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Preface

Finite element method is a powerful tool which can be employed for analyzing various aftereffects associated with welding. The knowledge can help a practicing engineer to arrive at the optimum procedure which will minimize the extent of rework in critical components. But getting a meaningful result using FEM is no easy task, and it requires a great amount of effort to create input data which truly represent the important phenomena associated with welding. An equal amount of effort may be required to sift through the vast data output and interpret the results. Thus the engineer must have a good knowledge of the phenomena associated with welding as well as the mathematical skill to express them as input data.

This book has been written to educate young researchers on the analysis of thermal cycles during the welding process. The related inputs on the welding processes, finite element method, the calculation of arc heat input for different cases and example problems with input data and typical output have been presented sequentially in the chapters of the book. The example problems have been solved using ANSYS software, which is one of the popular general purpose softwares for the analysis of engineering components.

The introduction chapter presents the various metallurgical and mechanical aftereffects of welding succinctly. The chapter on arc welding processes describes the arc phenomenon, the different arc welding processes and welding techniques, typical welding parameters employed in each welding process, heat transfer efficiency for various processes, etc.

The thermal cycles which are associated with welding are discussed in the third chapter. The conduction, convection and radiation heat transfer modes, heat flow in the base metal, the heating and cooling cycles, graphical representation of results, such as temperature versus time plots, isothermal plots and temperature distribution with distance are described. Procedures to simplify the complex three-dimensional analysis into an equivalent two-dimensional analysis are also explained.

The fourth chapter gives basic information on the finite element method, the calculation of shape functions for one-dimensional and two-dimensional cases, the formulation of the problem and the solution. The procedure for running of the analysis using ANSYS software is also explained.

The mathematical representation of the arc heat and the procedure to calculate the input data for the FEM program for different cases have been explained in detail in the fifth chapter. The examples are selected in such a way that the reader will get a good understanding and apply the knowledge for running his own problem.

The sixth chapter presents example problems and their solutions describing the procedure to prepare the input data for the ANSYS program from the calculation of arc heat described in the previous chapter. The cross sectional analysis, in-plane analysis and a full three-dimensional analysis are covered in the examples.

The knowledge for writing the book was acquired during my long years of work experience in Welding Research Institute, Bharat Heavy Electricals Limited (BHEL), Tiruchirappalli. The conducive environment for learning, support from the superiors and the freedom at work were the key factors which helped me in my learning, and I extend my heartfelt gratitude to the management of WRI, BHEL, Tiruchirappalli for the same. I thank the management of the NMAM Institute of Technology, Nitte for the encouragement during the preparation of the book. I also extend my thanks to M/s ANSYS Inc. for permitting me to reproduce ANSYS input files and output plots.




Author

G. Ravichandran had 37 years of experience with the Welding Research Institute, which is affiliated to BHEL, Tiruchirappalli, India, and retired from WRI in 2017. His field of specialization is welding simulation using finite element method, prediction and control of distortion and residual stresses, design of static and fatigue loaded welded structures, experimental stress analysis, etc. He obtained PhD from Indian Institute of Technology, Madras in 1996 for his work on the analysis of axis shift distortion and residual stresses during circumferential welding of thin walled pipes. He received the W. H. Hobart memorial award from the American Welding Society in 1997 for his research paper “Prediction of Axis Shift Distortion during Circumferential Welding of Thin Pipes Using the Finite Element Method.” He was a guest faculty for many educational institutes and handled classes for both graduate and postgraduate programs on welding engineering. After his retirement, he joined NMAM Institute of Technology, Nitte, Karnataka, as an adjunct professor in the mechanical engineering department.









	1

	Introduction






Welding is widely employed in the fabrication industry for the manufacture of many types of components involving different shapes, sizes, and materials. The main advantage of the welding process is that it produces a metallurgical bond between the members to be joined which has a strength level comparable to or even higher than that of the base material of the component. Before the advent of the welding process, riveting was the main metal joining process for the fabrication of components such as structures, ships and even some pressure vessels. Riveting has several advantages over welding like lower equipment cost, simple operation, lower operator skill level, standardized procedure for different materials without any additional operations like preheating and post-weld heat treatment, less consumable requirement, simple quality control procedures, etc. But the advantage of higher joint strength in the case of welding gives it an edge over riveting in many types of components. After the development of the arc welding process, which progressively produces coalescence of metals along the joint line by a continuous supply of energy, welding has found widespread industrial usage. The welding process enables the designer to optimally design the component for maximum performance with minimum size, shape and weight of the component. Today, industrial components are designed with advanced materials and thicker sections for operating at increasingly higher load levels. The challenges in the joining of these critical components are effectively met by welding.

Much research work has been undertaken to address the various issues which are faced during welding, and the welding process owes its premier position to these developments. Many welding processes, procedures, consumables and equipment have been developed which are suitable for various types of components for different end applications. The productivity of the welding process is continually being improved, and automation has been successfully implemented for large-scale manufacture of many welded components. Several studies have been undertaken to understand the metallurgical issues during the welding process and the ways to overcome them. Suitable welding procedures which minimize the metallurgical damage in different materials are under constant development. The deleterious effect of weld discontinuities on the load carrying capability has been studied in detail, and steps to overcome the problems are widely known to the industry. Advanced testing methods have been developed for better reliability of the welded components. Fabrication codes have been formulated so that the welding procedure is standardized and safe performance of welded components during service is ensured. There are many trained welders and welding operators who meet the skill requirement of various fabrication codes. Thus the process of welding has come to occupy an important position in the fabrication industry.

The metallurgical bond in the case of welding is achieved by the conversion of different forms of energy into the energy for coalescence. This energy is focused in the localized region at the interface between the two members. In the case of arc welding processes which account for a major share of welding, the electric arc provides the required energy for fusion of the members. The arc almost instantaneously raises the temperature of the base metal beyond the melting point. In many cases, extra metal is deposited to fill the groove between the members, and this additional metal also receives the heat from the electric arc. After solidification, the required metallurgical bond between the abutting members is created.

The success of the welding process depends on the localized liberation of heat along the joint line, but this localized heat has its own aftereffects and unless these detrimental aftereffects are suitably tackled, the resulting quality of the weld will not be satisfactory. The zone in the parent metal which is closest to the weld is heated to very high temperature, which causes metallurgical phase changes in the material. This zone which is metallurgically affected by the high temperature is called the heat affected zone. This zone is the weakest link in the entire weldment, and unless steps are taken to contain the weakness within limits, the resulting weld will not meet the quality requirements.

The heat due to welding produces different effects in different materials under different conditions. In materials like carbon steel and low alloy steel, it produces hardening due to rapid cooling whereas in materials like aluminium alloys, it has a softening effect due to recrystallization which takes away the beneficial effects of cold work. In steels, faster cooling rates during welding affect ductility whereas slow cooling rates affect toughness. The welding heat causes grain refinement in the previously deposited weld metal in multipass welding whereas it has a grain coarsening effect in the heat affected zone which affects the strength and toughness. The welding heat leads to depletion of elements like chromium, which give the required properties, whereas it may cause segregation of impure elements, which weakens the weld joint. In stainless steel, the welding heat may lead to the precipitation of unfavourable carbides, and in some other cases, the heat leads to dissolution of the favourable carbides in the matrix. The inadequate liberation of the welding heat results in improper fusion of the weld metal with the base metal but in some steels, the excess liberation of heat causes melting of more parent metal which alters the chemical composition of the weld metal and makes the weld metal inferior.

The non-uniform heating and cooling cycle associated with welding also causes problems of residual stresses and distortion which affects the integrity of the welded structure. The differential thermal expansion during the heating cycle causes localized plastic deformation in the weld and adjacent regions, and as a result, shrinkage forces are developed in this region during the cooling phase. These shrinkage forces produce residual stresses or distortion depending on the restraint offered by the component. In steels containing non-metallic inclusions in the form of thin lamella at the mid-section, the shrinkage forces in the thickness direction may lead to tearing of the member, and this phenomenon is known as lamellar tearing.

The root cause of all these detrimental aftereffects can be traced to the application of localized heat during welding, and hence the total elimination of these aftereffects is not possible. But the damage may be contained within limits by controlling the heat input to the exact minimum requirement. Any indiscreet application of heat during welding will aggravate the problem, and post correction becomes more difficult. Thus the successful application of welding requires a careful balancing of the heat input for achieving proper fusion without severe degradation of the properties of the weld.

The knowledge of the temperature history during the welding process is the essential first step for understanding the metallurgical and mechanical aftereffects due to welding. There are analytical methods for the study of temperature history in the weldment. These methods are easy to use and have been successfully employed in some cases. But these methods employ many simplifying assumptions which affect the accuracy of the results.

With the improvement in computing power, numerical techniques like the finite element method have become popular as various phenomena may be incorporated easily in these models and reasonably accurate thermal results can be obtained. There are many phenomena associated with welding and accounting all these phenomena will make the analysis very complex and time consuming. The phenomena which have major effects must be considered in the model, leaving out the other less important ones so that the accuracy of the results will be reasonable while the cost of computation is kept within limits. Incorporating the phenomena in the model must be done carefully, and improper representation of these phenomena will have adverse effects on the accuracy of the results.

There are commercially available finite element method based softwares which can help a researcher to perform the analysis without the need to go through the basic steps in formulation and solution of the problem. These softwares enable the user to visualize the results for better understanding. Even though there are many advantages in using these softwares, the user has to exercise caution during the data input since there may be some underlying limitations for a particular case, and if the researcher tries to run the analysis without really understanding the effect of these limitations, it will only lead to inaccurate and unreliable results.

This book has been written to educate the fresh researchers about the analysis of thermal cycles in welding using ANSYS software. The reason for considering ANSYS software in this book is the familiarity of the author with the software. Other softwares which have similar features as ANSYS may also be employed for the analysis provided the inputs as discussed in this book are suitably entered.
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	Arc Welding Processes






The welding processes can be broadly classified as fusion welding and pressure welding processes. In fusion welding, the abutting edges of the members are melted and the thoroughly mixed common molten pool after solidification forms the metallurgical bond between the members. For joining thick sections, additional metal has to be supplied to the molten metal pool for filling up the gap between the members, and this additional metal mixes thoroughly with the molten base metal before solidification.

The other type of welding process uses the application of pressure across the interface to dislodge the surface impurities and bring the fresh metal surfaces within interatomic distance. The base metals in this case may or may not be heated during the pressure application, but the temperature, in any case, does not exceed the melting point of the base metal. Hence, these processes are also referred to as solid phase welding processes. The solid phase welding processes have many advantages over fusion welding processes such as feasibility to weld dissimilar combination of materials, very narrow heat affected zones, etc. But these processes are limited to simple geometries and hence, have application for only a small range of products.

The energy for the formation of metallurgical bond between the base metals is obtained by the conversion of different forms of energy such as chemical energy, electrical energy, beam energy, etc. Arc welding processes are the most common type of fusion welding processes which are widely employed in industry. The processes have a common feature that the energy for the fusion of the abutting edges of the two components is provided by an electric arc. The arc is an electric discharge which generates intense heating that is used for fusion of the base metals. There are different types of arc welding processes which cater to different applications.

2.1      ELECTRIC ARC

The electric arc phenomenon was discovered by Sir Humphrey Davy. In an electric circuit with two carbon electrodes which are connected to the terminals of a power source, an electric current flows when the two electrodes are made to come in contact with each other. But subsequently when the two electrodes are slightly retracted so that there is a small gap between the two electrodes, an electric discharge takes place between the electrodes which ionizes the gaseous matter between the electrodes. This electric discharge is called arc and the electric circuit is completed by the movement of the ions and electrons in the arc column which move towards the negative and the positive terminals, respectively. Unlike the phenomenon of spark which involves high voltages and lower current levels, the arc phenomenon involves lower voltages and higher current levels. The high voltage in a spark enables it to jump across large gaps, but the voltage level in the arc phenomenon is lower and the resulting arc gap is also less. If the gap between the electrodes is increased beyond some limit, then the arc gets extinguished.

The carbon electrode arc is rarely used for welding as the heat energy can hardly be focused towards the base metal and the fraction of energy received by the base metal is insufficient for complete fusion of the metal especially when the thickness is high. On the other hand, if the arc is created between a metal electrode which is in the form of a rod and the base metal, then the arc is directed towards the base metal and hence, the heat released in the arc creates a large molten pool in the base metal. The electrode is also heated by the arc and in the case of consumable electrode, the arc heat melts the tip of the electrode and the molten metal from the electrode tip is transferred across the arc to the base metal. This provides the filler metal which is required to fill the groove between the base metals.

The arc in the case of metal electrode takes the shape of a bell and diverges from the tip of the electrode to the base metal. The diverging nature of the arc with decreasing levels of current density at various sections results in the creation of magnetic forces. The radial component of the magnetic force, which is called the pinch force, is responsible for the detachment of the molten metal droplet from the tip of the consumable electrode. The other axial component is directed towards the base metal and is responsible for the transfer of the molten metal across the arc to the molten pool below the arc thus creating a digging effect into the base metal. The bell-shaped arc covers a small area in the base metal and the energy generated in the arc is transferred to the base metal through this small area.

The electrical parameters like current and voltage have a major influence on the shape and nature of the arc. The voltage across the arc depends on the gap between the electrode and base metal which is known as arc length. As the arc length increases, greater area is covered by the arc and consequently the width of the resulting weld bead is higher. The current which flows through the arc decides the energy of the electrons in the arc column and hence, the extent of fusion in the base metal is decided by the current. The heat generated in the arc column is calculated as the product of current and voltage.

Even though the arc is struck directly over the base metal, not all the heat generated in the arc is transferred to the base metal. Some energy is lost to the environment by convection and radiation heat loss, heat loss to the cooling medium if any, heat carried away by metal particles thrown away in the form of spatter and vaporization of the metal. The actual heat realized in the base metal is less than the power generated by the arc, and the ratio of the heat energy received by the base metal to the energy released in the arc is termed as efficiency of the welding process. The process efficiency is dependent on the nature of the arc welding processes and the particular welding conditions. The exact value of the process efficiency always lies within a range and has to be selected for a particular condition carefully.

In the case of consumable electrode welding processes, the arc heat causes melting of the tip of the electrode and the molten metal droplet is transferred across the arc. This melting of the tip of the electrode results in increase in the arc length, and in order to prevent the arc from getting extinguished, the electrode must be moved towards the base metal. This progressive movement of the electrode towards the base metal is known as electrode feeding. In consumable electrode welding processes, the electrode feed rate decides the current and the metal deposition rate.

After striking the arc and after steady operating parameters are reached, the arc is steadily moved along the joint. The uniform movement of the arc along the joint ensures a uniform weld along the entire length. The various points lying on the joint line receive the heat from the arc only for a short duration, but the intense heat generated by the arc results in near instantaneous melting of the base metal. The duration for which any point receives the arc heat depends on the welding speed, and hence the heat energy liberated at any point is directly proportional to the power of the arc and inversely proportional to the speed of welding. The heat energy liberated per unit length of the weld is given in the unit of joules per mm (J/mm) or kilojoules per mm (kJ/mm). It is calculated as η.V.I/s where η is the welding process efficiency, V is the voltage, I is the current, and s is the welding speed in mm/s.


2.2      CLASSIFICATION OF WELDING PROCESSES

The major obstacle to overcome in the use of electric arc for welding is the effect of atmospheric gases on the molten metal.
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