at strategic positions on these clad thicknesses 

could be considered pari-passu the weld plates and the mechanical tests, such as tensile tests 

carried out to determine the tensile strength and ultimate tensile strength of the welded-section. 

Hardness tests should also be carried out to determine the hardness of the HAZ, FZ and parent 

material in order to determine the over matching or under matching scenario presented. The 

Charpy test should also be carried out to further confirm the weakest point of the joint, HAZ 

or FZ, knowing that very hard property tends to brittleness which makes that part of the joint 

susceptible to failure. There is also the need to carry out thermal simulations of welding using 

the thicker clad sections, so as to obtain a basis of comparison of both thermally simulated 

results and measured results. The stress analysis also needs to be simulated using FEA models 

in order to verify the results of the axial stress fields. 

 

6.4.3 Filler metal 

 

The overmatching and under matching scenarios in a welded joint are primarily due to the type, 

constituent and quantity of the filler material used. In most standard labs, such as The Welding 

Institute (TWI) and Subsea Seven, a single choice of filler metal is used as an approach to 

tackling this challenge. A future work could be looking at under-matching and how the strength 

at the HAZ can be improved. There is also the possibility of considering different compositions 

of filler metals with the main aim of developing a composition with the right constituents that 

could better match both parent metals, so as to produce a well enhanced welded joint that could 
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withstand the pressures of stress both within and without the pipe as well as corrosion from the 

operating environment, thus ensuring long lasting pipelines.  

Another suggestion would be to carry out more tests to verify the speed and efficiency of the 

weld with respect to its impact on the HAZ. There is the need to carry out detailed tests to 

capture the separate time intervals between the distinct peaks of each thermocouple.  

 

6.4.4 Carry out more tests to verify the welds sequence and its impact on the HAZ 

  

Different styles of weld sequence impact upon the HAZ in unique ways. In order to determine 

the size of the grains formed under the above conditions and its effect on the FZ and HAZ, 

more tests will need to be carried out. The grain size formed also impacts upon the HAZ and 

FZ in different ways. This will clearly reveal the impact of the weld style on the efficiency of 

the bond particularly at the HAZ. The most efficient style of welding could be to encourage/ to 

promote long lasting bonds in pie welds, thus improving the structural integrity of the weld. 

 

6.4.5 Creep Effects in Stress Analysis  

 

This is the challenge that occurred in the stress analysis with respect to the 12mm clad 

thickness. To a large extent the stress response for the FEA model of the weld was similar to 

that carried out both at the Subsea 7 laboratory; however, there was creep present on the axial 

stress. This needs to be further investigated as to why they occur only on the stress model for 

the 12mm thickness but not on the stress results of the 2mm thickness? Is this a clad thickness 

related issue? If so, it could be found for higher clad thicknesses as well as several layers of 

clad.  It therefore calls for the need to look further into the reason for creep generation in the 
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thicker clad layers as a major research focus. This will help eliminate creep effects from welded 

structures, thus promoting stability in welded structures and durability. 

Heat treatment in a clad weld in a new study and carrying out X-Ray diffraction – a method of 

measuring residual stresses in the different clads of dissimilar materials.  

6.4.6 The need to look at Residual Stress Measurement of Dissimilar Materials using 

Destructive and Non-destructive Methods for more than one Layer of Clad and 

Multiple Samples 

 

Due to no availability of machines and time constraint the residual stress measurement using 

destructive measurements such as deep hole and blank hole and non-destructive measurements 

like EBSD, XRD, Neutron Diffraction (ND) were not carried out – it was beyond my control. 

It is therefore highly recommended for future work. 

The methodologies were considered (in chapter 2), however there is the need to obtain actual 

data by nature of scattering – more tests need to be carried out before the actual quantity value 

can be used.  
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APPENDIX 1- Publications based on work presented in Chapter 3 
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APPENDIX 2 – Publications based on work presented in Chapter 4 
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APPENDIX 3 – Publications based on work presented in Chapter 5 
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APPENDIX 4 – More detailed Information on calculated Hoop Stress 

 

Analysis of Residual Hoop Stress Result 

 

Hoop stresses are the stresses parallel to the weld bead direction and these are developed as a 

result of the expansion and contraction of the weld region in the radial direction during the 

heating and cooling occurrences in the course of the welding procedure. The distribution of the 

residual hoop stress for the exterior and interior surfaces of the pipe at different positions from 

the weld start position WL are shown in figures below. It can be seen that the large tensile and 

comprehensive hoop stresses are present on the interior and exterior surfaces of the cylinder 

within the locality of the Weld line WL. The reverse is the case; that is stress reduction and 

stress reversal away from the weld line just as is the case with axial stress. This phenomenon 

is also confirmed by (Dar et al, 2009). The disparity in the value of the hoop stress is solely 

due to varying weld parameters such as material properties and heat source parameters. 

2mm Clad Pipe 

 

Figure 10.1 (a) Residual hoop stresses versus distance curve on the outer and (b) inner 

surfaces of the HAZ  
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APPENDIX 5 – More detailed Information on calculated Shrinkage 

 

Radial shrinkage and Axial Shrinkage 

 

 

 

Fig 11.1 (a) Pipe model showing nodal readings for radial shrinkage (b) Radial 

shrinkage versus normalized distance curve on outer surface of 12 mm clad pipe end 

 

When the weldment cools down, there is usually an axial inclination of the constraint free end 

of the pipe taking place. The thickness of the pipe is considered for the radial shrinkage and 

measured for four different increments, so that the shrinkage in thickness could be appreciated 
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as shown in Figure 11.1. At a tilt angle of 45 degrees, the radial shrinkage is 0.022 mm, and 

similarly at at an angle of 27.5 degrees, the radial shrinkage is 0.010 mm. 

 

 

Fig. 11.2 (a) Pipe model showing nodal points for axial shrinkage (b) axial shrinkage 

versus normalized distance curve on outer surface of HAZ of the 12 mm clad pipe 

 

For four different increments of the axial lenght, the shrinkage is measured and plotted against 

the normalized distance from the weld path as dhown in Figure 11.2. The axial shrinkage at 

lower increments is slightly different from those at higher increments, because there are high 

thermal gradients experienced during butt welding leading to residual stress and discrepancy 

in hardness, hence a creep effect is observed at higher increments.  
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APPENDIX 6 – Additional Comparison with Published Experimental 

Work 

 

Neutron Diffraction (ND) Measured Stress Curve 

Being part of a team involved in carryng out Narrow Gap Weld experiment and measurement 

at subsea 7 standard laboratory in Glassgow, the ND measured stress was carried out and here 

is the curve obtained from the weld measuremnt. The Residual, Axial and Hoop stress 

measurement are displayed below. Residual Axial Stress on the inside of the pipe with outer 

diameter of 14 inch, wall thickness of 19.05 mm and a length of 750 mm. A typical ND 

Measured Stress showing the stress distributions is shown in the Figure 12.1. 

 

 

Figure 12.1 A typical Neutron Diffraction (ND) Measured Stress showign the residual axial, radial 

and hoop stress distributions on the inner surface of pipe (Ren, 2018) 

 

Observations: 

 

Close to the region of weld comprehensive axial, radial and hoop stresses can be observed but 

farther away from the weld region, tensile stresses become the trend.  
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From the results of the simulated axial stress and the typical ND measured stress showing 

the residual axial, radial and hoop stress distributions on the inner surface of pipe the 

following can be deduced: 

1. Close to the region of weld comprehensive axial, radial and hoop stresses can be 

observed but farther away from the weld region, tensile stresses become the trend. 

These findings comply with the welding procedure as discussed in chapter one under 

section 2.3.1 Weld Induced Residual Stresses and Distortions under Chapter 2. 

2. Also, by reason of the symmetry across the weld line WL, the axial, radial and hoop 

stresses are symmetric in nature 

3. The result of the ND measured stress experiment at the Subsea 7 standard laboratory, 

further confirms the validity of the simulation carried out in this research. 
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 APPENDIX 7 – Additional Information on Simulated Results with 

Experimental Data in Open Literature 

   

Residual stresss validity of 12 mm and 2mm cladded pipe – Internal surface with (Feli et al., 2012)  

 

 

12 mm and 2mm cladded pipe – External surface. Residual stress validated by (Feli et al., 2012) 
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Residual stress validity of 12 mm and 2 mm cladded pipe – Internal surface by (Feli et al., 2012) 

 

 

12 mm and 2mm cladded pipe – Internal surface. Residual stress validated with (Feli et al., 2012) 
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Residual stress validity of 12 mm and 2 mm cladded pipe – External surface with (Sinha et al., 2013) 

 

 

12 mm and 2mm cladded pipe – External surface. Residual stress validated with (Sinha et al., 2013) 
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Residual stress validity of 12 mm and 2mm cladded pipe – Internal surface with (Sinha et al., 2013) 

 

 

 12 mm and 2mm cladded pipe – Internal surface. Residual stress validated with (Sinha et al., 2013)  
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Residual stress validity of 12 mm and 2mm cladded pipe – External surface by Dar et al, 2009) 

 

 

 

12 mm and 2mm cladded pipe – External surface. Residual stress validated by (Dar et al., 2009) 
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12 mm and 2mm cladded pipe – Internal surface. Residual stress validated by (Dar et al., 2009) 

 

 

12 mm and 2mm cladded pipe – Internal surface. Residual stress validated by (Dar et al., 2009) 
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12 mm and 2 mm cladded pipe – External surface. Residual stress validated by (Deng & Murakawa, 

2006) 
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12 mm and 2mm cladded pipe – Internal surface. Residual stress validated by (Deng & Murakawa, 

2006) 
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12 mm and 2mm cladded pipe – External surface. Residual stress validated by (Jonsson & Josefson, 

1988) 

 

 

 


