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Description


The Science and Practice of Welding, now in its tenth edition and published in two volumes, is an introduction to the theory and practice of welding processes and their applications. Volume 1, Welding Science and Technology, explains the basic principles of physics, chemistry and metallurgy as applied to welding. The section on electrical principles includes a simple description of the silicon diode and resistor, the production and use of square wave, and one-knob stepless control of welding current. There is a comprehensive section on nondestructive testing (NDT) and destructive testing of welds and crack tip opening displacement testing. The text has been brought completely up to date and now includes a new chapter devoted to the inverter power unit. Duplex stainless steel has been included in the list of materials described. Volume 2, The Practice of Welding, is a comprehensive survey of the welding methods in use today, and gives up-to-date information on all types of welding methods and tools. Processes described include: manual metal arc welding (MMA or SMAW); gas shielded arc welding (MIG, MAG or GMAW); tungsten inert gas welding (TIG or GTAW) and plasma arc welding (PA) and cutting. Resistance, flash butt and oxyacetylene welding are also included. Cutting processes are given a separate chapter. This new edition has been brought right up to date with a new chapter on the welding of plastics, and new sections on the welding of duplex stainless steel and air plasma cutting. The text is illustrated by up-to-date photographs of plant and equipment. As in previous editions, the appendices bring together a wealth of essential information, including British and American welding symbols, tables of conversion, information on proprietary welding gases and mixtures, testing practices, safety features and tables of brazing alloys and fluxes. Both volumes contain numerous questions of the type set at craftsman and technician grade of the City and Guilds of London Institute examinations.
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Preface



The Science and Practice of Welding was divided into two volumes for the eighth edition: Volume 1, Welding Science and Technology; Volume 2, The Practice of Welding. Volume 1 covers all the basic material on the physics and chemistry of welding, including metallurgy, equilibrium diagrams, testing of welds, drawing and welding symbols and an appendix with tables and conversions. Volume 2 gives a comprehensive survey of the welding methods in use today and the tools involved. This tenth edition has been brought completely up to date throughout. Volume 1 has a new chapter on the inverter, which has become popular as a power unit because of its reduced weight and size compared with a conventional unit. There is also an up-to-date section on the classification of stainless steels. Volume 2 has a new chapter on welding plastics and new sections on welding duplex stainless steel and air plasma cutting. There are two new appendices (one illustrating the latest plant and equipment, and one on refraction). The appendix on proprietary welding gases has been completely revised. My thanks are due to each of the following firms who have rendered every technical assistance and have supplied information and photographs as indicated. Air Products Ltd: NDT of welding fabrications and all radiographs. Alcan Wire Ltd: classification and welding of aluminium and its alloys. Alpha Electronics Ltd: instrument technology. Aluminium Federation: classification and properties of aluminium and its alloys. Amersham International: X-ray and gamma-ray testing of welds, and gamma-ray sources.



Andrex Products (NDT) Ltd: sources of X-rays and the testing of welds, with illustrations. Baugh and Weedon Ltd: ultrasonic testing of welds, with photographs. BOC Ltd: technology of stainless steel; and BOC Ltd (Gases Division): gas technology. Copper Development Association: classification of copper and its alloys. INCO Alloys International Ltd, Hereford; details of nickel-copper, nickel-chromium and nickel-chromium-iron alloys. Magnesium Elektron Ltd: classification and properties of magnesium and its alloys. Megger Instruments Ltd: instrument technology. Murex Welding Products: thyristor control of welding sources; chemistry of submerged arc fluxes. Radiographic Supplies Ltd: diagrams and information on magnetic particle, ultrasonic and dye penetrant testing of welds. RGB Stainless Steels Ltd (Smethwick): classification of stainless steel. Salford Electrical Instruments Ltd: link testing ammeter. Testrade Ltd: information and photographs of gamma-ray testing of welds. The Welding Institute: information on crack tip opening displacement; information and photograph on alloy steel electrodes. G. J. Wogan Ltd: information and testing of welds, with photographs. My thanks are also due to Messrs D. G. J. Brunt, A. Ellis, C. Owen, M. S. Wilson, R. A. Wilson and Dr S. J. Garwood for technical help received in the preparation of the ninth edition, to Messrs R. P. Hampson, R. Moulding, J. B. Stokes and P. V. C. Watkins for the tenth edition, and to the City and Guilds of London Institute for permission to include some up-to-date questions in welding science and technology to add to the questions at the end of the book. Extracts of up-to-date British Standards are included by permission of the British Standards Institution. Copies of the standards can be obtained from The Sales Department, British Standards Institution, Linford Wood, Milton Keynes MK14 6LE. Oswestry 1992
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The metric system and the use of SI units



The metric system was first used in France after the French Revolution and has since been adopted for general measurements by all countries of the world except the United States. For scientific measurements it is generally used universally. It is a decimal system, based on multiples of ten, the following multiples and sub-multiples being added, as required, as a prefix to the basic unit. Prefixes for SI units Prefix



Symbol



Factor



atto femto pico nano micro milli centi deci deca hecto kilo mega giga tera peta exa



a f p n // m c d da h k M G T P E



10"18 10"15 10"12 10 ~9 10 ~6 10"3 10 "2 10 ~l 10l 102 103 106 109 1012 1015 1018



Examples of the use of these multiples of the basic unit are: hectobar, milliampere, meganewton, kilowatt. In past years, the CGS system, using the centimetre, gram and second as the basic units, has been used for scientific measurements. It was later modified to the MKS system, with the metre, kilogram and second as the xi



xii



The metric system and the use of SI units



basic units, giving many advantages, for example in the field of electrical technology. Note on the use of indices A velocity measured in metres per second may be written m/s, indicating that the second is the denominator, thus: .or —. Since ° second s —= a~n, the velocity can also be expressed as metre second" 1 o r m s ' 1 . This method of expression is often used in scientific and engineering articles. Other examples are; pressure and stress: newton per square metre or pascal (N/m 2 or Nmf 2 ); density: kilograms per cubic metre (kg/m 3 or kg m" 3 ). SI units (Systeme Internationale d'Unites) To rationalize and simplify the metric system the Systeme Internationale d'Unites was adopted by the ISO (International Organization for Standardization). In this system there are six primary units, thus: Quantity



Basic SI unit



length mass time electric current temperature luminous intensity



metre kilogram second ampere kelvin candela



Symbol m kg s A K cd



In addition there are derived and supplementary units, thus: Quantity



Unit



plane angle area volume* velocity angular velocity acceleration



radian square metre cubic metre metre per second radian per second metre per second squared hertz kilogram per cubic metre newton newton per metre newton per square metre



frequency density force moment of force pressure, stress



Symbol rad m2 m3 m/s rad/s m/s2 Hz kg/m3 N N/m N/m2 (or pascal, Pa)



The metric system and the use of SI units



xin



Quantity



Unit



surface tension work, energy, quantity of heat power, rate of heat flow impact strength



newton per metre



N/m



joule watt joule per square metre degree Celsius reciprocal degree Celsius or kelvin watt per metre degree C watt per square metre degree C joule per degree C joule per kilogram degree C joule per kilogram coulomb



J (N/m) W (J/s)



temperature thermal coefficient of linear expansion thermal conductivity coefficient of heat transfer heat capacity specific heat capacity specific latent heat quantity of electricity electric tension, potential difference, electromotive force electric resistance electric capacitance magnetic flux inductance magnetic flux density magnetic field strength magnetomotive force luminous flux luminance illumination



volt ohm farad weber henry tesla ampere per metre ampere lumen candela per square metre lux



Symbol



J/m 2 °C ° C \ K" 1 W/m °C W/m2 °C J/°C J/kg °C J/kg C(As) V (W/A) Q (V/A)



F Wb H



T (Wb/m 2 )



A/m A lm cd/m 2



lx



* Note. Nm 3 is the same as m 3 at normal temperature and pressure, i.e. 0°C and 760mm Hg (NTP or STP). The litre is used instead of the cubic decimetre (1 litre = 1 dm 3 ) and is used in the welding industry to express the volume of a gas. Pressure and stress may also be expressed in bar (b) or hectobar (hbar) instead of newton per square metre. Conversion factors from British units to SI units are given in the appendix. 1 metric tonne = 1000 kg.
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Heat Solids, liquids and gases: atomic structure



Substances such as copper, iron, oxygen and argon which cannot be broken down into any simpler substances are called elements; there are at the present time over 100 known elements. A substance which can be broken down into two or more elements is known as a compound. An atom is the smallest particle of an element which can take part in a chemical reaction. It consists of a number of negatively charged particles termed electrons surrounding a massive positively charged centre termed the nucleus. Since like electric charges repel and unlike charges attract, the electrons experience an attraction due to the positive charge on the nucleus. Chemical compounds are composed of atoms, the nature of the compound depending upon the number, nature and arrangement of the atoms. A molecule is the smallest part of a substance which can exist in the free state and yet exhibit all the properties of the substance. Molecules of elements such as copper, iron and aluminium contain only one atom and are monatomic. Molecules of oxygen, nitrogen and hydrogen contain two atoms and are diatomic. A molecule of a compound such as carbon dioxide contains three atoms and complicated compounds contain many atoms. An atom is made up of three elementary particles: (1) protons, (2) electrons, (3) neutrons. The proton is a positively charged particle and its charge is equal and opposite to the charge on an electron. It is a constituent of the nucleus of all atoms and the simplest nucleus is that of the hydrogen atom, which contains one proton. The electron is 1/1836 of the mass of a proton and has a negative charge equal and opposite to the charge on the proton. The electrons form a cloud around the nucleus moving within the electric field of the positive charge and around which they are arranged in shells. 1



2



Welding science



The neutron is a particle which carries no electric charge but has a mass equal to that of the proton and is a constituent of the nuclei of all atoms except hydrogen. The atomic number of an element indicates the number of protons in its nucleus and because an atom in its normal state exhibits no external charge, it is the same as the number of electrons in the shells. Isotopes are forms of an element which differ in their atomic mass but not in some of their chemical properties. The atomic weight of an isotope is known as its mass number. For example, an atom of carbon has 6 protons and 6 neutrons in its nucleus so that its atomic number is 6. Other carbon atoms exist, however, which have 7 neutrons and 8 neutrons in the nucleus. These are termed isotopes and their mass numbers are 13 and 14 respectively, compared with 12 for the normal carbon atom. One isotope of hydrogen, called heavy hydrogen or deuterium, has a mass number 2 so that it has one proton and one neutron in its nucleus. Electron shells. The classical laws of mechanics as expounded by Newton do not apply to the extremely minute world of the atom and the density, energy and position of the electrons in the shells are evaluated by quantum or wave mechanics. Since an atom in its normal state is electrically neutral, if it loses one or more electrons it is left positively charged and is known as a positive ion; if the atom gains one or more electrons it becomes a negative ion. It is the electrons which are displaced from their shells, the nucleus is unaffected, and if the electrons drift from shell to shell in an organized way in a completed circuit this constitutes an electric current. In the periodic classification, the elements are arranged in order of their mass numbers, horizontal rows ending in the inert gases and vertical columns having families of related elements. The lightest element, hydrogen, has one electron in an inner shell and the following element in the table, helium, has two electrons in the inner shell. This shell is now complete so that for lithium, which has three electrons, two occupy the inner shell and one is in the next outer shell. With succeeding elements this shell is filled with electrons until it is complete with the inert gas neon, which has two electrons in the inner shell and eight in the outer shell, ten electrons in all. Sodium has eleven electrons, two in the inner, eight in the second and one in a further outer shell. Electrons now fill this shell with succeeding elements until with argon it is temporarily filled with eight electrons so that argon has eighteen electrons in all. This is illustrated in Fig. 1.1 and this brief study will suffice to indicate how atoms of the elements differ from each other. Succeeding elements in the table have increasing numbers of electrons which fill more shells until the table is, at the present time, complete with just over 100 elements.



Heat hydrogen lithium 2 1 sodium 2 8 1



helium 2 beryllium ~) magnesium 8 2



boron 2 3 aluminium 2 8 3



carbon 2 4 silicon 2 8 4



nitrogen 2 5 phosphorus



oxygen 2 6 sulphur



8 5



8 6



fluorine 2 7 chlorine 2 8 7



neon -) z 8 argor 8 8



The shells are then filled up thus: 2 2 2 2 2 2 2 2



8. 8 8 8 8 8 8 8



8. 18. 18 8. 18 18. 18 18 18 32 18 32



8. 18. 18



\i.



The electrons in their shells possess a level of energy and with any change in this energy light is given out or absorbed. The elements with completed or temporarily completed shells are the inactive or inert gases helium, neon, argon, xenon and radon, whereas when a shell is nearly complete (oxygen, fluorine) or has only one or two electrons in a shell (sodium, magnesium), the element is very reactive, so that the characteristics of an element are greatly influenced by its electron structure. When a metal filament such as tungsten is heated in a vacuum it emits electrons, and if a positively charged plate (anode) with an aperture in it is put in front near the filament, the electrons stream through the aperture attracted by the positive charge and form an electron beam. This beam can be focused and guided and is used in the television tube, while a beam of higher energy can be used for welding by the electron beam process (see Volume 2). Fig. 1.1



©



LITHIUM 2 1



BERYLLIUM 2 2
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If the atoms in a substance are not grouped in any definite pattern the substance is said to be amorphous, while if the pattern is definite the substance is crystalline. Solids owe their rigidity to the fact that the atoms are closely packed in geometrical patterns called space lattices which, in metals, are usually a simple pattern such as a cube. The positions which atoms occupy to make up a lattice can be observed by X-rays. Atoms vibrate about their mean position in the lattice, and when a solid is heated the heat energy supplied increases the energy of vibration of the atoms until their mutual attraction can no longer hold them in position in the lattice so that the lattice collapses, the solid melts and turns into a liquid which is amorphous. If we continue heating the liquid, the energy of the atoms increases until those having the greatest energy and thus velocity, and lying near the surface, escape from the attraction of neighbouring atoms and become a vapour or gas. Eventually when the vapour pressure of the liquid equals atmospheric pressure (or the pressure above the liquid) the atoms escape wholesale throughout the mass of the liquid which changes into a gaseous state and the liquid boils. Suppose we now enclose the gas in a closed vessel and continue heating. The atoms are receiving more energy and their velocity continues to increase so that they will bombard the walls of the vessel, causing the pressure in the vessel to increase. Atoms are grouped into molecules, which may be defined as the smallest particles which can exist freely and yet exhibit the chemical properties of the original substance. If an atom of sulphur, two atoms of hydrogen, and four atoms of oxygen combine, they form a molecule of sulphuric acid. The molecule is the smallest particle of the acid which can exist, since if we split it up we are back to the original atoms which combined to form it. From the foregoing, it can be seen that the three states of matter- solids, liquids and gases - are very closely related, and that by giving or taking away heat we can change from one state to the other. Ice, water and steam give an everyday example of this change of state. Metals require considerable heat to liquefy or melt them, as for example, the large furnaces necessary to melt iron and steel. We see examples of metals in the gaseous state when certain metals are heated in the flame. The flame becomes coloured by the gas of the metal, giving it a characteristic colour, and this colour indicates what metal is being heated. For example, sodium gives a yellow coloration and copper a green coloration. This change of state is of great importance to the welder, since he is concerned with the joining together of metals in the liquid state (termed



Heat fusion welding) and he has to supply the heat to cause the solid metal to be converted into the liquid state to obtain correct fusion. Temperature :* thermometers and pyrometers The temperature of a body determines whether it will give heat to, or receive heat from, its surroundings. Our sense of determining hotness by touch is extremely inaccurate, since iron will always feel colder than wood, for example, even when actually at the same temperature. Instruments to measure temperature are termed thermometers and pyrometers. Thermometers measure comparatively low temperatures, while pyrometers are used for measuring the high temperatures as, for example, in the melting of metals. In the thermometer, use is made of the fact that some liquids expand by a great amount when heated. Mercury and alcohol are the usual liquids used. Mercury boils at 375°C and thus can be used for measuring temperatures up to about 330°C. Mercury is contained in a glass bulb which connects into a very fine bore glass tube called a capillary tube and up which the liquid expands (Fig. 1.2). The whole is exhausted of air and sealed off. The fixed points on a thermometer are taken as the melting point of ice and the steam from pure water at boiling point at standard pressure (760 mm mercury). In the Celsius or Centigrade thermometer the freezing point is marked 0 and boiling point 100; thus there are 100 divisions, called degrees and shown thus °. The Kelvin scale (K) has its zero at the absolute zero of temperature, which is — 273.16°C To convert approximately from °C to K add 273 to the Celsius figure. Fig. 1.2. Celsius or Centigrade graduations.



STEAM FROM BOILING WATER AT PRESSURE OF 760 mm Hg



-



Kelvin scale of temperature. This scale of absolute temperature is a thermodynamic temperature scale based on the efficiency of a reversible heat engine. If the reversible cycles are performed at various points on the scale, the amounts of work done on each cycle are equal. The scale is compared with the gas scale of temperature by choosing the degree size and defining the absolute zero Kelvin (K) as —273.16 °C.
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To measure temperatures higher than those measurable with an ordinary thermometer we can employ: (1) Temperature cones. (2) Temperature-indicating paints or crayons. (3) Pyrometers: (a) Electrical resistance. (b) Thermo-electric. (c) Radiation. (d) Optical. (1) Temperature cones (Seger cones) are triangular pyramids made of a mixture of china clay, lime, quartz, iron oxide, magnesia, and boric acid in varying proportions so that they melt at different temperatures and can be used to measure temperatures between 600 °C and 2000 °C. They are numbered according to their melting points and are generally used in threes, numbered consecutively, of approximately the temperature required. When the temperature reaches that of the lowest melting point cone it bends over until its apex touches the floor. The next cone bends slightly out of the vertical while the third cone remains unaffected. The temperature of the furnace is that of the cone which has melted over. (2) Temperature-indicating paints and crayons either melt or change colour or appearance at definite temperatures. Temperature indicators are available as crayons (sticks), pellets or in liquid form and operate on the melting principle and not colour change. They are available in a range from 30 °C to 1650 °C and each crayon has a calibrated melting point. To use the crayon, one of the temperature range required is stroked on the work as the temperature rises and leaves a dry opaque mark until at the calibrated temperature it leaves a liquid smear which on cooling solidifies to a translucent or transparent appearance. Up to 700 °C a mark can be made on the work piece before heating and liquefies at the temperature of the stick. Similarly a pellet of the required temperature is placed on the work and melts at the appropriate temperature while the liquid is sprayed on to the surface such as polished metal (or glass) which is difficult to mark with a crayon, and dries to a dull opaque appearance. It liquefies sharply at its calibrated temperature and remains glossy and transparent upon cooling. (3) Pyrometers, (a) Electrical resistance pyrometers. Pure metals increase in resistance fairly uniformly as the temperature increases. A platinum wire is wound on a mica former and is placed in a refractory sheath, and the unit placed in the furnace. The resistance of the platinum wire is measured (in a Wheatstone's bridge network) by passing a current through it. As the temperature of the furnace increases the resistance of the platinum



Heat



1



increases and this increase is measured and the temperature read from a chart. (b) Thermo-electric (thermo-couple) pyrometers. When two dissimilar metals are connected together at each end and one pair (or junction) of ends is heated while the other pair is kept cold, an electromotive force (e.m.f.) or voltage is set up in the circuit (Peltier Effect). The magnitude of this e.m.f. depends upon (a) the metals used and (b) the difference in temperature between the hot and cold junctions. In practice the hot junction is placed in a refractory sheath while the other ends (the cold junction) are connected usually by means of compensating leads to a millivoltmeter which measures the e.m.f. produced in the circuit and which is calibrated to read the temperature directly on its scale. The temperature of the cold junction must be kept steady and since this is difficult, compensating leads are used. These are made of wires having the same thermo-electric characteristics as those of the thermo-couple but are much cheaper and they get rid of the thermoelectric effect of the junction between the thermo-couple wires and the leads to the millivoltmeter, when the temperature of the cold junction varies. The couples generally used are copper/constantan (60 % Cu, 40 % Ni) used up to 300 °C; chromel (90 % Ni, 10 % Cr)/alumel (95 % Ni, 3 % Mn, 2 % Al) up to 1200 °C; and platinum/platinum-rhodium (10% Rh) up to 1500 °C (Fig. 1.3a). Fig. 1.3 (a) ^ - ^ AJUI I i
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(c) Radiation pyrometers. These pyrometers measure the radiation emitted from a hot body. A 'black body' surface is one that absorbs all radiation falling upon it and reflects none, and conversely will emit all radiations. For a body of this kind, E, the heat energy radiated, is proportional to the fourth power of the absolute temperature, i.e. E oc T 4 (Stefan-Boltzmann Law) so that E = kT4. If a body is however radiating heat in the open, the ratio of the heat which it radiates to the heat that a black body would radiate at the same temperature is termed the emissivity, e, and this varies with the nature, colour and temperature of the body. Knowing the emissivity of a substance we can calculate the true temperature of it when radiating heat in the open from the equation: (Apparent temperature)4 (True temperature) 4 = —— —— emissivity (temperatures are on the absolute scale). In an actual radiation pyrometer the radiated heat from the hot source is focussed on to a thermo-couple by means of a mirror (the focussing can be either fixed or adjustable) and the image of the hot body must cover the whole of the thermo-couple. The e.m.f. generated in the thermo-couple circuit is measured as previously described on a millivoltmeter (Fig. 1.3b). (d) Optical pyrometers. The disappearing filament type is an example of this class of pyrometer. A filament contained in an evacuated bulb like an electric light bulb is viewed against the hot body as a background. By means of a control resistor the colour of the filament can be varied by varying the current passing through it until the filament can no longer be seen, hot body and filament then being at the same temperature. An ammeter measures the current taken by the filament and can be calibrated to read the temperature of the filament directly. The judging of temperatures by colour is usually very inaccurate. If steel is heated, it undergoes a colour change varying from dull red to brilliant white. After considerable experience it is possible to estimate roughly the temperature by this means, but no reliance can be placed on it (Fig. 1.3 c). Temperature gradient and heat affected zone The gradient is the rate of change of a quantity with distance so that the temperature gradient along a metal bar is the rate of change of temperature along the bar. This can be illustrated by Fig. 1.4a, which shows the graph of temperature plotted against distance for a bar heated at one end, the other end being cold. The hot portion loses heat by conduction, convection and



Heat radiation. The conduction of heat along the bar will be greater the better the thermal conductivity of the metal of the bar so that heat travels more quickly along a copper bar than along a steel bar, and the graph shows that the hot end is losing heat to its surroundings much more quickly than the colder parts of the bar. The greater the difference of temperature between two points, the more rapidly is the heat lost. If two steel plates are welded together, Fig. 1.46 shows the temperature gradient from the molten pool to the cold parent plate on each side of the weld. The gradient on one side only is shown in the figure. That portion of Fig. 1.4
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the plate on either side of the weld, affected by the heat and in which the metal suffers thermal disturbance, is known as the Heat-Affected Zone (HAZ) and the areas nearest the weld in which this disturbance is greatest undergo a change in structure which may include recrystallization, refining and grain growth (q.v.). The larger and thicker the plate the more quickly will the molten pool lose heat (or freeze) by conduction and for this reason an arc should never be struck briefly on a thick section cold plate especially in certain steels as the sudden quenching effect may lead to cracking. Fig. 1.4c shows that a butt weld loses heat by conduction in two directions while in a fillet joint the heat has three directions of travel. Both joints also lose heat by convection and radiation. Expansion and contraction When a solid is heated, the atoms of which it is composed vibrate about their mean position in the lattice more and more. This causes them to take up more room and thus the solid expands. Most substances expand when heated and contract again when cooled, as the atoms settle back into their normal state of vibration. Metals expand by a much greater amount than other solid substances, and there are many practical examples of this expansion in everyday life. Gaps are left between lengths of railway lines, since they expand and contract with atmospheric temperature changes. Fig. 1.5a shows the expansion joint used by British Rail. With modern methods of track construction only the last 100 m of rail is allowed to expand or contract longitudinally irrespective of the total continuous length of welded rail, and this movement is well within the capacity of the expansion joint or adjustment switch. Iron tyres are made smaller than the wheel they are to fit. They are heated and expand to the size of the wheel and are fitted when hot. On being quickly cooled, they contract and grip the wheel firmly. Large bridges are mounted on rollers fitted on the supporting pillars to allow the bridge to expand. In welding, this expansion and contraction is of the greatest importance. Suppose we have two pieces of steel bar about 1 m long. If these are set together at an angle of 90 °, as shown, and then welded and allowed to cool, we find that they have curled or bent up in the direction of the weld (Fig. 1.56 and c). The hot weld metal, on contracting, has caused the bar to bend up as shown, and it is evident that considerable force has been exerted to do this. A well-known example of the use to which these forces, exerted during expansion and contraction, are put is the use of iron bars to pull in or strengthen defective walls of buildings.
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Plates or S pieces are placed on the threaded ends of the bar, which projects through the walls which need pulling in. The bar is heated to redness and nuts on each end are drawn up tight against the plates on the walls. As the bar cools, gradually the walls are pulled in. Different metals expand by different amounts. This may be shown by riveting together a bar of copper and a bar of iron about 0.5 m long and 25 mm wide. If this straight composite bar is heated it will become bent, with the copper on the outside of the bend, showing that the copper expands more than the iron (Fig. 1.6). This composite bar is known as a bi-metal strip and is used in engineering for automatic control of temperature.



Fig. 1.5
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There are two other oxides of iron, ferric oxide (F 2 O 3 ) or haematite, which is one of the sources of iron from the earth, and ferrous oxide (FeO), which is a black powder which takes fire when heated in air and forms ferric oxide. Copper is extremely resistant to atmospheric corrosion, since it forms a film of oxide on its surface. This film is very unlike rust on iron, because it protects the metal and offers high resistance to any further attack. In time the oxide becomes changed to compounds having a familiar green colour such as sulphate of copper. When copper is brightly polished and exposed to a clean, dry atmosphere it tarnishes and becomes coated with a thin film of cuprous oxide (Cu 2 O). If the temperature of the copper is now raised, the amount of oxidation increases proportionally and at high temperatures the copper begins to scale. The black scale formed is cupric oxide (CuO), while underneath this is another film of cuprous oxide (Cu 2O), which has a characteristic red colour.
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Aluminium has a great affinity for oxygen and is similar to copper in that it forms a protective coating (of aluminium oxide, A12O3) on its surface, which protects it against further attack. The depth of the film of oxide formed will depend upon the amount of corrosion, since the film adjusts itself to the amount of corrosive influences. As the temperature increases little alteration takes place until near the melting point, when the rate of oxidation increases rapidly. It is the formation of this oxide which makes the welding of aluminium almost impossible unless a chemical (termed a flux) is used to dissolve it or an inert gas shield is used to prevent oxidation. During the welding process, therefore, combination of the metal with oxygen may: (1) Produce a gaseous oxide of a metal present in the weld and thus produce blow or gas holes. (2) Produce oxides which, having a melting point higher than that of the surrounding metal, will form solid particles of slag in the weld metal. (3) Produce oxides which will dissolve in the molten metal and make the metal brittle and weak. (The oxide in this case may form along the boundaries of the crystals of the metal.) Some oxides are heavier than the parent metal and will tend to sink in the molten weld. Others are lighter and will float to the top. These are less troublesome, since they are easier to remove. Oxides of wrought iron and steel, for example, melt very much below the temperature of the parent metal and, being light, float to the surface as a scale. Thus, if care is taken in the welding process, the oxide is not troublesome. In the case of cast iron, however, the oxide melts at a temperature above that of the metal; consequently, it would form solid particles in the weld if not removed. For this reason a 'flux' is used which combines with the oxide and floats it to the surface. In welding copper, aluminium, nickel and brass, for example, a flux must be used to remove the oxides formed (see pp. 55-7). The two most common causes of oxidation in welding are absorption of oxygen from the atmosphere, and use of an incorrect flame with excess oxygen in gas welding. Reduction or deoxidation. Reduction takes place when oxygen is removed from a substance. Evidently it is always accompanied by oxidation, since the substance that removes the oxygen will become oxidized. The great affinity of aluminium for oxygen is made use of in the thermit process of welding and provides an excellent example of chemical reduction.
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Suppose we mix some finely divided aluminium and finely divided iron oxide in a crucible or fireclay dish. Upon setting fire to this mixture it burns and great heat is evolved with a temperature as high as 3000 °C. This is due to the fact that the aluminium has a greater affinity for oxygen than the iron has, when they are hot, and as a result the aluminium combines with the oxygen taken from the iron oxide. Thus the pure iron is set free in the molten condition. The action is illustrated as follows: iron oxide + aluminium -• aluminium oxide + iron Fe 2 O 3 + 2A1 A12O3 + 2Fe. This is the chemical action which occurs in an incendiary bomb. The detonator ignites the ignition powder which sets fire to the thermit mixture. This is contained in a magnesium-aluminium alloy case (called Elektron) which also burns due to the intense heat set up by the thermit reaction. Since oxygen has been taken from the iron, the iron has been reduced or deoxidized and the aluminium is called the reducing agent. To prevent oxidation taking place in a weld, silicon and manganese are used as deoxidizers. More powerful deoxidizers such as aluminium, titanium and zirconium (triple deoxidized) are added when oxidizing conditions are more severe, as for example in CO 2 welding and also in the flux cored continuous wire feed process without external gas shield, and the deoxidizers control the quality of the weld metal. Note. Hydrogen is an electro-positive element, while oxygen is an electro-negative element. Therefore, oxidation is often spoken of as an increase in the ratio of the electro-negative portion of a substance, while reduction is an increase in the ratio of the electro-positive portion of a substance. Examples of: Oxidizing agents (1) Oxygen (2) Ozone (3) Nitric acid (4) Chlorine (5) Potassium chlorate (6) Potassium nitrate (7) Manganese dioxide (8) Hydrogen peroxide (9) Potassium permanganate



Reducing agents (1) Hydrogen (2) Carbon (3) Carbon monoxide (4) Sulphur dioxide (at low temperatures) (5) Sulphuretted hydrogen (6) Zinc dust (7) Aluminium.



Note. Dry SO2 at welding temperatures behaves as an oxidizing agent and oxidizes carbon to carbon dioxide and many metallic sulphides to sulphates.
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Acetylene Acetylene is prepared by the action of water on calcium carbide (CaC2). The carbide is made by mixing lime (calcium oxide) and carbon in an electric arc furnace. In the intense heat the calcium of the lime combines with the carbon, forming calcium carbide and, owing to the high temperatures at which the combination takes place, the carbide is very hard and brittle. It contains about 63% calcium and 37% carbon by weight and readily absorbs moisture from the air (i.e. it is hygroscopic); hence it is essential to keep it in airtight containers. The reaction is: calcium oxide or quicklime + carbon -* calcium carbide + carbon monoxide CaO + 3C -• CaC2 + CO. The carbon monoxide burns in the furnace, forming carbon dioxide. When water acts on calcium carbide, the gas acetylene is produced and slaked lime remains: calcium carbide + water -• acetylene + slaked lime CaC2 + 2H 2O C 2 H 2 + Ca(OH)2. Acetylene is a colourless gas, slightly lighter than air, only very slightly soluble in water, with a pungent smell largely due to impurities. It burns in air with a sooty flame but when burnt in oxygen the flame has a bright blue inner cone. It can be ignited by a spark or even by hot metal and forms explosive compounds with copper and silver so that copper pipes and fittings should never be used with it. If compressed it is explosive but it is very soluble in acetone, which can dissolve 300 times its own volume at a pressure of 1.2 N/mm2 or 12 bar and the acetone is carried on a porous medium in the cylinder which stands vertical when in store or use. Nominal contents vary from 0.57 to 8.69 m3 at 15 °C Liquid petroleum gas (LPG). Propane C 3 H 8 , butane or C 4 H 10 . Propane is a flammable gas used as a fuel gas with either air or oxygen for heating and cutting operations. Its specific gravity compared with air is 1.4-1.6 (butane 1.9-2.1) so that any escaping gas collects at ground level and an artificial stenchant is added to the gas to warn personnel of its presence since it acts as an asphyxiant. Its boiling point at a pressure of 1 atmosphere is — 42 °C (butane — 7°C) and the air-propane and oxy-propane flames have a greater calorific value than air-natural gas or oxy-natural gas for the same conditions of operating pressure. Flame temperature and hence cutting speeds are lower for oxy-propane than oxy-acetylene but propane is considerably cheaper than acetylene. Note. The oxy-propane flame cannot be used for welding.
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Propane burns in air to form carbon dioxide and water and is supplied in steel cylinders painted red in weights 4.8-47 kg. being sold by weight. It is also supplied by tanker to bulk storage tanks in a similar way to oxygen and nitrogen. Liquid natural gas (LNG) is similarly supplied. Carbon



Carbon is of great importance in welding, since it is present in almost every welding operation. It is a non-metallic element, and is remarkable in that it forms about half a million compounds, the study of which is termed organic chemistry. Carbon can exist in three forms. Two of these forms are crystalline, namely diamond and graphite, but the crystals of a diamond are of a different shape from those of graphite. (Carbon is found in grey cast iron as graphite.) Ordinary carbon is a third form, which is non-crystalline or amorphous. Carbon forms with iron the compound ferric carbide, Fe 3 C, known as cementite. The addition of carbon to pure iron in the molten state is extremely important, since the character of the iron is greatly changed. Diamond and graphite are allotropes of carbon. Allotropy is the existence of an element in two or more forms. Carbon is found in organic compounds such as acetylene (C2H 2 ), hexane (C 6 H 14 ), sugar ( C 1 2 H 2 2 O n ) , ethyl alcohol (C 2 H 5 OH), propane (C 3 H 8 ), butane (C 4 H 10 ), methane (CH 4 ), natural gas, etc. Graphite used to be considered as a lead compound, but it is now known that it is a crystalline form of carbon. It is greasy to touch and is used as a lubricant and for making pencils. The oxides of carbon. Carbon dioxide (CO 2 ) is heavier than air and is easily identified. It is formed when carbon is burnt in air, hence is present when any carbon is oxidized in the welding operation: carbon + oxygen -• carbon dioxide



c + o 2 -> co 2 . It will not burn, neither will it support combustion. It turns lime water milky, and this is the usual test for it. When it dissolves in the moisture in the air or rain it forms carbonic acid, which hastens corrosion on steel (see p. 54). Carbon monoxide is formed when, for example, carbon dioxide is passed through a tube containing red-hot carbon: carbon + carbon dioxide -> carbon monoxide -> 2CO. C + CO 2 Hence it may be formed from carbon dioxide during the welding process.
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It is a colourless gas which burns with a blue, non-luminousflame.It is not soluble in water, has no smell and is very poisonous, producing a form of asphyxiation. Exhaust fumes from petrol engines contain a large proportion of carbon monoxide and it is the presence of this that makes them poisonous. Carbon monoxide readily takes up oxygen to form carbon dioxide. It is thus a reducing agent and it can be made to reduce oxides of metals to the metals themselves. The following poisonous gases may be formed during welding operations depending upon the process used, the material being welded, its coating and the electrode type: Gas Carbon monoxide



Ozone, O3



Phosgene, COC12



Example offormation In CO2 welding due to dissociation of some of the CO2 in the heat of the arc. Due to oxygen in the atmosphere being converted to ozone by the ultraviolet radiation from the arc. Whentrichloroethylene(CHCl.CCl2), used for degreasing is heated or exposed to ultraviolet radiation from the arc.



Non-poisonous gases such as carbon dioxide and argon act as asphyxiants when the oxygen content of the atmosphere falls below about 18%. Fumes and pollutant gases also occur during welding due, for example, to the break-up of the electrode coating in metal arc welding and the vaporization of some of the metal used in the welding process. The concentrations of these are governed by a Threshold Limit Value (TLV) and the limits are expressed in parts per million (p.p.m.). Combustion or burning



The study of combustion is very closely associated with the properties of oxygen. When burning takes place, a chemical action occurs. If a flame is formed, the reaction is so vigorous that the gases become luminous. Hydrogen burns in air with a blue, non-luminousflameto form water. In the oxy-hydrogenflame,hydrogen is burnt in a stream of oxygen. This causes intense heat to be developed, with aflametemperature of about 2800 °G The oxy-coal-gas flame is very similar, as the coal gas consists of hydrogen, together with other impurities (methane, carbon monoxide and
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other hydrocarbons). Because of these impurities, the temperature of this flame is much lower than when pure hydrogen is used. The oxy-acetylene flame consists of the burning of acetylene in a stream of oxygen. Acetylene is composed of carbon and hydrogen (C 2 H 2 ), and it is a gas which burns in air with a very smoky flame, the smoke being due, as in the case of a candle, to incomplete combustion of the carbon: acetylene + oxygen -• carbon + water 2C 2 H 2 + O 2 4C + 2H 2 O. By using, however, a special kind of burner, we have almost complete combustion and the acetylene burns with a very brilliant flame, due to the incandescent carbon. The oxy-acetylene welding flame When oxygen is mixed with the acetylene in approximately equal proportions a blue, non-luminous flame is produced, the most brilliant part being the blue cone at the centre. The temperature of this flame is given, with others, in the table: Temperatures of various flames Oxy-acetylene Oxy-butane (Calor-gas) Oxy-propane (liquefied petroleum gas, LPG) Oxy-methane (natural gas) Oxy-hydrogen Air-acetylene Air-methane Air-propane Air-butane (Metal arc: 6000 °C upwards depending on type of arc).



3100°C 2820°C 2815°C 2770 °C 2825°C 2325°C 1850 °C 1900°C 1800 °C



This process of combustion occurs in two stages: (1) in the innermost blue, luminous cone; (2) in the outer envelope. In (1) the acetylene combines with the oxygen supplied, to form carbon monoxide and hydrogen: acetylene + oxygen -• carbon monoxide + hydrogen 2CO + H2. C 2 H 2 + O 2 -> In (2) the carbon monoxide burns and forms carbon dioxide, while the hydrogen which is formed from the above action combines with oxygen to form water: carbon monoxide CO



carbon



+ hydrogen + oxygen -> dioxide + water H2 + + o 2 -> CO 2 + H 2 O.
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The combustion is therefore complete and carbon dioxide and water (turned to steam) are the chief products of the combustion. This is shown in Fig. 1.25. If insufficient oxygen is supplied, the combustion will be incomplete and carbon will be formed. From this it will be seen that the oxy-acetylene flame is a strong reducing agent, since it absorbs oxygen from the air in the outer envelope. Much of its success as a welding flame is due to this, as the tendency to form oxides is greatly decreased. For complete combustion, there is a correct amount of oxygen for a given amount of acetylene. If too little oxygen is supplied, combustion is incomplete and carbon is set free. This is known as a carbonizing or carburizing flame. If too much oxygen is supplied, there is more than is required for complete combustion, and the flame is said to be an oxidizing flame. For usual welding purposes the neutral flame, that is neither carbonizing nor oxidizing, is required, combustion being just complete with excess of neither carbon nor oxygen. For special work an oxidizing or carbonizing flame may be required, and this is always clearly indicated. Silicon (Si) Silicon is an element closely allied to carbon and is found in all parts of the earth in the form of its oxide, silica (SiO2). In its free state, silica is found as quartz and sand. Silicon is also found combined with certain other oxides of metals in the form of silicates. Silicates of various forms are often used as the flux coverings for arc-welding electrodes and are termed 'siliceous matter'. Silicon exists either as a brown powder or as yellow-brown crystals. It combines with oxygen, when heated, to form silica, and this takes place during the conversion of iron to steel. Silicon is present, mixed in small proportions with the iron, and, when oxygen is passed through the iron in the molten state, the silicon oxidizes and gives out great heat, an exothermic reaction. Silicon is important in welding because it is found in cast iron (0.5-3.5%) and steel and wrought iron (up to 0.1%). It is found up to 0.3% in steel castings since it makes the steel flow easily in the casting process. Fig. 1.25. The oxy-acetylene flame.



INNER CONE (HERE ACETYLENE AND OXYGEN FORM CARBON MONOXIDE AND HYDROGEN IN EQUAL VOLUMES)



(HERE THE CARBON MONOXIDE AND HYDROGEN COMBINE WITH OXYGEN FROM THE AIR TO FORM CARBON 010/IDE AND WATER)
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It is particularly important in the welding of cast iron, because silicon aids the formation of graphite and keeps the weld soft and machinable. If the silicon is burnt out during welding the weld becomes very hard and brittle. Because of this, filler rods for oxy-acetylene welding cast iron contain a high percentage of silicon, being known as 'silicon cast iron rods'. This puts back silicon into the weld to replace that which has been lost and thus ensures a sound weld. By mixing silica (sand) and carbon together and heating them in an electric furnace, silicon carbide or carborundum is formed: silica + carbon = silicon carbide + carbon monoxide SiO2 + 3C = SiC + 2CO Carborundum is used for all forms of grinding operations. Silica bricks, owing to their heat-resisting properties, are used for lining furnaces. Iron (Fe) Iron has a specific gravity of 7.8, melts at 1530 °C and has a coefficient of expansion of 0.000 0 12 per degree C. Pure iron is a fairly soft, malleable metal which can be attracted by a magnet. All metallic mixtures and alloys containing iron are termed ferrous, while those such as copper, brass and aluminium are termed non-ferrous. Iron combines directly with many non-metallic elements when heated with them, and of these the following are the most important to the welder: With sulphur it forms iron sulphide (FeS). With oxygen is forms magnetic oxide of iron (Fe3O4). With nitrogen it forms iron nitride (Fe4N). With carbon it forms iron carbide (Fe3C, called cementite). Steel, for example, is a mixture of iron and iron carbide. Formation of metallic crystals



We have seen that atoms in solid substances take up regular geometrical patterns termed as space lattice. There are many types of space lattice but atoms of pure metals arrange themselves mainly into three of the simpler forms termed: (1) body-centred cubic, (2) face-centred cubic, (3) hexagonal close packed. These are shown in Fig. 1.26. In body-centred cubic, atoms occupy the eight corners of a cube with one atom in the centre of the cube giving a relatively open arrangement. Face-centred cubic has eight atoms at the corners of a cube with six atoms, one in the centre of each face, giving a more closely packed arrangement. Hexagonal close packed is formed by six atoms at the corners of a regular hexagon with one in the
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centre, placed over a similar arrangement and with three atoms in the hollows separating top and bottom layer. The student can very simply obtain the three-dimensional picture of these arrangements by using pingpong balls to represent atoms. Copper and aluminium have a face-centred cubic lattice, magnesium a hexagonal close packed. Iron has a bodycentred cubic lattice below 900°C (alpha iron, a), this changes to facecentred cubic from 900 °C to 1400 °C (gamma iron, y\ and reverts to bodycentred cubic from 1400 °C to its melting point at about 1500 °C (delta iron, S). These different crystalline forms are allotropic modifications. When a liquid (or pure molten) metal begins to solidify or freeze, atoms begin to take up their positions in the appropriate lattice at various spots or nuclei in the molten metal, and then more and more atoms add themselves to thefirstsimple lattice, always preserving the ordered arrangements of the lattice, and the crystals thus formed begin to grow like the branches of a tree and, from these arms, other arms grow at right angles, as shown in Fig. 1.27. Eventually these arms meet arms of neighbouring crystals and no further growth outwards can take place. The crystal then increases in size, Fig. 1.26. Types of crystals. RELATIVE POSITION OF ATOMS



BODY CENTRED CUBIC



FACE CENTRED CUBIC
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within its boundary, forming a solid crystal, and the junction where it meets the surrounding crystals becomes the crystal or grain boundary. Its shape will now be quite unlike what it would have been if it could have grown without restriction; hence it will have no definite shape. If we examine a pure metal structure under a microscope we can clearly see these boundary lines separating definite areas (Fig. 1.28), and most pure metals have this kind of appearance, it being very difficult to tell the Fig. 1.27



CENTRES OF SOLIDIFICATION BEGIN TO APPEAR IN THE MOLTEN METAL AS IT COOLS
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difference between various pure metals by viewing them in this way. If impurities are present, they tend to remain in the metal which is last to solidify and thus appear between the arms of the dendrites along the grain boundaries. This method of crystallization is termed dendritic crystallization and the above crystal is termed a dendrite (Fig. 1.29). It can be observed when frost forms on the window pane, and this gives a good illustration of the method of crystal formation, since the way in which the arms of the dendrite interlock can clearly be seen. (The frost, however, only forms on a flat surface, while the metal crystal forms in three dimensions.) Crystals which are roughly symmetrical in shape are termed equi-axed. Recrystallization commences at a definite temperature, and if the temperature is increased greatly above this, the grains become much larger in size, some grains absorbing others. Also, the longer that the metal is kept in the heated condition the larger the grains grow. The rate at which cooling occurs in the case of metals also determines the size of the grains, and the slower the cooling the larger the grains (see grain growth, Fig. 2.17). Large, coarse crystals or grains have a bad effect on the mechanical properties of the metal and decrease the strength. If heat conditions are suitable crystals may grow in one direction, then being long and narrow. These are termed columnar crystals. Fig. 2.22 shows a mild steel arc weld run on a steel plate. There is a thin layer of chill cast crystals on the upper surface of the weld since they cooled quickly in contact with the atmosphere and have had no time to grow. They have been left out for the sake of clarity. Below these are columnar crystals growing towards the centre of greatest heat. Lower still are equi-axed crystals showing grain growth, while below these is a region of small crystals where recrystallization has occurred. Cold work distorts the crystals in the direction of the work (see Fig. 2.22). The size of the grains, therefore, depends on: (1) The type of metal. (2) The temperature to which the metal has been raised. (3) The length of time for which the metal is kept at high temperature. (4) The rate of cooling. Crystals of alloys If one or more metals is added to another in the molten state, they mix together forming a solution, termed an alloy. When this alloy solidifies: (1) It may remain as a solution, in which case we get a crystal structure similar to that of pure metal.
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Fig. 1.29 (a) Fir tree (dendritic) crystals in the shrinkage cavity of a large carbon steel casting. The crystals have grown mainly in one direction, but the growth of the lateral arms at right angles to the main axes is clearly seen. (^ actual size.) (b) Portion of a nickel chrome molybdenum steel ingot showing interlocking of the dendrites. In this case crystallization has started from a series of centres, and the growth of any one dendritic crystal has been restricted by the presence of neighbouring crystals.



(b)
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(2) The two metals may tend to separate out before solidifying, in which case the crystal structure will be a mixture of the crystals of the two metals, intimately mixed together. Copper-nickel and chromium-iron are examples of the first kind of crystal formation, while lead-tin and copper-zinc are examples of the second kind. Welding has a very great effect on the structure and crystal form of metals, and the above brief study will enable the reader to have a clearer understanding of the problem. Metallic alloys and equilibrium diagrams are dealt with in much greater detail in Chapter 3. Effects of corrosion on welds in steel Corrosion is a chemical action on a metal, resulting in the conversion of the metal into a chemical compound. The rusting of iron, which we have considered, is a good example. In the presence of air and water, the iron eventually changes into oxides and hydroxides of iron and then into hydrated carbonates. In addition to this type of attack, the matter which is suspended in the atmosphere also assists corrosion. The very small proportion of carbon dioxide in the atmosphere becomes dissolved in the rain, forming very weak carbonic acid, and this attacks steel, again forming carbonates. In and near large towns the atmosphere contains a very much larger proportion of suspended matter than in the country. Smoke and fumes contain, among other compounds, sulphur dioxide, which again dissolves in rain to form sulphurous acid. This is oxidized into dilute sulphuric acid, which again attacks the steel, the attack being much stronger than in the case of the carbonic acid. Near the coast, the salt in the atmosphere forms hydrochloric acid and caustic soda, and severe corrosion occurs in these areas. In addition to this direct form of chemical attack there is a second type of attack which is at first not so apparent. When two different metals are placed in a conducting liquid, such as a dilute acid or alkali, an electric cell or battery is formed, one of the metals becoming electro-positive, while the other becomes electro-negative. The difference of electrical pressure or voltage between these two plates will depend upon the metals chosen. In the case of a welded joint, if the weld metal is of different structure from the parent metal, we have, if a conducting liquid is present, an electric cell, the plates of which are connected together or short-circuited. The currents which flow as a result of this are extremely minute, but nevertheless they greatly accelerate corrosion. This effect is called electrolysis, and its harmful effects are now well known.
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The deposited metal in the weld is never of the same composition as the parent metal, although it may have the same properties physically. In the welded region, therefore, dissimilar metals exist, and in the presence of dilute carbonic acid from the atmosphere (or dilute sulphuric acid as the case may be) electrolytic action is set up and the surfaces of the steel become pitted. Now if the weld metal is electro-positive to the parent metal, the weld metal is attacked, since it is the electro-positive plate which suffers most from the corrosive effect. On the other hand, if the parent steel plate is electro-positive to the weld metal, the plate is attacked and since its surface area is much larger than that of the weld, the effect of corrosion will be less than if the weld had been attacked. Thus, weld metal should be of the same composition throughout its mass to prevent corrosion taking place in the weld itself. It should also be electronegative to the parent metal to prevent electrolytic action causing pitting of its surface, and it must resist surface oxidation at least as well as the parent metal.



Fluxes Oxy-acetylene welding Most metals in their molten condition become oxidized by the absorption of oxygen from the atmosphere. For example, aluminium always has a layer of aluminium oxide over its surface at normal temperature, and has a very great affinity for oxygen. To make certain that the amount of oxidation is kept a minimum, that any oxides formed are dissolved or floated off, and that welding is made as easy and free from difficulties as possible, fluxes are used. Fluxes, therefore, are chemical compounds used to prevent oxidation and other unwanted chemical reactions. They help to make the welding process easier and ensure the making of a good, sound weld. The ordinary process of soldering provides a good example. It is well known that it is almost impossible to get the solder to run on to the surface to be soldered unless it is first cleaned. Even then the solder will not adhere uniformly to the surface. If now the surface is lightly coated with zinc chloride or killed spirit (made by adding zinc to hydrochloric acid or spirits of salt until the effervescing action ceases), the solder runs very easily wherever the chloride has been. This 'flux' has removed all the oxides and grease from the surface of the metal by chemical action and presents a clean metal surface to be soldered. This makes the operation much easier and enables a much better bond with the parent metal to be obtained. Fluxes used in oxy-acetylene welding act in the same way. Flux-covered rods are now available for bronze and aluminium welding.
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Brass and bronze A good flux must be used in brass or bronze welding, and it is usual to use one of the borax type, consisting of sodium borate with other additions. (Pure borax may be used.) The flux must remove all oxide from the metal surfaces to be welded and must form a protective coating over the surfaces of the metal, when they have been heated, so as to prevent their oxidation. It must, in addition, float the oxide, and the impurities with which it has combined, to the top of the molten metal. Aluminium and aluminium alloys The flux must chemically remove the film of aluminium oxide (melting point over 2000 °C) and must float any impurities to the surface of the molten pool. A typical flux contains, by weight, lithium chloride 0-30%, potassium fluoride 5-15%, potassium chloride 0.6% and the remainder sodium chloride. The fluxes are very hygroscopic (absorb moisture readily) and should always be kept in an airtight container when not in use. They are very corrosive and after welding the work should be well scrubbed in hot water or treated with a 5% solution of nitric acid in water to remove all traces of flux. The use of these fluxes has now been largely superseded by the use of the TIG and MIG processes for the welding of aluminium, using inert gases and the arc for dispersal of the oxide films. Cast iron When welding wrought iron and mild steel the oxide which is formed has a lower melting point than the parent metal and, being light, floats to the surface as a scale which is easily removed after welding. No flux is, therefore, required when welding mild steel or wrought iron. In the case of cast iron, oxidation is rapid at red heat and the melting point of the oxide is higher than that of the parent metal, and it is, therefore, necessary to use a flux which will combine with the oxide and also protect the metal from oxidation during welding. The flux combines with the oxide and forms a slag which floats to the surface and prevents further oxidation. Suitable fluxes contain sodium, potassium or other alkaline borates, carbonates, bicarbonates and slag-forming compounds. Copper Copper may be welded without a flux, but many welders prefer to use one to remove surface oxide and prevent oxidation during welding. Borax is a suitable flux, and its only drawback is that the hard, glass-like scale of copper borate, which is formed on the surface after welding, is hard
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to remove. Special fluxes, while consisting largely of borax, contain other substances which help to prevent the formation of this hard slag. To sum up, we may state, therefore, that fluxes are used: (1) To reduce oxidation. (2) To remove any oxide formed. (3) To remove any other impurities. Because of this, the use of a flux: (1) Gives a stronger, more ductile weld. (2) Makes the welding operation easier. It is important that too much flux should never be used, since this has a harmful effect on the weld. Manual metal arc flux-covered electrodes If bare wire is used as the electrode in MMA welding many defects are apparent. The arc is difficult to strike and maintain using d.c; with a.c. it is extremely difficult. The resulting 'weld' lacks good fusion, is porous, contains oxides and nitrides due to absorption of oxygen and nitrogen from the air, and as a result the weld is brittle and has little strength. To remedy these defects electrodes are covered with chemicals or fluxes which: (1) Enable the arc to be struck and maintained easily on d.c. or a.c. supplies. (2) Provide a shield of gases such as hydrogen or carbon dioxide to shield the molten metal in its transference across the arc and in the molten pool in the parent plate from reacting with the oxygen and nitrogen of the atmosphere to form oxides and nitrides, which are harmful to the mechanical properties of the weld. (3) Provide a slag which helps to protect the metal in transit across the arc gap when the gas shield is not voluminous, and which when solidified protects the hot metal against oxidation and slows the rate of cooling of the weld; also slag-metal reactions can occur which alter the weld metal analysis. Also alloying elements can be added to the coverings in which case the core wire analysis will not match the weld metal analysis. We have seen that an oxide is a compound of two elements, one of which is oxygen. Many oxides are used in arc welding fluxes, examples of which are: silicon dioxide SiO2 (A), manganous oxide MnO (B), magnesium oxide MgO (B), calcium oxide CaO (B), aluminium oxide A12O3 (Am), barium oxide BaO (B), zinc oxide ZnO (Am), ferrous oxide FeO (B). Oxides may be classified thus: acidic, basic and amphoteric, indicated by A, B and Am above (other types are dioxides, peroxides, compound oxides and neutral oxides). An acidic oxide reacts with water to form an acid thus: SO2 (sulphur dioxide) + H 2 O = sulphurous acid (H 2 SO 3 ).
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In the case of silicon dioxide SiO2, which is insoluble in water, it reacts similarly with fused sodium hydroxide (NaOH) to form sodium silicate and water thus: SiO2 + 2 NaOH = Na 2 SiO 3 + H 2 O. Basic oxides interact with an acid to form a salt and water only thus: calcium oxide (CaO) reacts with hydrochloric acid (HC1) to form calcium chloride (CaCl 2) and water: CaO + 2 HC1 = CaCl 2 + H 2 O. Amphoteric oxides can exhibit either basic or acidic properties. Aluminium oxide (A12O3) reacts with dilute hydrochloric acid as a basic oxide thus: A12O3 + 6 HC1 = 2A1C13 + 3H 2 O, but as an acidic oxide it reacts with sodium hydroxide thus: A12O3 + 2 NaOH = 2 NaAlO 2 + H 2 O. When oxides are mixed to form fluxes the ratio of the basic to acidic oxides is termed the basicity and is important, as for example in the fluxes used for submerged arc welding (q.v.) where the flux must be carefully chosen in conjunction with the electrode wire to give the desired mechanical properties to the weld metal. To illustrate the action of the flux-covered electrode we may consider the reaction between a basic oxide such as calcium oxide (CaO) and an acidic oxide such as silicon dioxide (SiO2). With great application of heat these will combine chemically to form calcium silicate, which is a slag, thus: calcium oxide + silicon dioxide -> calcium silicate CaO + SiO2 -* CaSiO 3 . Similarly if we use iron oxide (Fe 2 O 3 ) and silicon dioxide (SiO2) in the covering of the electrode, in the heat of the arc they will combine chemically to form iron silicate, which floats to the top of the molten pool as a slag, protects the hot metal from further atmospheric oxidation and slows down the cooling rate of the weld. iron oxide + silicon dioxide = iron silicate Fe 2 O 3 + 3SiO2 = Fe 2 (SiO 3 ) 3 The most common slag-forming compounds are rutile (TiO2), limestone (CaCO 3 ), ilmenite (FeTiO 3), iron oxide (Fe 2 O 3 ), silica (SiO2), manganese oxide (MnO 2 ) and various aluminium silicates such as felspar and kaolin, mica and magnesium silicates. Deoxidizers such as ferrosilicon, ferromanganese and aluminium are also added to reduce the oxides that would be formed in the weld to a negligible amount.
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The chemical composition of the covering also has an effect on the electrical characteristics of the arc. Ionizers such as salts of potassium are added to make striking and maintaining the arc easier, and for arcs of the same length there is a higher voltage drop when a coating releases hydrogen as the shielding gas than when one releases carbon dioxide. For a given current this higher voltage drop gives greater energy output from the arc, and hydrogen releasing coatings are usually cellulosic, giving a penetrating arc, thin slag cover and quite an amount of spatter. Other coatings are discussed in detail in the section in Volume 2, Chapter 3 under the heading ' Classification of covered electrodes for the manual metal arc welding of carbon and carbon-manganese steels'. For the arc welding of bronze (also copper and brass) the flux must dissolve the layer of oxide on the surface and, in addition, must prevent the oxidation of the metal by providing the usual sheath. These coatings contain fluorides (cryolite and fluorspar) and borates and the rods are usually operated on the positive pole of a direct current supply. The flux of the aluminium rod is a mixture of chlorides and fluorides, as for oxy-acetylene welding of aluminium. It acts chemically on the oxide, freeing it, and this enables it to be floated to the surface of the weld. It is corrosive and also tends to absorb moisture from the air; hence the weld should be well cleaned with hot water on completion, while the electrodes should be stored in a dry place. In fact, all electrodes should be kept very dry, since the coatings tend to absorb moisture and the efficiency of the rod is greatly impaired if the covering is damp. The manual metal arc welding of aluminium and its alloys has been largely superseded by the inert gas shielded-metal arc processes, TIG and MIG. Materials used for electrode coatings (1) Rutile. Rutile is a mineral obtained from rutile-bearing sands by suction dredging. It contains about 88-94% of TiO 2 and is probably the most widely used material for electrode coatings. Ilmenite is a naturally occurring mineral composed of the oxides of iron and titanium FeTiO 3 (FeO, TiO 2 ) with about 45-55% TiO 2 . After separation of impurities it is ground to the required mesh size and varies from grey to brown in colour. (2) Calcium carbonate or limestone is the coating for the basic coverings of electrodes. The limestone is purified and ground to required mesh size. The slag is very fluid and fluorspar is added to control fluidity. The deposited metal is very low in hydrogen content. (3) Fluorspar or fluorite is calcium fluoride and is mined, separated from impurities, crushed, screened, and ground, and the ore constituents are



60



Welding science



separated by a flotation process. Too great an addition of this compound to control slag fluidity affects the stability of the a.c. arc. (4) Solka floe is cellulose acetate and is prepared from wood pulp. It is the main constituent of class 1 cellulose electrodes. Hydrogen is given off when it decomposes under the heat of the arc so that there is a large voltage drop and high power giving deep penetration. Arc control is good but there is hydrogen absorption into the weld metal. (5) Felspar is an anhydrous silicate of aluminium associated with potash, soda, or calcium, the potash felspar being used for electrode coatings. It is used as a flux and a slag-producing substance. The potash content stabilizes the a.c. arc and it is generally used in association with the rutile and iron oxide-silica coatings. The crystalline ore is quarried and graded according to impurities, ground, and the powder finally air-separated. The binders in general use for the materials composing electrode coatings are silicates of potassium and sodium. (6) Ball clay. A paste for an electrode coating must flow easily when being extruded and must hold liquid present so that it will not separate out under pressure; also the freshly extruded electrode must be able to resist damage when in the wet or green condition. Because of the way in which its molecules are arranged ball clay gives these properties to a paste and is widely used in those classes of electrodes in which the presence of hydrogen is not excluded. Found in Devon and Cornwall, it is mined, weathered, shredded, pulverized and finally sieved. (7) Iron powder is added to an electrode coating to increase the rate of metal deposition. In general, to produce the same amount of slag with this powder added to a coating it generally has to be made somewhat thicker. To produce the iron powder, pure magnetic oxide of iron is reduced to cakes of iron in a bed of carbon, coke and limestone. The 'sponge cakes' which are formed are unlike ordinary iron in that they can be pulverized to a fine powder which is then annealed. Electrodes may contain up to 50% of iron powder. (8) Ferromanganese is employed as a deoxidizer as in steel-making to remove any oxide that has formed in spite of the arc shield. It reacts with iron oxide to form iron and manganese dioxide, which mixes with the slag. (9) Mica is a mineral found widely dispersed over the world. It is mined and split into sheets. The larger sizes are used for electrical purposes such as commutator insulation and the smaller pieces are ground into powder form. It is used in electrode coatings as a flux and it also assists the extrusion and gives improved touch welding properties with increase in slag volume. (10) Sodium alginate is extracted from certain types of seaweed. It is used



Fluxes



61



in electrode coatings because when made into a viscous paste, it assists extrusion and is especially useful when the coating contains a large proportion of granules. The flux coating on electrodes may be applied in one of the following ways: (1) Solid extrusion. (2) Extrusion with reinforcement. (3) Dipping. (1) Solid extrusion. This is the way in which most of the present-day electrodes are produced. The flux, in the form of a paste, is forced under pressure around the wire core. The thickness of the flux covering can be accurately controlled and is of even thickness all round the wire core, the method being suitable for high speed production. This covering, however, will not stand up to very rough handling, nor to bending (as is sometimes required when welding awkwardly placed joints) since the covering flakes off. (2) Extrusion with reinforcement. In this method the reinforcement enables the covering to withstand more severe handling and bending without flaking. The reinforcement may be: (a) An open spiral of yarn wound on the rod, the space between the spiral coils being filled with extruded flux. (b) A close spiral of yarn wound over a solid extrusion of flux applied first to the wire coil, and this flux covering strengthened by a yarn or by a single or double helical wire winding. (3) Dipping. The dipping process has been largely superseded by the other two methods. Certain rods having special applications are, however, still made by this process. Repeated dippings are used to give thicker coatings. Method 1 is used almost entirely at the present time. Methods 2 and 3 are for reference only. Fluxes used in submerged arc welding (often known as sub-arc) In this method of automatic welding, the arc is struck between the wire electrode, which is fed continuously to the nozzle, and the work to be welded. Arc, molten pool and cooling metal are submerged beneath a layer of granulated flux evenly laid along the line of the weld from a hopper and laying pipe attached to the welding head. The flux is deposited in front of the arc as it travels and is of sufficient depth to submerge it. The
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welding head may be tractor-driven over the work or the work may move below the fixed welding head as for circumferential seams. Thus: (1) A layer of flux is formed under the heat of the arc, protecting arc, molten pool and cooling weld metal. (2) There is neither spatter nor effect of UV or IR radiation. (3) Deoxidation and alloying elements are easily added to the flux and hence the weld metal. (4) The arc stability is increased and its characteristics varied. (5) The weld contour and surface are shaped to give a good finish. Fluxes for sub-arc welding usually consist of metallic oxides such as CaO, MgO and FeO and fluorides such as CaF 2 and may be divided into two classes: (1) fused, (2) agglomerated, according to the method of manufacture. Fused fluxes. The constituents such as quartz, limestone and manganese dioxide (MnO 2) with small quantities of fluorspar and aluminium oxide (A12O3) are melted in an electric arc furnace where the MnO 2 is reduced to MnO. When the melt attains the state of a glossy paste it can be cooled, crushed and then ground, and a suitable grain size obtained by sieving, the grains being about 0.2-1.6 mm diameter. This type of flux is homogeneous and was the first type of flux to be used. Agglomerated fluxes. These are more easily manufactured than the fused type, being made at a lower temperature. They are heterogeneous because they include compounds in powder form whose grains join together by the agglomeration process and make larger grains, each grain having the correct proportion of each component. The dry powder is fed onto a rotating disc with the addition of water glass (a concentrated and viscous solution of sodium and potassium silicate) as a binding agent. The grains are then furnace-dried at about 700-800 °C and then sieved to give grains somewhat the same as for fused flux, 0.2-1.6 mm. Because of the lower manufacturing temperature this flux is more chemically active so that reactions take place between molten weld metal and molten flux during melting and solidification and fluxing ingredients are easily added to give the flux definite properties as follows: (1) Deoxidation elements added (e.g. FeSi, FeMn, or FeSiMn) so that the process is not dependent upon the reduction of MnO 2 to MnO. (2) Alloying elements added to give the flux varying properties.
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(3) Easy slag removal and good weld appearance. (4) High resistance to porosity. (5) Low specific flux consumption (kg melted flux/kg melted electrode). Basicity of fluxes used in submerged arc welding We have already seen that there are three types of oxide, acidic, basic, amphoteric (p. 57). The chemical nature of a welding flux can be expressed as the basicity from the generally used formula, expressed in weights %: B (basicity) =



CaO + MgO + Na 2 O + K 2 O + CaF 2 + |(MnO + FeO) SiO2



The formula indicates the relation between basic and acidic oxides in the flux. It can be seen that MnO and FeO (amphoteric) are regarded as half basic, while TiO 2, ZnO 2 and A12O3 are regarded as half acidic. The CaF 2 reacts with the SiO2 to give CaO and is regarded as basic, reducing the activity of the SiO2 thus: SiO2 + 2CaF 2 -> 2CaO + SiF 4, the latter being given off as a gas. Welding fluxes can thus be divided as follows: Welding acidic neutral basic high basic



flux



Basicity



Melting point (°C)



^0.9 = 0.9-1.2 = 1.2-2.0 >2.0



1100-1300 1300-1500 > 1500 > 1500



Some microslag remains in the final weld metal, the quantity depending upon the melting temperature. Slags that solidify at temperatures above that of the weld pool have a weld deposit with a relatively small quantity of microslag compared with those that solidify at temperatures below that of the weld pool. If basic or high basic fluxes are used the microslag solidifies before the weld deposit and floats to the surface to join the top slag. With acid or neutral fluxes the slag has a lower melting point than the weld deposit and the microslag does not float up to the top slag so that more microslag is entrapped by the solidifying grains of the weld metal. A small quantity of microslag is advantageous to the strength of the weld and a method of determining the oxide slags present in the weld metal is
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to measure the oxygen content, the acidic fluxes having greater than 770 ppm (parts per million), the basic fluxes 300-500 ppm and high basic fluxes less than 300 ppm. Use of an acidic flux may give an impact strength of 50 J at 0 °C, while use of neutral, basic or high basic fluxes under the same operating conditions may give values of 50 J at — 20 °C, - 4 0 °C and - 6 0 °C respectively (ISO specimens). The trouble is that as the basicity decreases the welding characteristics are improved, the arc is rendered more stable, weld appearance is improved and slag removal is made easier. In general, the flux should match the welding wire and parent metal, as shown by the makers. Choose the highest basicity compatible with impact, yield and tensile strength, and good arc characteristics with good weld profile and easy slag removal, and remember that in any weld the ratio of parent metal to weld metal depends upon the method of preparation of the joint.
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Production and properties of iron and steel Before proceeding to a study of iron and steel it will be well to understand how they are produced. Iron is found in the natural form as iron ores. These ores are of four main types: (1) Haematite, red or brown Fe2O3, containing 40-60% iron. (2) Magnetite or magnetic oxide of iron, Fe3O4, containing up to 70% iron. (3) Limonite, a hydrated ore, Fe2O3*3H2O, containing 20-50% iron. (4) Siderite, a carbonate, FeCO3, with iron content 20-30%. Limonite and siderite are termed lean ores since they are so low in iron. The ore found in England in Lincolnshire, Northamptonshire, Leicestershire and Oxfordshire is one of low iron content and is generally obtained by opencast working. Iron ore, as mined, contains appreciable amounts of earthy waste material known as gangue, and if this were fed into the furnace with the ore, more fuel would be consumed to heat it up and it would reduce the furnace capacity. Ores are washed, or magnetically separated in the case of the magnetic ores, to remove much of this waste material. They are roasted or calcined to drive off the moisture and carbon dioxide and to remove some of the sulphur by oxidation to sulphur dioxide, and crushed to bring the lumps to a more uniform size. Agglomeration of ores



Finer particles of ores (fines) cannot be fed into the furnace because they would either be blown out or would seal up the spaces in the burden (coke, ore and flux) necessary for the passage of the blast. The smaller particles can be made to stick together or agglomerated either by sintering or pelletizing. 65
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Sintering. The materials are chiefly iron ore fines, blast furnace flue dust, limestone and/or dolomite and coke breeze or fine anthracite as fuel. They are mixed, moistened and loaded on to a moving grate consisting of pallets through which air can circulate. The mixture is ignited by gas or oil jets and burns, sucking air through the bed. The sinter is tipped from the end of the moving gate, large lumps being broken up by a breaker. Pelletizing. The ore is usually wet concentrates made into a thick slurry to which a small amount of bentonite is added. This is then balled by feeding it into a slowly rotating drum inclined at 5-10° to the horizontal. The green balls are then fed into a vertical shaft furnace or onto a travelling grate as in sintering where they are dried, fired and cooled. The blast furnace The furnace is a vertical steel stack lined with refractories. Charging is done at the top and pig iron and slag are tapped from the bottom (Fig. 2.1). Large volumes of gases (including carbon monoxide) are Fig. 2.1. The blast furnace.



ZONE 1 ORE LOSES MOISTURE; BECOMES MORE POROUS



ZONE 2 REDUCTION STARTS; IRON AND IMPURITIES BEGIN TO SEPARATE



ZONE 3 REDUCTION COMPLETE ORE FIRST BECOMES SPONGY AND THEN FLUID; IRON AND SLAG START TRICKLING DOWN TO THE HEARTH



ZONE 4 SLAG IRON ....'0 AND SLAG SEPARATE AND ARE ..... TAPPED AT DIFFERENT LEVELS
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evolved during operation of the furnace and are burnt in stoves which provide the heat to raise the temperature of the air blast to about 1350 °C. This reduces the amount of coke required because combustion speed is increased and thus efficiency is increased and there is a reduction in the sulphur content of the pig iron. Four-fifths of the air in the blast is nitrogen, which takes no part in the process yet has to be raised in temperature. By enriching the blast with oxygen (up to 30%) the nitrogen volume is reduced and the efficiency increased. During the operation of the furnace the burning coke produces carbon monoxide, which reduces the ore to metal. This trickles down to the bottom of the furnace where the temperature is highest. The limestone is decomposed into lime (calcium oxide), which combines with the silica in the gangue to form a slag, calcium silicate, and the iron begins to take in carbon. Slag is tapped from the upper notches and pig iron from the lower (Fig. 2.1). Blast furnaces in Europe, the United States and Japan are becoming increasingly larger with greater productivity. Modern furnaces can use oil fuel injection, top pressure, high blast temperatures, oxygen enrichment and pre-reduced burden in the quest for greater economy in energy and increased productivity. Because of the large volume of these furnaces (4600 m 3 ) it is difficult to distribute the reducing gases evenly throughout the burden, so ore size is carefully graded, strong coke is used, and equalization is done by high-toppressure nitrogen, which reduces the velocity of the gas in the lower regions of the furnace, keeping the gas in longer contact with the burden and allowing it to ascend more uniformly thus achieving more efficient reduction. Furnace construction can be by the stack being welded on to a ring girder which is supported on four columns or there can be a free-standing stack within a structure of four columns. The refractories are carbon and carbon with graphite for the tuyeres and hearth, and aluminium oxide (alumina) for the stack. Cooling is by forced-draught air or by water for the underhearth, and flat copper coolers or staves are used for the stack with open- or closed-circuit cooling water systems. Typical burdens are 80% sinter, 20% ore or 60/40% sinter, 40/60% pellets; coke and burden are screened, weighed and delivered to the furnace on a charging conveyor, the charging system being either double bell or bell-less with a distribution chute. Furnace charging may be done automatically and can be fully computerized. The gas cleaning plant incorporates a dust catcher and water scrubber.
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Direct reduction of iron ore As alternatives to the blast furnace method of producing iron from its ore, other processes can be used, not dependent upon the use of coke. The ore is converted into metallized pellets or sponge iron by removing the oxygen from the iron to leave metallic iron. The amount of metallic iron produced from a given quantity of ore is termed the degree of metallization and is the ratio of the amount of metallic iron produced to the total iron in the ore. The iron left after the removal of the oxygen has a honeycomb structure and is often termed sponge iron. Direct reduction (DR) processes may be classed according to the type of fuel used: either gaseous hydrocarbons using reduced gases produced by reforming from natural gas (methane); or solid fuel such as coal or coke breeze. The gaseous fuel type can be a vertical retort (Hyl), vertical shaft furnace (Midrex) or a fluidized bed (HIB) while the solid fuel type uses rotary hearths or kilns (SL/RN, Krupp). A high degree of purity of ore is required for sponge iron because gangue is not removed at the iron-making stage but later in the steel-making process, so that the more gangue present, the less the efficiency of the process. At present pelletized concentrates are used but screened natural lump ore of similar purity can now be used as processing difficulties have been overcome. Typical of the gaseous type of direct reduction plant installed by British Steel is the Midrex, using natural gas as the reductant. The natural gas is steam-reformed to produce carbon monoxide and hydrogen thus: methane steam carbon monoxide hydrogen CH 4 + H 2 O + heat -* CO + 3H 2 . Other hydrocarbons such as naphtha or petroleum can also be used as reductants. Considering haematite, Fe 2 O 3 , as the ore, the carbon monoxide and hydrogen which are both reducing gases act as follows on the ore, reducing it to metallic iron of spongy appearance, the reduction taking place above 800 °C. Fe 2 O 3 + 3CO -> 2Fe 4- 3CO2 + heat (exothermic). Fe 2 O 3 4- 3H2 + heat -• 2Fe + 3H 2 O (endothermic). Cold oxide pellets are fed by successive additions into the top of the vertical shaft furnace up which flows a counter-current of heated reducing gas (carbon monoxide and hydrogen). Metallization occurs and the metallized pellets are taken from the bottom of the furnace so that the process is continuous and economical in labour, achieving a metallization of 92-95%, the off-gases being recovered and recycled (Fig. 2.2).
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DR iron is used chiefly in the electric arc and basic oxygen furnaces and it is evident that the future of this gaseous type of reduction depends upon a continuing supply of natural gas at a price competitive with that of coke. Cast iron



Pig iron from the blast furnace is not refined enough for making castings, so in the foundry the iron for casting is prepared as follows: a coke fire is lit at the bottom of the small blast furnace or cupola and then alternate layers of pig iron (broken up into pieces) and scrap and coke together with small quantities of limestone as flux (for purifying and deslagging) are added. When the mass has burnt up, the blast is turned on Fig. 2.2. Direct reduction of iron ore by the Midrex process.
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and the molten iron (melting point 1130°C) flows to the bottom of the furnace from where it is tapped into ladles or moulds direct. Cast iron is relatively cheap to produce and its melt fluidity gives excellent casting properties. It is an alloy of many elements, and an average composition is: iron 95-98%, carbon 3-4%, silicon below 3%, sulphur below 0.2%, phosphorus below 0.75%, manganese below 1%. The carbon exists in two forms: chemically combined carbon, and free carbon simply mixed with the iron and known as graphite. The grey look of a fracture of grey cast iron is due to this graphite, which may be from 3 to 3^%, while the chemically combined carbon may range from 0.5 to 1.5%. As the amount of combined carbon increases, so do the hardness and brittleness increase, and if cast iron is cooled or chilled quickly from a very high temperature, the amount of combined carbon is increased, and the free carbon is reduced. As a result this type of cast iron is more brittle and harder than grey iron, and since it has a white appearance at a fractured surface, it is termed white cast iron. This has from 3 to 4% of carbon chemically combined. Cast iron possesses very low ductility, and for this reason it presents difficulty in welding because of the strains set up by expansion and contraction tending to fracture it. The properties of cast iron can be modified by the addition of other elements. Nickel gives a fine grain and reduces the tendency of thin sections to crack, while chromium gives a refined grain and greatly increases the resistance to wear. The addition of magnesium enables the graphite normally present in flake form to be obtained in spheroidal form. This SG (spheroidal graphite) cast iron is more ductile than ordinary cast iron (see pp. 82-3). Wrought iron Wrought iron is now of historical interest only and is very difficult to obtain. It is manufactured from pig iron by the pudding process which removes impurities such as carbon, sulphur and phosphorus leaving nearly pure iron. A typical analysis is: iron 99.5-99.8%, carbon 0.01-0.03%, silicon 0-0.1%, phosphorus 0.04-0.2%, sulphur 0.02-0.04%, and manganese 0-0.25%. When fractured, wrought iron shows a fibrous or layered structure but will bend well and is easily worked when hot. It does not harden on cooling rapidly and can be welded in the same way as mild steel. Steel-making Pig iron consists of iron together with 3-4% carbon, present either in the combined form as iron carbide or in the free form as graphite, the
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composition depending upon the type of iron ore used. In addition it contains other elements, the chief of which are manganese, silicon, sulphur and phosphorus. By oxidation of the carbon and these other elements the iron is converted into steel, the composition of which will have the required carbon and manganese percentage with a very small amount of sulphur and phosphorus (e.g. sulphur 0.02% max. and phosphorus 0.03% max.) for a typical welding-quality steel. There are two processes in steel-making, acid and basic, and they differ in the type of slag produced and in the refractory furnace lining. In the acid process, low-sulphur and -phosphorus pig iron, rich in silicon, produces an acid slag (silica) and the furnace is lined with silica refractories to prevent reaction of the lining with the slag. In the basic process, which is largely used nowadays, phosphorus-rich pig irons can be treated with lime (a base) added to the slag to reduce the phosphorus content, and the slag is now basic. The refractory lining of the furnace must now be of dolomite (CaO, MgO) or magnesite (MgO) to prevent reaction of the slag with the furnace lining. This basic process enables widely distributed ores, with high phosphorus and low silica content, to be used. Much steel was formerly made by the Bessemer process (acid or basic), in which an air blast is blown through the charge of molten iron contained in a steel converter lined with refractories, oxidizing the impurities, with the exothermic reaction providing the necessary heat so that no external heat source is required. The large volume of nitrogen in the air blown through the charge wastes much heat and in addition nitrogen forms nitrides in the steel reducing the deep-drawing properties of the steel, so the process is now little used. In the Open Hearth (acid or basic) process, now obsolete, the heat required to melt and work the charge is obtained from the burning of a producer gas-and-air mixture over the hearth. Both gas and air are heated to a high temperature (1200 °C) by passing them through chambers of checkered brickwork in which brick and space alternate. In order that the process is continuous a regenerative system is used (Fig. 2.3). There are two sets of chambers each, for gas and air. While the gas and air are being heated in their passage through one pair of chambers, the high-temperature waste gases are pre-heating the other pair ready for the change-over. Pig iron and scrap are fed into the furnace by mechanical chargers, the pig iron being fed in the molten condition if the steel-making furnace is near the blast furnace as in integrated plants. The charging doors are on one side and the tapping hole on the other, the hearth capacity being 30-200 tonnes. When the charge is molten, iron ore is added and oxidation takes place, carbon monoxide being formed, the carbon content of the melt is reduced
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and silicon and manganese are also oxidized. Finally deoxidizers Terromanganese, ferrosilicon, aluminium) are added just before tapping, c r as the steel is run into the ladle, to improve the quality of the steel. Ferromanganese (80% Mn, 6% C, remainder iron) reacts with the iron oxide to give iron and manganous oxide, which is insoluble in steel, and the excess manganese together with the carbon adjusts the composition of the steel. The acid process is now declining in use and the basic process produces normal grades of steel. The basic slag, rich in phosphorus, is used as a fertilizer. Oxygen steel-making With the introduction of the tonnage oxygen plant situated near the steel furnaces, oxygen is now available at competitive cost in large volumes to greatly speed up steel production. The oxygen plant liquefies air and the oxygen is then fractionally distilled from the nitrogen and argon and is stored in the liquid form as described in the section on liquid oxygen. In the open hearth process an oxygen lance is arranged to blow large volumes of oxygen onto the molten metal in the hearth. With the use of oxygen instead of air there is minimal nitrogen introduced into the steel (below 0.002%), so that its deep-drawing qualities are improved and the time for converting the charge into steel is reduced by as much as 50%. It appears that the basic open hearth process is being replaced by the basic oxygen furnace (BOF) in various forms in Britain, Europe, USA and Japan. The advantages are that iron ores of variable phosphorus content can be used and there are reduced labour and refractory costs. These factors together with the capability of the process to use up to 40% scrap make for reduced costs and higher efficiency. When the oxygen is blown onto the molten charge it reacts to form iron Fig. 2.3



Production and properties of iron and steel



73



oxide, which combines with lime present as flux to form an oxidizing slag on the melt. Reactions occur between the molten metal and the slag resulting in the removal of phosphorus, and lowering of the silicon, manganese and carbon content. Basic oxygen steel (BOS) The basic oxygen steel-making process together with the electric arc process is responsible for much of present-day steel production. A typical basic oxygen furnace consists of a steel-cased converter lined with dolomite holding up to 400 tonnes of metal. Hot metal is transported in torpedo ladles to the hot-metal pouring station equipped with extraction facilities for fume and kish (graphite which separates from and floats on top of the charge), and selected torpedoes are desulphurized with calcium carbide. The hot pig iron, scrap, flux and any alloys are added and oxygen is injected through a multi-holed, water-cooled lance from a near-by tonnage oxygen plant, onto the surface of the charge. Oxidation is rapid, with the blowing time lasting about 17 minutes, and the converter is then tilted and emptied. The BOF takes between 25 and 35% of scrap metal and efforts are being made to increase this percentage because scrap is cheaper than hot pig iron (Fig. 2.4 a,b,c,d,e). The Maxhiitte bottom-blown furnace (OBM) is a steel-cased converter lined with dolomite with special tuyeres in the base of the furnace through which oxygen and powdered lime are introduced. This in turn is surrounded by a protective shield of hydrocarbon fuel gas (natural gas, propane) to protect the refractory lining (Fig. 2.5). The remainder of the process is similar to that already described and the benefits claimed for this process are absence of fuming and splashing and a lower final carbon and sulphur content in the steel, the injection of lime ensuring rapid removal of the phosphorus.* Electric arc steel-making When a welder uses a carbon electrode to produce an arc and give a molten pool on a steel plate he is using the same basic principle as that which is done on a very much larger scale in the electric arc furnace. The heat in this type of furnace comes from the arcs struck between three carbon electrodes connected to a three-phase electric supply and the charge in the furnace hearth, and thus no electrode is required in the furnace hearth. * Oxygen is used for both top and bottom blowing for decarborization in the LD (Linz-Donawitz) converter. In combined blowing an argon-nitrogen mixture stirs and homogenizes the melt.
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Fig. 2.4. Basic oxygen steel-making. (a) Charging with scrap. The converter is tilted and charged with scrap from a charging box which tips the scrap into the previously heated converter. The scrap represents up to 30% of the total charge.
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Fig. 2.4 (b) Charging with molten iron. Molten iron from the blast furnace is brought to the converter in 'torpedo-cars' and transferred by ladle into the converter.



(c) The fume-collecting hood is lowered on to the furnace neck. A watercooled oxygen lance is lowered to within a metre or so of the molten metal surface. Oxygen is blown through the lance and causes turbulence and rise in temperature of the metal. Impurities are oxidized with the 'blow' lasting about fifteen minutes during which time temperatures are carefully controlled and analysis made of the molten metal.
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(of) When temperature and metal analysis are satisfactory the hood is lifted, the converter tilted and the steel poured from below the slag which has formed into the teeming ladle from which it passes to the continuous casting plant and is cast into ingots.
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Metallurgy Fig. 2.4. (e) Finally the converter is tilted in the opposite direction and the slag which remains is poured into a slag ladle.



Fig. 2.5. Maxhiitte bottom-blown oxygen furnace (OBM).
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The furnace shell is mild steel lined with refractories, with two doors (one on smaller furnaces). The three electrodes project through the refractorylined roof down to the level of the surface of the charge, and roof and electrodes are arranged to swing aside to clear the furnace shell for charging or repair, this type of furnace being batch-charged, though developments are proceeding to feed furnaces continuously either through the roof or side walls. A sealing ring on top of the side walls supports the weight of the roof and the furnace can tip about 15° towards the main door and about 50° forward for tapping. Some of the larger furnaces can also rotate so as to give a variety of melting positions for the electrodes (Fig. 2.6). Since it is necessary to remove phosphorus and sulphur a basic slag is required, and the furnace must be lined with basic refractories such as dolomite or magnesite for roof, side walls and hearth to give the basic electric arc process. The acid process is only used in cases where melting only is to be done, with little refining. Large transformers of the order of 80-100 MVA capacity feed from the grid supply to that for the arcs. The voltage drop across the arc is a function of the arc length, and the greater the voltage drop, the greater the power for a given arc current. As a result the secondary voltage to the arc may be 100-600 V, with currents up to 80000 A in large furnaces. The three graphite electrodes can vary from 75 to 600 mm in diameter and in length from 1.2 to 2.5 m, and can be raised or lowered either hydraulically or by electric motor, this operation being done automatically so as to keep the arc length correct. Current to the electrodes is taken via water-cooled clamps and bundles of cables to give flexibility. Fig. 2.6. Electric arc furnace. GRAPHITE ELECTRODES
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One of the greatest advantages of the arc furnace is that it can deal with up to 100% scrap charge, and whereas in the past it was used for making high-grade alloy steel it is now used to melt high-percentage scrap charges and even to produce ordinary grades of steel. The charge is of scrap, iron ore, blast furnace iron, DR iron and limestone, depending upon availability. The electrodes are lowered onto the charge, the arcs struck and melting proceeds. The oxygen necessary for the removal of impurities is obtained from the iron ore charge, the furnace atmosphere and in many cases by lance injection of oxygen, the silicon, manganese and phosphorus being removed by oxidation and entering the slag. The carbon is oxidized to carbon monoxide, which burns to carbon dioxide. Melting is done under a basic oxidizing slag, black in colour, and when the desired level of carbon and phosphorus is obtained, the slag is thoroughly removed and the melt deoxidized with ferrosilicon or aluminium. A reducing slag is now made using lime and anthracite or coke dust and the lime reacts with the iron sulphide to form calcium sulphite and iron oxide; the calcium sulphite is insoluble in steel and thus enters the slag, removing the sulphur. This removal requires reducing conditions in the furnace, which is not possible with any other furnace in which oxygen is used to burn the fuel so that this sulphur removal is another great advantage of the arc furnace. Alloy additions are made under nonoxidizing conditions which give good mixing, and carbon can be added if required (recarburation) in the form of graphite or coke. Vacuum refining



Further improvement in steel quality is obtained by vacuum refining. An example is Vacuum Oxygen Decarburization (VOD). A stream of oxygen from a lance is blown onto the surface of the molten steel under partial vacuum in a vacuum chamber. Argon is bubbled through the melt for stirring and alloy additions are made from the top. With this method the carbon content of the steel can be reduced to 0.08% (and lower with higher vacuum), hydrogen and nitrogen contents are reduced and chromium addition recoveries are high. Induction furnaces



These are melting furnaces generally used for the production of special steels in sizes from 100 to 10 000 kg and give accurate control over the steel specification (Fig. 2.7). When discussing the principle of the transformer we will see (p. 219) that if an alternating current flows in the primary winding, an alternating
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current is generated in the secondary winding. The alternating magnetic flux due to the primary current generates, or induces, a current in the secondary circuit. In the induction furnace the primary coil is wound around the refractory crucible which contains the metallic charge to be melted. When an alternating current flows in the primary coil eddy currents are induced in the charge and generate the heat required for melting. As the frequency of the alternating current increases, the eddy currents, and thus the heating effect, increase. Furnaces operate at mains frequency (50 Hz) or at 100, 150, 800, 1600 Hz, etc., and high-frequency furnaces employing static converters to change the frequency operate from 10 to 15 kHz and at voltages up to several kV. The eddy currents produce a stirring action which greatly improves temperature control. The furnace refractories can be a pre-cast crucible for the smaller furnaces or have a rammed lining of magnesite or, in some cases, silica. The hollow square-shaped copper conductors of the coil are closely wound and water-cooled, this being an essential feature to prevent overheating and consequent breakdown. Small furnaces up to 50 kW are very convenient for laboratory and research work and can have capacities as low as a few kilograms. Clean scrap of known analysis can be used in the charge, and as oxidation losses are minimal and there is little slag, there is practically no loss of alloying elements during the melt. Fig. 2.7. Typical coreless induction furnace in capacities of 0.75-10 tonnes.
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Malleable cast iron This is made from white cast iron by annealing or graphitizing. The white cast iron is packed in haematite, heated to about 900 °C and kept at this for two or three days, after which the temperature is slowly reduced. In this way, some of the combined carbon of the white cast iron is transformed into free carbon or graphite. Malleable castings are used where strength, ductility and resistance to shock are important, and they can be easily machined. The 'blackheart' process is similar to the Reaumur or 'whiteheart' process just described except that bone dust, sand and burnt clay are used for packing in place of iron oxide, the temperature being about 850 °C. This converts the combined carbon in the cast iron into temper carbon, and after the treatment they contain little or no combined carbon and about 2\% graphite. The castings prepared by the former method show a grey fractured surface with a fine grain like mild steel, while those made by the 'blackheart' process have a black fracture with a distinct white rim. A typical composition of malleable iron is: carbon 2-3%, silicon 0.6-1.2%, manganese under 0.25%, phosphorus under 0.1%, sulphur 0.5-0.25%.



The effect of the addition of carbon to pure iron We have seen that the chief difference between iron and mild steel is the amount of carbon present. Steel may contain from 0.03 to 2% carbon, mild or soft steel containing about 0.1% carbon and very hard razortemper steel 1.7-1.9%. The composition of steel is therefore complicated by these variations of carbon content, and is rendered even more so by the addition of other elements such as nickel, chromium and manganese to produce alloy steels. Let us consider the structures present in steels of various carbon contents which have been cooled out slowly to room temperature. If we examine a highly polished specimen of wrought iron under a microscope magnifying about 100 times ( x 100), Fig. 2.8•*,.
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near as possible to those of the parent plate. As all these criteria are not generally obtainable a welding wire must be chosen which gives the optimum properties for a given situation. Example A plate of 9 % Ni steel is welded with a welding wire of composition 8 0 % N i - 2 0 % Cr. What will be the approximate composition of the final weld if there is 40 % dilution ? With 40% dilution the plate will contribute 40% and the welding wire 60%. Nickel 40



9% nickel plate



Too x9 = 3 - 6



Iron



Chromium



40



Ioox91=364



80% Ni-20% C r w e . d i n g wire 6 0 ^ ^



6 0 ^ ^



51.6



36.4



12



Therefore the approximate composition of weld metal is: 51.5% Ni, 36.5% Fe, 12% Cr. A plate of an alloy of composition 70 % Ni-30 % Cu is to be welded to a plate of alloy steel of composition 18% Cr-12% Ni-70% Fe using a wire of composition 75% Ni-15% Cr-8% Fe. Assuming 30% dilution, what will be the approximate composition of the final weld? With 30% dilution each plate will contribute 15% and the welding wire 70%. Nickel



70% Ni-30% Cu alloy plate



Too x



Alloy steel plate



Too



Welding wire
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70 100



Iron



Copper 15
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70= 10.5



x 12= 1.8 x 75= 52.5 64.8
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x 18=2.7 x 15= 10.5
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8 = 5.6 16.1



Therefore the approximate composition of weld metal is: 65% Ni, 13% Cr, 4.5% Cu, 16% Fe. Pick-up. This is the term applied to the absorption or transfer of elements from parent plate or non-consumable electrode into the weld metal and is closely associated with dilution. When overlaying plain low-carbon steels with nickel-base alloys there is a tendency for the weld metal to pick up iron from the parent plate, resulting in a lowering of corrosion resistance of the overlay. The pick-up must be kept as low as possible. When welding cast



114



Metallurgy



iron with the metal arc processes carbon pick-up can lead to the undesirable excessive precipitation of carbides, which are hard and brittle. Tungsten pick-up can occur when welding with the gas-shielded tungsten electrode (TIG) process when excessive currents are used, resulting in the pick-up of tungsten particles from the electrode into the weld metal (vol. 2, ch. 3). Cracking in steel A crack is a fissure produced in a metal by tearing action. Hot or solidification cracking is caused in the weld metal itself by tearing of the grain boundaries before complete solidification has taken place and while the metal is still in the plastic state. The crack may be continuous or discontinuous and often extends from the weld root and may not extend to the face of the weld. Cold cracking occurs in both weld metal and adjacent parent plate (HAZ) and may be due to excessive restraint on the joint, insufficient cross-sectional area of the weld, presence of hydrogen in the weld metal or embrittlement in the HAZ of low alloy steels.



Factors which may promote hot cracking Current density: a high density tends to promote cracking. The distribution of heat and hence stress in the weld itself. Joint restraint and high thermal severity. Crack sensitivity of the electrode. Dilution of the weld metal. Impurities such as sulphur, and high carbon or nickel content. Pre-heating, which increases the liability to cracking. Weld procedure. High welding speeds and long arc increase sensitivity and crater cracking indicates a crack sensitivity.



Factors which may promote cold cracking Joint restraint and high thermal severity. Weld of insufficient sectional area. Hydrogen in the weld metal. Presence of impurities. Embrittlement of the HAZ (low-alloy steels). High welding speeds and low current density.
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The effect of deformation on the properties of metals Cold working



When ductile metal is subjected to a stress which exceeds the elastic limit, it deforms plastically by an internal shearing process known as slip. Plastic deformation is permanent so that when the applied stress is removed the metal remains deformed and does not return to its original size and shape as is the case with elastic deformation. Plastic deformation occurs in all shaping processes such as rolling, drawing and pressing, and may occur locally in welded metals owing to the stresses set up during heating and cooling. When plastic deformation is produced by cold working it has several important effects on the structure and properties of metal: (1) The metal grains are progressively elongated in the direction of deformation. (2) With heavy reduction by cold work the structure becomes very distorted, broken up, and fibrous in character. (3) If there is a second constituent present, as in many alloys, this becomes drawn out in threads or strings of particles in the direction of working, thus increasing the fibrous character of the material. (4) The deformation of the structure is accompanied by progressive hardening, strengthening and loss of ductility and by an increased resistance to deformation. Cold worked metals and alloys are therefore harder, stronger and less ductile than the same materials in the undeformed state. The properties of cold worked materials may also differ in different directions owing to the fibrous structure produced. (5) If the deformation process does not act uniformly on all parts of the metal being rolled or drawn, then internal stresses may be set up. These stresses may add to a subsequent working stress to which the metal is subjected, and they also render many metals and alloys subject to a severe form of intercrystalline corrosion, known as stress-corrosion; for example, the well-known season cracking of cold worked brass. (6) If the deformation process is carried to its limit, the metal loses all of its ductility and breaks in a brittle manner. Brittle fracture of a similar kind can be produced in metals without preliminary deformation if they are subjected to certain complex stress systems which prevent deformation by slipping (three tensile stresses acting perpendicularly to each other). Such conditions can occur
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Metallurgy in practice in the vicinity of a notch and are sometimes set up in the regions affected by welding.



The effect of heat on cold worked metals : annealing and recrystallization On heating a cold worked metal, the first important effect produced is the relief of internal stress. This occurs without any visible change in the distorted structure. The temperature at which stress relief occurs varies from 100 °C up to 500 °C according to the particular metal concerned. In general, the higher the melting point, the higher is the temperature for this effect. On further heating the cold worked metal, no other changes occur until a critical temperature known as the 'recrystallization temperature' is reached. At the recrystallization temperature, the distorted metal structure is able to re-arrange itself into the normal unstrained arrangement by recrystallizing to form small equi-axed grains. The mechanical properties return again to values similar to those which the metal possessed before the cold working operation, i.e. hardness and strength fall, and ductility increases. However, if the extent of the distortion was very severe (suppose for example there had been a 60% or more reduction by rolling) the recrystallized metal may exhibit different properties in different directions. If the metal is heated to a higher temperature than the minimum required for recrystallization to occur, the new grains grow progressively larger and the strength and working properties deteriorate. The resoftening which accompanies recrystallization is made use of during commercial cold working processes to prevent the metal becoming too brittle, as, for example, after a certain percentage of reduction by cold rolling, the metal is annealed to soften it, after which further reduction by cold working may be done. The control of both working and annealing operations is important because it affects the grain size, which, in turn, controls the properties of the softened material. It is generally advantageous to secure a fine grain size. The main factors determining the grain size are: (1) The prior amount of cold work - the recrystallized grain size decreases as the amount of prior cold work increases. (2) The temperature and time of the annealing process. The lowest annealing temperature which will effect recrystallization in the required time produces the finest grain size. (3) Composition. Certain alloying elements and impurities restrict grain growth.
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The temperature at which a cold worked metal or alloy will recrystallize depends on: (1) Its melting point. The higher the melting point the higher the recrystallization temperature. (2) Its composition and constitution. Impurities or alloying elements present in solid solution raise the recrystallization temperature. Those present as second constituents have little effect (although these are the type which tend to restrict grain growth once the metal or alloy has recrystallized). (3) The amount of cold work. As the extent of prior cold work increases, so the recrystallization temperature is lowered. (4) The annealing time. The shorter the time of annealing the higher the temperature at which recrystallization will occur. These factors must all be taken into account in determining practical annealing temperatures. Hot working Metal and alloys which are not very ductile at normal temperatures, and those which harden very rapidly when cold worked, are generally fabricated by hot working processes, namely forging, rolling, extrusion, etc. Hot working is the general term applied to deformation at tempera-? tures above the recrystallization temperature. Under these conditions the hardening which normally accompanies the deformation is continually offset by recrystallization and softening. Thus a hot worked material retains an unstrained equi-axed grain structure, but the size of the grains and the properties of the structure depend largely on the temperature at which working is discontinued. If this is just above the recrystallization temperature, the grains will be unworked, fine and uniform, and the properties will be equivalent to those obtained by cold working followed by annealing at the recrystallization temperature. If working is discontinued well above the recrystallization temperature, the grains will grow and develop inferior properties, while a duplex alloy may develop coarse plate structures similar to those present in the cast state and have low shock-strength. On the other hand, if working is continued until the metal has cooled below its recrystallization temperature, the grains will be fine but will be distorted by cold working, and the metal will therefore be somewhat harder and stronger but less ductile than when the working is discontinued at or above the recrystallization temperature. Insoluble constituents in an alloy become elongated in the direction of work as in cold working and produce similar directional properties.
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Hot working is used extensively for the initial 'breaking down' of large ingots or slabs, even of metals which can be cold worked. This is because of the lower power required for a given degree of reduction by hot work. Hot work also welds up clean internal cavities but it tends to give inferior surface properties since some oxide scale is often rolled into the surface. Further, it does not permit such close control of finishing gauges, and cannot be used effectively for finishing sheet or wire products. Impurities which form low melting point constituents can ruin the hot working properties of metals and alloys, for example excess sulphur in steel. Cold working as a major fabrication process is restricted to very ductile materials such as pure and commercial grades of copper, aluminium, tin and lead, and to solid solution alloys, such as manganese-aluminium alloys; brasses, containing up to 35% zinc; bronzes containing up to 8% tin; copper-nickel alloys; aluminium bronzes, containing up to 8% aluminium; nickel silvers (copper-nickel-zinc alloys) and tin-base alloys such as pewter. It is also used in the finishing working stages of many other metals and alloys to give dimensional control, good surface quality and the required degree of work hardening. Iron, steels, high zinc or high aluminium copper alloys, aluminium alloys such as those with copper, magnesium and zinc, pure zinc and pure magnesium, and the alloys of these metals are all generally fabricated by hot working, though cold working may be used in the late stages, especially for the production of wire or sheet products.



Iron and steel Pure iron is very ductile and can be both hot and cold worked. The carbon content of steel makes it less ductile than iron. Dead mild steel of up to 0.15% carbon is very suitable for cold working and can be flanged and used for solid drawn tubes. Although it is slightly hardened by cold work the modulus of elasticity is unaffected. If steel is hot worked at a temperature well above the recrystallization temperature, grain growth takes place and the impact strength and ductility are reduced, hence it should be worked at a temperature just above the recrystallization point, which is 900-1200° C for mild steel and 750-900° C for high-carbon steel. Thus, in general, hot working increases the tensile and impact strength compared with steel in the cast condition, and as the carbon content increases, the steel become less ductile and it must be manipulated by hot working.
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Copper



Copper is very suitable for cold working as its crystals are ductile and can suffer considerable distortion without fracture, becoming harder, however, as the amount of cold work increases. Since welding is performed above the annealing temperature it removes the effect of cold work. Copper is very suitable for hot working and can be hot rolled, extruded and forged. Brasses Brasses of the 85/15 and 70/30 composition are very ductile. Brass can be heavily cold worked without suffering fracture. This cold work modifies the grain structure, increases its strength and hardens and gives it varying degrees of temper. Since these brasses are so easily cold worked there is little advantage to be gained by hot work which however, is quite suitable. For brass of the 60/40 type (a + /? structures) see pp. 123-5. The/? structure, which is zinc rich, is harder than the a structure and will stand little cold work without fracture. If the temperature is raised, however, to about 600 °C it becomes more easily worked. Brasses of this composition therefore should be hot worked above 600-700° C giving a fine grain and fibrous structure. Below 600° C for this structure can be considered cold work. Copper-nickel alloys 80/20 copper-nickel alloy is suitable for hot and cold work but is particularly suitable for the latter due to its extreme ductility. Nickel-chrome alloys are generally hot worked. Bronzes. Gunmetal (Cu 88%, Sn 10%, Zn 2%) must be hot worked above 600 °C and not cold worked. Phosphor bronze with up to 6-7% tin can be cold worked. Aluminium bronze is similar to brass in being of two types: (1) a structure containing 5-7% Al, 93% Cu. (2) a + p structure containing 10% Al, 90% Cu. (1) The a structure, which is the solid solution of aluminium in copper, is ductile and this type is easily worked hot or cold. (2) The a + /? structure is rendered more brittle by the presence of the /? constituent, which becomes very hard and brittle at 600 °C due to the formation of another constituent which, in small quantities, increases the tensile strength; hence this alloy must be hot worked.
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Aluminium. Pure aluminium can be worked hot or cold but weldable alloys of the work hardening type such as Al-Si, Al-Mn and Al-Mn-Mg, are hardened by cold work which gives them the required degree of temper and they soften at 350 °C. Duralumin is hot short above 470 °C and too brittle to work below 300 °C so it should be worked in the range 400-470 °C. Y alloy can be hot worked.



Non-ferrous metals Copper



Copper is found in the ore copper pyrites (CuFeS 2 ) and is first smelted in a blast or reverberatory furnace, and is then in the 'blister' or 'Bessemer' stage. In this form it is unsuitable for commercial use, as it contains impurities such as sulphur and oxygen. Further refining may be carried on by the furnace method, in which oxidation of the sulphur and other impurities occurs, or by an electrical method (called electrolytic deposition), resulting in a great reduction of the impurities. In the refining and melting processes, oxidation of the copper occurs and the excess oxygen is removed by reducing conditions in the furnace. This is done by thrusting green wooden poles or tree trunks under the surface of the molten copper, which is covered with charcoal or coke to exclude the oxygen of the air. The 'poling', as it is called, is continued until the oxygen content of the metal is reduced to the limits suitable for the work for which the copper is required. The oxygen content of the copper is known as the 'pitch' and poling is ended when the 'tough pitch' condition is reached. Oxygen in copper. In this condition the oxygen content varies from 0.025 to 0.0.8%. The oxygen exists in the cast copper as minute particles of cuprous oxide (Cu 2 O) (Fig. 2.28a). The amount of oxygen in the copper is most important from the point of view of welding, since the welding of copper is rendered extremely difficult by the presence of this copper oxide. When molten, copper oxide forms a eutectic with the copper and this collects along the grain boundaries, reducing the ductility and increasing the tendency to crack. Any hydrogen present, as occurs when there are reducing conditions in the flame, reduces the copper oxide to copper and water is also formed. This is present as steam, which causes porosity and increases the liability of cracking. For welding purposes, therefore, it is much preferable to use copper almost free from oxygen, and to make this, deoxidizers such as phosphorus, silicon, lithium, magnesium, etc., are added to the molten metal, and they combine
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with oxygen to form slag and thus deoxidize the copper (Fig. 2.286). The welding of 'tough pitch' copper depends so much on the skill of the welder that it is always advisable to use 'deoxidized copper' for welding, and thus eliminate any uncertainty. Arsenic in copper. When arsenic up to 0.5% is added to copper, the strength and toughness is increased. In addition to this, it increases its resistance to fatigue and raises by about 100 °C the temperature at which softening first occurs and enables it to maintain its strength at higher temperatures. Arsenic is undesirable in copper intended specifically for welding purposes, since it makes welding more difficult. Arsenical copper can be welded by the same method as for ordinary copper, and if care is taken the welds are quite satisfactory. As with ordinary copper, it may be obtained in the deoxidized or the tough pitch form, the former being the more suitable for welding. Properties of copper. Copper is a red-coloured metal having a melting point of 1083 °C and a density of 8900 kg/m 3. The mechanical properties of copper depend greatly on its condition, that is, whether it is in the 'as cast' condition or whether it has been hot or cold worked, hammered, rolled, pressed, or forged. The tensile strength 'as cast' is about 160 N/mm 2 . Hot rolling and forging, followed by annealing, modifies its structure and increases its strength to about 220 N/mm 2 . Cold working by hammering, rolling, drawing and pressing hardens copper and raises its tensile strength, but it becomes less ductile. Fig. 2.28 (a) Cuprous oxide in copper, x 100. (b) Deoxidized copper, x 75.
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Very heavy cold worked copper may have a tensile strength equal to that of mild steel, but it has very little ductility in this state. The temper of copper. Copper is tempered by first getting it into a soft or annealed condition, and then the temper required is obtained by cold working it (hammering, rolling, etc.). Thus it is the reverse process from the tempering of steel. Soft-temper copper is that in the annealed condition. It has a Brinell hardness of about 50. After a small amount of cold working, it becomes 'half hard' temper, and further cold working makes it hard temper having a Brinell figure of about 100. Intermediate hardness can of course be obtained by varying the amount of cold working. Annealing. Copper becomes hard and its structure is deformed when cold worked, and annealing is therefore necessary to soften it again. To anneal the metal, it is usual to heat it up to about 500 °C, that is, dull red heat, and either quench it in water or let it cool out slowly, since the rate of cooling does not affect the properties of the pure metal. Quenching, however, removes dirt and scale and cleans the surface. The surface of the copper can be further cleaned or 'pickled' by immersing it in a bath of dilute sulphuric acid containing 1 part of acid to 70 parts of water. If nitric acid is added, it accelerates the cleaning process. If copper has a surface polish, heating to the annealing temperature will cause the surface to scale, which is undesirable; hence annealing is usually carried out in a non-oxidizing atmosphere in this case. Crystal or grain size. Under the microscope, cold worked copper shows that the grains or crystals of the metal have suffered distortion. During the annealing process, as with steel, recrystallization occurs and new crystals are formed. As before, if the annealing temperature is raised too high or the annealing prolonged too long, the grains tend to grow. With copper, however, unlike steel, the rate of growth is slow, and this makes the annealing operation of copper subject to a great deal of latitude in time and temperature. This explains why it is immaterial whether the metal cools out quickly or slowly after annealing. The main grades in which copper is available are: (1) oxygen-bearing (tough pitch) high conductivity; (2) oxygen-free high conductivity; (3) phosphorus deoxidized. Alloys of copper The alloys of copper most frequently encountered in welding are: copper-zinc (brasses and nickel silvers); copper-tin (phosphor bronzes and gunmetal); copper-silicon (silicon bronzes); copper-aluminium (alum-
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inium bronzes); copper-nickel (cupro-nickels); and heat-treatable alloys such as copper-chromium and copper-beryllium. These are also discussed in the section on the welding of copper by the TIG process. Filler metals for gas-shielded arc welding of copper (conforming to BS 2901) BS2901 designation



Nominal composition (%)



Cl C8 C9 C10 Cll C12 C12 Fe C13 C16 C18 C20 C21 C22



0.15-0.35 Mn; 0.20-0.35 Si; Rem. Cu 0.1-0.3 Al; 0.1-0.3 Ti; Rem. Cu 0.75-1.25 Mn; 2.75-3.25 Si; Rem. Cu 0.02-0.40 P; 4.5 Sn; Rem. Cu 6.0-7.5 Sn; 0.02-0.40 P; Rem. Cu 6.0-7.5 Al; 1.0-2.5 (Fe + Mn + Ni); Rem. Cu 6.5-8.5 Al; 2.5-3.5 Fe; Rem. Cu 9.0-11.0 Al; 0.75-1.5 Fe; Rem. Cu 10.0-12.0 Ni; 0.20-0.50 Ti; 1.5-1.8 Fe; 0.5-1.0 Mn; Rem. Cu 30.0-32.0 Ni; 0.20-0.50 Ti; 0.40-1.0 Fe; 0.5-1.5 Mn; Rem. Cu 8.0-9.5 Al; 1.5-3.5 Fe; 3.5-5.0 Ni; 0.5-2.0 Mn; Rem. Cu 0.02-0.10 B;Rem. Cu 7.0-8.5 Al; 2.0-4.0 Fe; 1.5-3.5 Ni; 11.0-14.0 Mn; Rem. Cu



Brasses or copper-zinc alloys. Zinc will dissolve in molten copper in all proportions and give a solution of a uniform character. Uniform solution can be obtained when solidified if the copper content is not less than about 60%. For example, 70% copper-30% zinc consists of a uniform crystal structure known as 'alpha' (a) solid solution and is shown in Fig. 2.29a. If the percentage of zinc is now increased to about 40%, a second constituent structure, rich in zinc, appears, known as 'beta' (fi) solid solution, and these crystals appear as reddish in colour, and the brass now has a duplex structure as shown in Fig. 2.29Z>. These crystals are hard and increase the tensile strength of the brass but lower the ductility. The alpha-type brass, which can be obtained when the copper content has a minimum value of 63%, has good strength and ductility when cold and is used for sheet, strip, wire and tubes. The alpha-beta, e.g. 60% copper-40% zinc, is used for casting purposes, while from 57 to 61% copper types are suitable for hot rolling, extruding and stamping. Hence a great number of alloys of varying copper-zinc content are available. Two groups, however, are of very great importance, as they occur so frequently: (1) Cartridge brass: 70% copper and 30% zinc, written 70/30 brass. (2) Yellow or Muntz metal: 60% copper and 40% zinc, written 60/40 brass. The table illustrates the composition and uses of various copper-zinc and copper-tin alloys.
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Properties of brass. Brass is a copper-zinc alloy with a golden colour which can be easily cast, forged, rolled, pressed, drawn and machined. It has a good resistance to atmospheric and sea-water corrosion and therefore is used in the manufacture of parts exposed to these conditions. As the copper content in the brass is decreased, the colour changes from the reddish colour of copper to yellow and then pale yellow. The density varies from 8200 to 8600 kg/m3 , depending on its composition. The heat and electrical conductivity decrease greatly as the zinc content increases, and the melting point is lowered as the copper content decreases, being about 920 °C for 70/30 brass. Brass for brazing purposes can vary greatly in composition, depending upon the melting point required; for example, three brazing rod compositions are: 54% copper, 46% zinc; 50% copper, 50% zinc (melting at Fig. 2.29. (a) Rolled and annealed cartridge brass (70/30). This brass has a simple structure, containing only crystals of alpha solid solution, that is zinc dissolved in copper, x 100. (b) Rolled and annealed yellow metal (60/40). This brass is a mixture of alpha crystals (white areas), and beta crystals (black areas), richer in zinc, x 100.



(a)
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860 °C); and 85% copper, 15% zinc. The choice of the alloy therefore depends on the work for which it is required. For welding brass, the filler rod usually contains phosphorus or silicon, which act as deoxidizing agents, that is, they remove any oxygen from the weld. As the copper content is reduced, there is a slight increase in the tensile strength. Annealing. Examination of cold worked brass under the microscope shows that, as with copper, distortion of the crystals has taken place. When its temperature is raised to about 600 °C, recrystallization takes place and the crystals are very small. The rate of growth depends on the temperature, and the higher the temperature the larger the crystals or grains. The annealing time (as with steel) also affects their size. In over-annealed brass, having Composition of copper-zinc and copper-tin alloys \ Composition by weight Cu Zn Sn 90 88



10 2



85 80 70



15 20 30



66 62-65 60



34 38-35 40



76 61-63.5 70-73 63-66 61-64 58-60 58



22 rem rem rem rem rem 38



2 Al 1-1.4 1-1.5



Uses Gilding metal. Admiralty gun metal. Good casting properties and corrosion resistance. Widely used for pumps, valves, etc. Architectural and decorative work.



10



0.02-0.06 As 0.75-1.5 P b ) 1.0-2.0 Pb >



Cartridge brass. For deep drawing and where high strength and ductility are required. 2/1 brass. Common brass. Yellow or Muntz metal. Works well when hot. For brass sheets and articles not requiring much cold work during manufacture. Aluminium brass. Naval brass. Admiralty brass. Leaded brass, casts well. Easily hot stamped and extruded. Machines well.



1.5-2.5 Pb J



Rem Rem Rem Rem



Other elements



3-4.5 4.5-6.0 6.0-7.5



Mn, Fe, Ni or Sn approx 4% 2.7-3.5 Si 0.75-1.25 Mn 0.02-0.4 P 0.02-0.4 P 0.02-0.4 P



Manganese bronze, high-tensile alloys for castings and bearings. Silicon bronze. 3% phosphor bronze. 5% phosphor bronze. 7% phosphor bronze.



Note. Material can be supplied as annealed (O); various tempers produced by cold work and partial annealing and indicated by ^H, {H, etc.; spring tempers (SH and ESH); solution treated (W) and precipitation hardened (P).
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large crystals, they may show up on the surface after cold working as an 'orange-peel' effect. Annealing at too high a temperature may also cause pitting or deterioration of the surface by scaling. Brass can be either quenched out in water or allowed to cool out slowly after annealing. If quenched, the surface scale is removed, but care must be taken with some brasses lest the ductility suffers. Temper. Brass is tempered in the same way as copper, that is, by cold working. In the annealed condition it is 'soft temper' (60-80 Brinell). A little cold working brings it to 'half-hard temper' and further work gives it a 'hard temper' (150-170 Brinell). More cold working still, produces a 'spring-hard temper' with a Brinell number of 170-180. Elasticity. The tensile strength of brass varies with the amount of cold working, and it is sufficiently elastic to allow of its being used as springs when in the spring-hard temper condition. Bronzes or copper-tin alloys Gunmetals are zinc-containing bronzes, e.g. 88% Cu, 10% Sn, 2% Zn. Wrought phosphor bronzes contain up to 8% tin and up to 0.4% phosphorus, while cast forms contain at least 10% tin with additions of lead to promote free machining and pressure tightness. Gunmetal was chiefly used, as its name suggests, for Admiralty and Army Ordnance work, but is now used chiefly where resistance against corrosion together with strength is required. Lead bronze has lead added to improve its properties as a bearing surface and to increase its machinability. Phosphor bronze has largely replaced the older bearing bronze for bearings owing to its increased resistance to wear. Phosphorus, when added to the copper-tin bronze, helps greatly to remove the impurities, since it is a powerful reducing agent and the molten metal is made much purer. Bronze welding rods of copper-tin and copper-zinc composition are very much used as filler rods and electrodes in welding. They can be used for the welding of steel, cast iron, brass, bronze and copper, and have several advantages in many cases over autogenous welding since, because of their lower melting point, they introduce less heat during the welding operation. Manganese bronze can be considered as a high-tensile brass. Nickel and nickel alloys Nickel is a greyish-white metal melting at 1450 °C, has a specific gravity of 8.8, and has a coefficient of linear expansion of 0.000 013 per degree C.



Nickel and nickel alloys Material



Major constituents



Nickel



almost pure nickel



MONEL® alloys INCONEL® alloys



INCOLOY® alloys



NIMONIC® alloys BRIGHTRAY® alloys NILO® alloys



Applications



High resistance to corrosion in contact with caustic alkalis, dry halogen gases and organic compounds generally. nickel, copper Has good corrosion resistance with good mechanical properties. A variation responds to thermal hardening of the precipitation type and has good corrosion resistance, with the mechanical properties of heat-treatable alloy steels. nickel, chromium, iron. Is oxidation-resistant at high temperatures with good mechanical properties and is resistant to food acids. Widely used for heat treatment and furnace equipment. nickel, chromium, iron with High level of mechanical properties without the need for heat treatment. Good additions of molybdenum and oxidation resistance and resists corrosive attack by many media. Other variations are age-hardenable with high strength at elevated temperatures, have outstanding niobium. weldability and can be welded in the heat-treated condition. nickel, chromium, iron. Oxidation-resistant at elevated temperatures with good mechanical properties. Variations with a lower silicon content used for pyrolysis of hydrocarbons as in cracking or reforming operations in the petroleum industry. nickel, chromium, iron with Resistant to hot acid and oxidizing conditions, e.g. nitric-sulphuric-phosphoric copper and molybdenum additions acid mixtures. nickel, chromium, Used for gas turbine parts, heat treatment and other purposes where both oxidation nickel, chromium, cobalt, resistance and high-temperature mechanical properties are required. nickel, chromium, iron. nickel, chromium, nickel, chromium, iron, nickel, iron.



Heating elements of electric furnaces, etc. These have a controlled low and intermediate coefficient of thermal expansion and are used in machine parts, thermostats and glass-to-metal seals.



MONEL, INCOLOY, INCONEL, etc. are trademarks of the Inco family of companies. Various alloys in each group, having particular compositions for specific purposes, are indicated by an alloy number, thus MONEL® alloy 400, INCONEL® alloy 600, INCOLOY® alloy 825 etc.
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It resists caustic alkalis, ammonia, salt solutions and organic acids, and is used widely in chemical engineering for vats, stills, autoclaves, pumps, etc. When molten, it absorbs (1) carbon, forming nickel carbide (Ni3C), which forms graphite on cooling; (2) oxygen, forming nickel oxide (NiO), which makes the nickel very brittle, and (3) sulphur, forming nickel sulphide (NiS). Magnesium and manganese are added to nickel in order to deoxidize it and render it more malleable. Nickel is widely used as an alloying element in the production of alloy steels, improving the tensile strength and toughness of the steel, and is used in cast iron for the same purpose. In conjunction with chromium it gives the range of stainless steels. Copper-nickel alloys Nickel and copper are soluble in each other in all proportions to give a range of cupro-nickels which are ductile and can be hot and cold worked. The more important alloys are the following: 90% Cu, 10% Ni, used for heat exchangers for marine, power, chemical and petrochemical use; feed water heaters, condensers, evaporators, coolers, radiators, etc. 80% Cu, 20% Ni, used for heat exchangers, electrical components, deepdrawn pressings and decorative parts. 70% Cu, 30% Ni, which has the best corrosion resistance to sea and other corrosive waters and is used for heat exchangers and other applications given for-90/10% alloy. The alloys used for resistance to corrosion usually have additions of iron (0.5-2.0%) and manganese (0.5-1.5%), while alloys for electrical uses are free from iron and have only about 0.2% Mn. The actual composition of one such alloy is 68% Ni-29% Cu-1-5% Fe. Other alloys are: 75% Cu, 25% Ni, used for coinage; and nickel silvers, which contain 10-30% Ni, 55-63% Cu with the balance zinc and are extensively used for cutlery and tableware of all kinds, being easily electroplated (EPNS). Nickel is added to brass and aluminium bronze to improve corrosion resistance. Aluminium



Aluminium is prepared by electrolysis from the mineral bauxite, which is a mixture of the oxides of aluminium, silicon and iron. The aluminium oxide, or alumina as it is called, is made to combine with caustic soda to form sodium aluminate, thus: alumina + caustic soda -> sodium aluminate + water A12O3 + 2NaOH -* 2NaA10 2 + H 2 O
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This solution of sodium aluminate is diluted and filtered to remove iron oxide, and aluminium hydroxide is precipitated. This is dried and calcined leaving aluminium oxide (A12O3). The aluminium oxide is placed together with cryolite (Na 3 AlF 6 ) and sometimes fluorspar (CaF 2 ) into a cell lined with carbon, forming the cathode or negative pole of the direct current circuit. Carbon anodes form the positive pole and hang down into the mixture. The p.d. across the cell is about 6 volts and the current which passes through the mixture and fuses it may be up to 100000 amperes. As the current flows, the cryolite is electrolysed, aluminium is set free and is tapped off from the bottom of the cell, while the fluorine produced reacts with alumina, forming aluminium fluoride again. Because such large currents are involved, aluminium production is carried out near cheap sources of electrical power. Aluminium prepared in this way is between 99 and 99.9% pure, iron and silicon being the chief impurities. In this state it is used for making sheets for car bodies, cooking utensils, etc., and for alloying with other metals. In the 99.5%-and-over state of purity it is used for electrical conductors and other work of specialized nature. Properties of aluminium. Pure aluminium is a whitish-coloured metal with a density of 2.6898 g/cm3 (2700 kg/m 3 ), that is, it weighs less, volume for volume, than one-third the weight of copper (8.96 g/cm3) and just more than one-third that of iron (7.9 g/cm3). Its melting point is 660 °C (boiling point 2480 °C) and its tensile strength varies from 60 to 140 N/mm 2 (MPa) according to the purity and the amount of cold work performed on it. It casts well, has high ductility and can be hammered and rolled into rod and sheet form, etc., and extruded into wire. In contact with air a thin film of oxide (alumina) forms on the surface. In non-corrosive conditions the film is thin and almost invisible but in corrosive conditions it may appear as a grey-coloured coat helping to prevent further corrosion. This oxide is removed by fluxes in oxy-acetylene welding but nowadays welding is easily performed by the TIG or MIG processes using inert gas shielding (argon or helium), by electron beam and laser, and most alloys can be resistance welded. Some alloys can be brazed using an aluminium-silicon filler rod containing up to 10% silicon. Aluminium is a good conductor x)f heat and electricity and pure aluminium may be drawn into wire for power cables. For transmission lines the strands are wound over a stranded steel core to give the required strength. Weight for weight aluminium is a better conductor than copper. The process known as anodising produces a relatively hard and thick film of oxide on the surface. The film can be dyed any colour and the thicker the film produced, the greater the corrosion resistance.
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Aluminium audits alloys. Aluminium and its alloys can be divided into two groups: (1) casting alloys (2) wrought alloys It is these latter which are of greatest importance to the welder. Wrought alloys may be further divided into two groups according to the treatment required in order to improve their mechanical properties: (a) heattreatable; (b) non-heat-treatable or work-hardening; and cold work including rolling, drawing and stamping, etc., improves the mechanical properties of these alloys and increases the tensile strength and hardness. The aluminium-silicon alloys containing 10-15% silicon (a eutectic is formed with 11.7% silicon) are very fluid when molten, cast well and have considerable strength, ductility and resistance to corrosion, with small contraction on solidification. The addition of magnesium, manganese or both gives a range of work hardening alloys, while the addition of copper, magnesium and silicon gives a range of heat-treatable alloys which ageharden due to the formation of intermetallic compounds, and they have a high strength-weight ratio. The aluminium-zinc-magnesium-copper alloys, after full heat treatment give the highest strength-weight ratio. Heat treatment. The purpose of heat treatment is to increase strength and hardness of the alloy. By the addition of small percentages of elements such as copper, magnesium, silicon, zinc, etc., intermetallic compounds are formed and the mechanical properties of the alloy are improved. Some alloys are used in the 'as cast' or wrought condition while others are modified by heat treatment and/or cold working. Solution treatment. The heat-treatable alloy is raised in temperature to between 425 °C and 540 °C depending upon the alloy. The relatively hard constituents formed by the addition of the alloying elements are taken into solid solution and the alloy is then quenched (e.g. in water). The constituents remain in solid solution but the alloy is soft and unstable. As time passes the constituents precipitate into a more uniform pattern in the alloy and the strength and hardness increase. This is known as natural agehardening or precipitation hardening and can be from a few hours to many months. Any forming should be performed immediately after quenching, before any age-hardening has had time to affect the alloy. Some alloys harden slowly at room temperature and the precipitation can be speeded by heating the alloy within the range 100-200 °C for a given period, termed artificial age-hardening.
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Annealing. Annealing softens the alloy and may be used after hardening by cold work or heat treatment. To avoid excessive grain growth the alloy should be heated to the annealing temperature as rapidly as possible and held there only as long as required since grain growth reduces the strength. For work-hardening alloys the temperature range for annealing is 360-425 °C for about 20 minutes, while heat-treatable alloys should be raised to 350-370 °C. Cooling should be in air at not too rapid a rate. Stabilizing. This consists of heating the alloy to a temperature of about 250 °C and then cooling slowly, the exact temperature depending upon the alloy and its future use. Residual internal stresses are relieved by this treatment.



Classification of aluminium and its alloys Alloy and heat-treatment designations. Casting alloys (BS 1490) are prefaced by the letters LM and numbered 1-30, although some have now been withdrawn. Suffixes after the alloy number indicate the condition of the casting thus: M as cast TB solution heat treated and naturally aged TB7 solution heat treated and stabilized TE artificially aged TF solution heat treated and artificially aged TF7 solution heat treated, artificially aged and stabilized TS thermally stress relieved. Wrought products. These include bar, cold rolled plate, drawn and extruded tube, hot rolled plate, rivet and screw stock, sheet, strip and wire, etc. The mechanical working on the cast metal increases the strength but decreases the ductility. It is in this section that most of the alloys welded occur. Alloy and temper designations for wrought aluminium (BS 1471). This is an international four digit system of which the first digit indicates the alloy group according to the major alloying elements thus: lxxx aluminium of 99.00% 5xxx magnesium minimum purity 6xxx magnesium and silicon 2xxx copper 7xxx zinc 3 xxx manganese 8xxx other elements 4xxx silicon 9xxx unused series



132



Metallurgy



The last two digits in group lxxx show the minimum percentage of aluminium. Thus 1050 is aluminium with a purity (minimum) of 99.50%. The second digit shows modifications in impurity limits or the addition of alloying elements: the digits 1-9 used consecutively indicate modifications to the alloy. If the second digit is zero, the alloy is unalloyed and has only natural limited impurities. Four-digit nomenclature referred to previous standard designations BS and International Designation



Old BS Designation



ISO Designation



1A IB 1C IE



Al 99.8 Al 99.5 Al 99.0 A199.5



2011 2014A



FC1 H15



Al Cu 5.5 Pb Bi Al Cu 4 Si Mg



2031



H12



2618A



H16



3103 3105 4043A 4047A 5005 5056A 5083 5154A 5251 5454 5554 5556A 6061 6063 6082 6101A 6463 7020



N3 N31 N21 N2 N41 N6 N8 N5 N4 N51 N52 N61 H20 H9 H30 91E BTR E6 H17



Al Cu 2 Ni 1 Mg Fe Si Al Cu 2 Mg 1.5 Fe 1 Ni 1 Al Mn 1 Al Mn Mg AlSi5 Al Si 12 AlMg 1 AlMg 5 Al Mg 4.5 Mn Al Mg 3.5 AlMg 2 Al Mg 3 Mn Al Mg 3 Mn Al Mg 5.2 Mn Cr Al Mg 1 Si Cu Al Mg Si Al Si 1 Mg Mn Al Mg Si Al Mg Si A l Z n 4 . 5 Mg 1



1080A 1050A 1200 1350 (electrical purity)



In groups 2xxx to 8xxx the last two of the four digits only serve to identify the different alloys in the groups. As before the second digit indicates alloy modifications and if it is zero it indicates the original alloy.
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There are national variations for some alloys, identified by a letter after the four-numeral designation. The letters are in alphabetical order beginning with A for the first national variation registered, but omitting I, O and Q. An example is 1050A. The accompanying table which compares this BS and international designation with the old BS and ISO designations will make this clear. Cold work



Temper. This denotes the amount of cold work done on the alloy and has the prefix H followed by (in the UK system) the numbers 1 to 8 indicating increasing strength. The letter O indicates the soft, fully annealed condition and the letter M (F in the US) indicates the material' as manufactured'. For example (see table) 3103-O is an aluminium-manganese alloy in the annealed condition while 3103-H6 indicates the same alloy in the threequarters hard temper. The American system has a further figure after the letter H. The figure 1 indicates that the temper was obtained by strain hardening. For example H 16 indicates three-quarters hard temper obtained by strain hardening. The figure 2 indicates that the temper was obtained by strain hardening more than that required and then partially annealing the alloy. The figure 3 indicates that the mechanical properties after cold work are stabilized by a low temperature heat treatment - used only for alloys which otherwise would naturally age-soften at room temperature. Comparison of UK and US systems UK symbol H No equivalent No equivalent No equivalent H 2 H 4 H 6 H 8



Description



Strain hardened, non-heat-treatable material Strain hardened only. Strain hardened and partially annealed. Strain hardened and stabilized. Quarter hard. Half hard. Three-quarters hard. Fully hard (hardest commercially practicable temper). No equivalent A special hard temper (for special applications). M As manufactured. O Annealed - soft.



US system H H H H H H H



1 2 3 12, H 22, H 32 14, H 24, H 34 16, H 26, H 36



H 18, H 28, H 38 H 19 F O
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Symbols used for heat treatment There are five basic heat-treatment tempers in the UK system and ten basic heat treatment tempers in the US system preceded by the letter T for thermal treatment. UK symbol Description —



—



US symbol



Cooled from an elevated temperature shaping process and naturally aged to a substantially stable condition.



Tl



Cooled from an elevated temperature shaping process, cool worked and naturally aged to a substantially stable condition.



T2



T D



Solution heat treated, cold worked and naturally aged to a stable condition. T3



T B



Solution heat treated and naturally aged to a substantially stable condition.



T E



T4



Cooled from an elevated temperature shaping process and then artificially aged.



T5



T F



Solution heat treated and then artificially aged. T6



—



Solution heat treated and stabilized.



T H



Solution heat treated, cold worked and then T8 artificially aged. Solution heat treated, artificially aged and then cold worked. T9



— —



T7



Cooled from an elevated temperature shaping process, cold worked and then artificially aged. T10



Note: Certain other digits are assigned for specific conditions such as stress relieved tempers and can be referred to in the book Aluminium and its Alloys, published by The Aluminium Federation (ALFED).



Magnesium Magnesium is an element of specific gravity 1.8, but although it has a relatively high specific heat capacity (1.1 x 103 joules per kg°C), the volume heat capacity is only \ of that of aluminium. It melts at 651 °C and its specific latent heat of fusion is lower than that of aluminium, so that for a given section the heat required to melt magnesium is about § that required for an equal weight of aluminium. It has a high coefficient of expansion and a high thermal conductivity so that the danger of distortion is always



Percentage composition of typical aluminium alloys for TIG and MIG welding. In each case remainder Al. Old classification



Alloy designation



1A IB N3 N21 N2 N6 N5 N4 N52 N61



1080A 1050A 3103 4043A 4047A 5056A 5356 5154A 5251 5554 5556A



H20 H9



6061 6063



Si



Fe



Cu



Mn



Mg



Cr



Zn



0.15 0.25 0.5 4.5-6.0 11.0-13.0 0.4 0.25 0.5 0.4 0.25 0.25



0.15 0.4 0.7 0.6 0.6 0.5 0.4 0.5 0.5 0.4 0.4



0.03 0.05 0.10 0.3 0.3 0.1 0.1 0.1 0.15 0.1 0.1



0.02 0.05 0.9-1.5 0.15 0.15 01.-0.6 0.05-0.2 0.1-0.5 0.1-0.5 0.5-1.0 0.6-1.0



0.02 0.05 0.3 0.2 0.1 4.5-5.6 4.5-5.5 3.1-3.9 1.7-2.4 2.4-3.0 5.0-5.5



— 0.1 — — 0.2 0.05-0.2 0.25 0.15 0.05-0.2 0.05-0.2



0.06 0.07 0.2 0.1 0.2 0.2 0.2 0.2 0.15 0.25 0.2



0.4-0.8 0.2-0.6



0.7 0.35



0.15-0.4 0.1



0.15 0.1



0.8-1.2 0.45-0.9



0.04 0.35 0.1



0.25 0.1



(See also MIG and TIG welding of aluminium alloys, vol. 2.)



Ga 0.03 Z r + TiO.l Be 0.0008 M n + Cr 0.1-0.6 Be 0.0008 M n + Cr 0.1-0.5 Be 0.0008



Magnesium alloys. Composition (major alloying elements) and properties.



Alloy



Major alloying elements, %



Wrought alloys ZTY Th 0.8, Zn 0.6, Zr0.6 ZM21 Zn 2.0, Mn 1.0 AZ80 AZM



Al 8.5, Zn 0.5, Mn0.3 Al 6.0, Zn 1.0, Mn0.3



AZ31



Al 3.0, Zn 1.0, Mn0.3



AM503



Mn 1.5



Casting alloys ZRE1 Zn 2.5, Zr 0.6, RE 3.0 RZ5 Zn4.2,Zr0.7, RE 1.3 ZE63 Zn5.8, Zr0.7, RE 2.5 ZT1 TZ6 OH21A MSR-B A8



Th 3.0, Zn 2.2, Zr0.7 Zn 5.5, Th 1.8, Zr0.7 Ag 2.5, Th 1.0, Zr0.7. Ndrich RE 1.0 Ag 2.5, Zr 0.6, Nd rich RE 2.5 Al 8.0, Zn 0.5, Mn0.3



Tensile st, N/mm2



Elongation, %



Hardness Brinell



Properties



Extruded forgings Extruded bars, plate, tubes, etc. Forgings Ppt treated Extruded bars, sections, etc. Sheet, bars, extruded sections. Sheet, plate, extruded sections, etc.



200-230



6-8



50-60



Creep resistant to 350 °C. Weldable



220



8-10



50-60



Medium strength sheet and extrusion alloy. Weldable, gas-shielded metal arc.



290



6



60



250



7



55-70



High strength alloy for forgings of simple design. General purpose alloy. Gas and arc weldable.



220-250



5-12



50-70



Medium strength alloy, sheet, tube, etc. Weldable.



190-230



3-5



35-55



Low strength general purpose alloy, good corrosion resistance. Weldable.



Ppt. treated, sand cast Ppt. treated, sand cast Soln and Ppt. treated, sand cast



140



3



50-60



200



3



55-70



275



5



60-85



Creep resistant to 250 °C. Pressure tight. Weldable. Easily cast, strong at elevated temp.: pressure tight. Weldable Casts well. Pressure tight. Weldable.



185



5



50-60



255



5



65-75



240



2



70-90



240



2



70-90



200



7



50-60



Condition



Ppt. treated, sand cast Ppt. treated, sand cast Soln and Ppt. treated, sand cast Soln and Ppt. treated, sand cast Soln treated, sand cast



In addition the following alloys have been introduced: Wrought ZC61 Zn 6.0%, Cu 1.0%. Casting QH2LA Zr 0.7%, Ag 2.6%, Th 1.0%, Nd 1.0%. Weldable TIG. EQ21A Zr 0.7%, Ag 1.5%, Nd 2.0%. Weldable TIG. ZE63A Zr 0.7%, Zn 5.8%, RE 2.5%. Weldable TIG. Zr55 Zr 0.55%. Ppt = precipitation, soln = solution, RE = rare earths.



Creep resistant to 350 °C. Pressure tight. Weldable. Casts as RZ5 but stronger. Pressure tight, Weldable. Heat treated alloy, creep resistant: High yield strength to 300 °C. Pressure tight. Weldable. Heat treatable alloy. High yield strength to 250 °C. Pressure tight. Weldable. Good foundry properties, good ductility and shock resistant.
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present. It oxidizes rapidly in air above its melting point and though it burns with an intense white flame to form magnesium oxide there is little danger of fire during the welding process (TIG and MIG). As will be seen from the table the chief alloying elements are zinc, aluminium, silver, manganese, zirconium, thorium and the rare earths; the alloying elements improving casting properties, tensile strength, elongation, hardness, etc., as required. From the table it will be noticed that most of the alloys are weldable by the gas shielded metal arc process. The heat-treatable alloys are solution and precipitation treated in the same way as the aluminium alloys. As yet standard designations are not equivalent in the British and American Systems, the US having adopted their own Unified Numbering System (UNS) whereas the UK is using the ISO system. The standards applicable are: Sand castings USA/ASTM B80 Sheet and plate B90 Forging s B91 Ingots for remelting B92 B93-94 Ingots for sand casting, die casting, etc. Extruded bars and sections B1707 2970 Ingots and castings UK/BSI 3370 Plate, sheet and strip 3372 Forgings Extruded bars and sections 3373 2901 Part 4. Filler rods for TIG welding 3019 Part I. Filler rods for TIG welding



Stress and distortion in welding Stresses set up in welding



In the welding process, whether electric arc or oxy-acetylene, we have a molten pool of metal which consists partly of the parent metal melted or fused from the side of the joint, and partly of the electrode or filler rod. As welding proceeds this pool travels along and heat is lost by conduction and radiation, resulting in cooling of the joint. The cooling takes place with varying rapidity, depending on many factors such as size of work, quantity of weld metal being deposited, thermal conductivity of the parent metal and the melting point and specific heat of the weld metal. As the weld proceeds we have areas surrounding the weld in varying conditions of expansion and contraction, and thus a varying set of forces
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will be set up in the weld and parent metal. When the weld has cooled, these forces which still remain, due to varying conditions of expansion and contraction, are called residual stresses and they are not due to any external load but to internal forces. The stresses will cause a certain deformation of the joint. This deformation can be of two kinds: (1) elastic deformation, or (2) plastic deformation. If the joint recovers its original shape upon removal of the stresses, it has suffered elastic deformation. If, however, it remains permanently distorted, it has suffered plastic deformation. The process of removal of these residual stresses is termed stress relieving. Stresses are set up in plates and bars during manufacture due to rolling and forging. These stresses may be partly reduced during the process of welding, since the metal will be heated and thus cause some of these stresses to disappear. This may consequently reduce the amount of distortion which would otherwise occur. Stresses, with their accompanying strains, caused in the welding process, are thus of two types: (1) Those that occur while the weld is being made but which disappear on cooling. (2) Those that remain after the weld has cooled. If the welded plates are free to move, the second causes distortion. If the plates are rigid, the stresses remain as residual stresses. Thus we have to consider two problems: how to prevent distortion, and how to relieve the stress. Distortion is dependent on many factors, and the following experiment will illustrate this. Take two steel plates about 150 mm x 35 mm x 8 mm. Deposit a straight layer of weld metal with the arc across one face, using a small current and a small electrode. This will give a narrow built-up layer. No distortion takes place when the plate cools (Fig. 2.30). Now deposit a layer on the second plate in the same way, using a larger size electrode and a heavier current. This will give a wider and deeper layer.



Fig. 2.30



140



Metallurgy



On cooling, the plate distorts and bends upwards with the weld on the inside of the bend (Fig. 2.31). In the first operation the quantity of heat given to the plate was small, due to the small mass of weld laid down. Thus contraction forces were small, and no distortion occurred. In the second operation, much more weld metal was laid down, resulting in a much higher temperature of the weld on the upper side of the plate. On cooling, the upper side contracted therefore more than the lower, and due to the pull of the contracting line of weld metal, distortion occurred. Evidently, if another layer of metal was laid on the second plate in the same way, increased distortion would occur. Thus from experience we find that: (1) An increase in speed tends to increase distortion because a larger flame (in oxy-acetylene), and a larger diameter electrode and increased current setting (in electric arc) have to be used, increasing the amount of localized heat. (2) The greater the number of layers of weld metal deposited the greater the distortion. Let us now consider some typical examples of distortion and practical methods of avoiding it. Two plates, prepared with a V joint, are welded as shown. On cooling, the plates will be found to have distorted by bending upwards (Fig. 2.32). Again, suppose one plate is set at right angles to the other and a fillet weld is made as shown. On cooling, it will be found that the plates have pulled over as shown and are no longer at right angles to each other (Fig. 2.33). This type of distortion is very common and can be prevented in two ways: (1) Set the plates at a slight angle to each other, in the opposite direction to that in which distortion will occur so that, when cool, the plates are in correct alignment.
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(2) Clamp the plates firmly in a fixture or vice so as to prevent their movement. Since we have seen that the amount of distortion depends on several factors, such as speed of welding and number of layers, the amount of bias to be given to the plates in the opposite direction will be purely a matter of experience. If the plates are fixed in a vice or jig, so as to prevent movement, the weld metal or parent metal must stretch or give, instead of the plates distorting. Thus there is more danger in this case that residual stresses will be set up in the joint. A very familiar case is the building up of a bar or shaft. Here it is essential to keep the shaft as straight as possible during and after welding so as to reduce machining operations. Evidently, also, neither of the two methods of avoiding distortion given above can be employed. In this case distortion can be reduced to a minimum by first welding a deposit on one side of the shaft, and then turning the shaft through 180 ° and welding a deposit on the opposite diameter. Then weld on two diameters at right angles to these, and so on, as shown in Fig. 2.34. The contraction due to layer 2 will counteract that due to layer 1, layer 4 will counteract layer 3, and so on. If two flat plates are being butt welded together as shown, after having been set slightly apart to begin with, it is found that the plates will tend to come together as the welding proceeds. This can be prevented either by tack welding each end before commencing welding operations, clamping the plates in a jig to prevent them moving, or putting a wedge between them to prevent them moving inwards (Fig. 2.35). The disadvantage of tack welding is that it is apt to impair the appearance of the finished weld by producing an irregularity where the weld metal is run over it on finishing the run. Step welding or back stepping is often used to reduce distortion. In this method the line of welded metal is broken up into short lengths, each length ending where the other began. This has the effect of reducing the heat in any one section of the plate, and it will be seen that in this way when the finish of Fig. 2.33



WELD



142



Metallurgy



step 2 meets the beginning of step 1 we have an expansion and contraction area next to each other helping to neutralize each other's effect (Fig. 2.36). In the arc welding of cast iron without pre-heating, especially where good alignment at the end of the welding process is essential, beware of trying to limit the tendency to distort while welding, by tacking too rigidly, as this will frequently result in cracking at the weakest section, often soon after welding has been commenced. Rather set the parts in position so that after welding they have come naturally into line and thus avoid the setting up of internal stresses. Practical experience will enable the operator to decide how to align the parts to achieve this end. In skip welding a short length of weld metal is deposited in one part of the seam, then the next length is done some distance away, keeping the sections as far away from each other as possible, thus localizing the heat (Fig. 2.37). This method is very successful in the arc welding of cast iron. To avoid distorting during fillet welding the welds can be done in short lengths alternately on either side of the leg of the T , as shown in Fig. 2.38, the welds being either opposite each other as in the sketch (a) or alternating as in the sketch (b). It is evident that a great deal can be done by the operator to minimize the effects of distortion. In the case of cast iron, however, still greater care is needed, because whereas when welding ductile metals there is the plasticity of the parent metal and weld metal to cause a certain yielding to any stresses set up, cast Fig. 2.34
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iron, because of its lack of ductility, will easily fracture before it will distort, unless the greatest care is taken. This has previously been mentioned in the effects of expansion and contraction. In the welding of cast iron with the blowpipe, pre-heating is always necessary unless the casting is of the simplest shape. The casting to be welded is placed preferably in a muffle furnace and its temperature raised gradually to red heat. For smaller jobs pre-heating may be carefully carried out by two or more blowpipes and the casting allowed to cool out in the hot embers of a forge. Residual stresses and methods of stress relieving In addition to these precautions, however, the following experiment will show how necessary it is to follow the correct welding procedure to prevent fracture. Three cast-iron plates are placed as shown in Fig. 2.39 Fig. 2.36 q
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and are first welded along the seam A-B. No cracking takes place, because they are free to expand and contract. If we now begin at D and weld to C, that is, from the free end to the fixed end, cracking will in all probability occur; whereas, if we weld from C to D, no cracking occurs. When we weld from D to C the ends D and C are rigid and thus there is no freedom in the joint. Stresses are set up in cooling, giving tendency to fracture. Welding from C to D, that is, from fixed to free end, the plates are able to retain a certain amount of movement regarding each other, as a result of which the stresses set up on cooling are much less and fracture is avoided. Thus, always weld away from a fixed end to a free end in order to reduce residual stress. Peening. Peening consists of lightly hammering the weld and/or the surrounding parent metal in order to relieve stresses present and to consolidate the structure of the metal. It may be carried out while the weld is still hot or immediately the weld has cooled. A great deal of controversy exists as to whether peening is advantageous or not. Some engineers advocate it because it reduces the residual stresses, others oppose it because other stresses are set up and the ductility of the weld metal suffers. If done reasonably, however, it undoubtedly is of value in certain instances. For example, in the arc welding of cast iron the risk of fracture is definitely reduced if the short beads of weld metal are lightly peened immediately after they have been laid. Care must be taken in peening hot metal that slag particles are not driven under the surface. Pre- and post-heat treatment The energy for heat treatment may be provided by oil, propane or natural gas or electricity and the heat may be applied locally, or the welded parts if not too large, may be totally enclosed in a furnace. The temperature in localized pre-heating, which usually does not exceed 250 °C, should extend for at least 75-80 mm on each side of the welded joint. Post-heat temperatures, usually in the range 590-760 °C, reduce Fig. 2.39
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internal stresses and help to soften hardened areas in the HAZ. The work is heated to a given temperature, held at this temperature for a given 'soaking' time, and then allowed to cool, both heating and cooling being subject to a controlled temperature gradient such as 100-200 °C per hour for thicknesses up to 25 mm and slower rates for thicker plate, depending upon the code being followed (ASME, BS, CEGB, DIN). Localized heat This can be applied using flexible insulated pad and finger electrical heaters (Fig. 2.40#). These are available in a variety of shapes with Fig. 2.40. (a) Flexible ceramic pad heaters strapped round a circular closing seam on a 1.2 m diameter vessel with wall thickness of 25 mm.
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the elements insulated with ceramic beads and supplied from the welding power source or an auxiliary transformer at 60-80 V. The pads are connected in parallel as required and are covered over with insulating material to conserve heat. Heat can also be applied locally by gas or oil burners, as for example on circumferential and longitudinal vessel seams (Fig. 2.40/?). There is now available a rectangular ceramic plaque, protected by an Inconel mesh grill. The plaques each have hundreds of tiny holes and as the gas-air mixture emerges onto the front face of them it is ignited and burns on the plaque surface, which becomes intensely hot (1000 °C), and if these are placed 50-75 mm from the seam to be heated heat is transferred mainly by radiation and rapid heating of the work is achieved Fig. 2.40. (b) Surface combustion units propane or natural gas set up for preheating rotating seams.
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up to 250 °C. The burners operate in all positions and can be supplied with magnetic feet for easy attachment to the work. Furnaces The older furnaces were of firebrick, fired with gas or oil or electrically heated, and were very heavy. The modern 'top hat' furnace has a hearth with electric heating elements laid in ceramic fibre over which fits a light steel framework insulated inside with mineral wool and ceramic fibre. This furnace is of light thermal mass and can be quickly loaded or unloaded by lifting the unit, consisting of side walls and top, clear of the hearth with its load. The furnace can be heated overnight to take advantage of the lower charges for electrical power, the temperature control of the units being automatic. These furnaces operate up to 650 °C. If higher temperatures up to 1050 °C are required, additional elements can be added to the furnace sides with loadings up to 1200 kW. Top hat furnaces are made in a variety of sizes including multiple hearths in which the top hat can be moved onto one hearth while the other is being loaded or unloaded. For furnaces of over 150 m3 in volume, with their own gas trains, gas firing is very popular. Burners are chassis-mounted and arranged so that they fire down the side walls. As they are of high-velocity gas they avoid direct impingement on the parts being heated and temperatures are evenly distributed by the highvelocity action of the burners. Temperatures of pre- or post-heat are generally measured by thermocouple pyrometers and it is very important that the junction of the ends of the thermo-couple wires should be firmly attached to the place where the temperature is to be measured. Clips welded on in the required position and to which the junction is attached are used but when elements are placed over the junction it is possible for a temperature greater than that which actually exists in the work to be indicated due to the proximity of the heating element to the clip joint. A method to avoid this danger is to weld each of the couple wires to the pipe, spaced a maximum of 6 mm apart, by means of a capacitor discharge weld. The weld is easy to make using an auxiliary capacitor unit and reduces the possibility of erroneous readings. The only consumable is the thermo-couple wire, about 150 mm of which is cut off after each operation. Summary of foregoing section: Factors affecting distortion and residual stresses (1) If the expansion which occurs when a metal is heated is resisted, deformation will occur.
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Metallurgy (2) When the contraction which occurs on cooling is resisted, a stress is applied. (3) If this applied stress causes movement, distortion occurs. (4) If this applied stress causes no movement, it is left as a residual stress.



(1)



(2) (3) (4)



Methods of reducing distortion Decrease the welding speed, using the smallest flame (in oxyacetylene) and the largest diameter electrode and lowest current setting (in electric arc) consistent with correct penetration and fusion of weld and parent metal. Line up the work to ensure correct alignment on cooling out of the weld. Use step-back or skip method of welding. Use wedges or clamps.



Methods of reducing or relieving stress (1) Weld from fixed end to free end. (2) Peening. (3) Heat treatment. Finally, the following is a summary of the chief factors responsible for setting up residual stresses: (1) Heat present in the welds depending on: (a) Flame size and speed in oxy-acetylene welding. (b) Current and electrode size and speed in arc welding. (2) Qualities of the parent metal and filler rod or electrode. (3) Shape and size of weld. (4) Comparative weight of weld metal and parent metal. (5) Type of joint and method used in making weld (tacking, back stepping, etc.). (6) Type of structure and neighbouring joints. (7) Expansion and contraction (whether free to expand and contract or controlled). (8) Rate of cooling. (9) Stresses already present in the parent metal. Brittle fracture When a tensile test is performed on a specimen of mild steel it elongates first elastically and then plastically until fracture occurs at the waist which forms. We have had warning of the final failure because the specimen has elongated considerably before it occurs and has behaved both elastically and plastically. It is possible however, under certain conditions,
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for mild steel (and certain alloy steels) to behave in a completely brittle manner and for fracture to occur without any previous elongation or deformation even when the applied stress is quite low, the loading being well below the elastic limit of the steel. This type of fracture which takes place without any warning is termed brittle fracture and although it has been known to engineers for many years it was the failure of so many of the all-welded Liberty ships in World War II that focused attention upon it and brought welding as a method of construction into question. It is not, however, a phenomenon which occurs only in welded fabrications because it has been observed in riveted constructions; but because welded plates are continuous as opposed to the discontinuity of riveted ones a brittle fracture in a welded fabrication may travel throughout the fabrication with disastrous results, whereas in a riveted fabrication it usually travels only to the edge of the plate in which it commenced. From investigations into the problems which have been made both in the laboratory and on fractures which have occurred during service, it is apparent that certain significant factors contribute to the occurrence of brittle fracture and we may summarize these as follows: (1) The ambient temperature when failure occurred was generally low, that is, near or below freezing point. (2) Failure occurred in many cases when the loading on the areas was light. (3) Failure is generally, associated with mild steel but occurs sometimes in alloy steels. (4) The fracture generally begins at defects such as artificial notches caused by sharp corners, cracks at a rivet hole, a fillet weld corner, poor weld penetration, etc., all behaving generally as a notch. (5) The age of the structure does not appear to be a significant factor. (6) Residual stresses may, together with other factors, serve to initiate the fracture. Once the crack is started it may be propagated as a brittle fracture and can continue at high speeds up to 1200 m per second and at very low loads. It is a trans-granular phenomenon and after failure, tensile tests on other parts of the specimen will show a normal degree of ductility. We may now consider briefly the conditions which may lead up to the occurrence of brittle fracture. Notch brittleness When stress is applied to a bar it may either deform plastically or may break in a brittle manner and the relationship between these types of behaviour determines whether brittle fracture will occur or not.
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Consider a specimen of steel in which there is a notch and which is under a tensile stress. The stress on the specimen is below the elastic limit of the main section while at the root of the notch plastic flow may have occurred under a higher stress due to the reduced area. This localized plastic flow at the notch may cause rapid strain hardening, which may lead to cracking at the root of the notch, and once this crack has begun we have a natural notch of uniform size instead of a variable-size machined notch. Before a crack can be initiated there must therefore be some deformation. Ductile-brittle transition The transition from the ductile to the brittle state is affected by temperature, strain rate and the occurrence of notches. If tests are performed on steel specimens at various temperatures it is found that the yield point stress increases greatly, as the temperature is reduced so that the lower the temperature, the greater the brittleness and the liability to brittle fracture. The strain rate has a similar effect on the yield point. As the rate of strain is increased the yield stress rises much more quickly than the fracture stress. A notch may thus localize the stress to increase the strain at its root. The size of the ferrite grains also affects the transition temperature and increasing the carbon content raises and broadens the transition range. In the case of alloy steels, manganese and nickel lower the transition temperature while carbon, silicon and phosphorus raise it. By keeping a high manganese-carbon ratio, tendency to brittle fracture can be reduced and in general the lowest transition temperatures are obtained with finely dispersed microstructures. We may sum up the preceding by saying that the ductile-brittle transition of steel is affected by both grain size and microstructure, and in general the weld metal has similar or even better transition properties than the parent plate. Because of this, brittle fracture is seldom initiated in the weld metal itself but rather in the fusion zone, the heat-affected zone or the parent plate, and the fracture seldom follows the weld. Faults in a weld such as slag inclusion, porosity, lack of fusion, and undercut, which occur in the fusion zone, may serve as nuclei for a crack from which the brittle fracture may be projected, and since the notch ductility of the weld is usually better than that of the plate the fracture follows the plate. The notch ductility of a weld can be measured by means of the Charpy notch test (p. 286) and gives an indication of the resistance to brittle fracture. The impact values in joules are plotted against the temperature, first for a weld with a low heat input and then with a high heat input, and two curves are obtained as in Fig. 2.41, which are for a carbon-manganese
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weld metal. It can be seen that the lower heat input gives higher impact values, but there is a transition range from ductile to brittle fracture, and as the temperature falls the probability of brittle fracture is greatly increased. The value of 41 J is often taken as the minimum for the weld metal since above this value it is considered that any crack which develops during service would be arrested before it could result in massive brittle fracture. To obtain good low-temperature impact values, low heat input is therefore required, which means that electrodes should be of the basic type and of small diameter, laid down with stringer bead (split weave) technique. Rutile-coated electrodes can be used down to about — 10 °C. Basic mild steel electrodes can be used down to about — 50° C, and below that nickelcontaining, basic-coated electrodes should be used. Fig. 2.41. Ductile-brittle transition in a steel weld metal.
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3 Metallic alloys and equilibrium diagrams



Metallic alloys The metals with which a welder may have to deal are often not pure metals but alloys consisting of a parent metal with one or more alloying elements added in various proportions, e.g. mild steel is an alloy mainly of iron with a small amount of carbon, while brasses are alloys of copper containing up to 45% of zinc. The properties of such alloys vary according to the form in which the alloying element is present. There are several possible forms: (1) The alloying element may be present in an unchanged form in a state of fine mechanical mixture with the parent metal so that it can be seen as a separate particle or crystal (constituent) under the microscope. Examples of this are: (a) Carbon present as flakes of graphite in grey cast irons. (b) Silicon present as fine silicon crystals in the aluminium-silicon alloys. (c) Lead present as round particles in free cutting brasses. Alloying elements present in this condition do not generally produce a great increase in strength, but they increase or decrease the hardness, reduce the ductility and improve the machinability of the parent metal. (2) The alloying element may be present in solid solution in the parent metal, i.e., actually dissolved as salt or sugar dissolves in water, so that under the microscope only one constituent, the solid solution, can be seen, similar in appearance to the parent metal except that the colour may be changed.



* This chapter will give the welding engineer an introduction to equilibrium diagrams and theii uses.
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Examples of this are: (a) Up to 37% of zinc can be present in solid solution in copper, causing its colour to change gradually from red to yellow as the percentage of zinc increases. These alloys are known as alpha brasses. (b) Up to about 8% of tin or aluminium can be present in solid solution in copper giving alloys known as alpha tin bronzes or alpha aluminium bronzes respectively. (c) Copper and nickel in any proportion form a solid solution of the same type. Examples are cupro-nickel containing 20-30% nickel and Monel metal containing about 70% nickel. All have a similar appearance under the microscope showing a simple structure similar to that of a pure metal. Elements in solid solution improve strength and hardness without making the metal brittle. (3) The alloying element may form a compound with the parent metal which will then have properties different from either. Such compounds are generally hard and brittle and can only be present in small amounts and finely distributed without seriously impairing the properties of the alloy. These appear under the microscope as distinct new constituents often of clearly crystalline shape. A second type of inter-metallic compound (a new constituent) having ductility and properties more like a solid solution forms in some alloys at certain ranges of composition. An example is the /? constituent in brasses containing 40-50% zinc. (4) While some pairs of metals are soluble in each other in all proportions, e.g. copper and nickel, other pairs can only retain a few per cent of each other in solid solution. If one of the alloying elements is present in a greater amount than the maximum which can be retained in solid solution in the parent metal, then part of it will be in solid solution and part will be present as a second constituent, i.e., either: (a) as crystals of the alloying element which may themselves have a small amount of the parent metal in solid solution, or (b) as an inter-metallic compound. The state in which an alloying element is present can vary with the temperature so that the constituents present in an alloy at ordinary temperatures may be different from those present at the temperature of the welding operation. For all alloys used in practice, however, the constituents present at any temperature, from that of the welding range down to that of the room, have been determined by quenching the alloys from the various temperatures and examining them under the microscope. Each constituent which can be recognized as separable distinct particles or crystals is called a
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phase, and an alloy is said to be single-phase, two-phase or three-phase, etc., according to the number of phases present. For any pair of metals, the different combinations of phases which may be produced by varying either the composition of the alloy, or the temperature, can be shown in an equilibrium or constitutional diagram for that pair of metals. In these diagrams composition is plotted horizontally and temperature vertically. The diagram is subdivided into a number of areas called phase-fields each of which is labelled with the phase or phases which occur within its limits. On the diagram are also plotted curves showing how the melting point and freezing point change with the composition. Thus a glance at the diagram will show for any composition, the phases present at any chosen temperature. Furthermore the diagram shows what changes will occur in any composition if it is cooled slowly from, say, the welding temperature to normal air temperature.



Equilibrium diagrams and their uses Two metals soluble in each other in all proportions In Fig. 3.1 A is the melting point of pure copper and C that of pure nickel. The percentage composition (Cu and Ni) is plotted horizontally and the temperature vertically. Fig. 3.1 1500 LIQUIDUS 1-PfMSE REGION (LIQUID
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Above the curve A BC, which is called the liquidus, any mixture of copper and nickel will be a single liquid solution. This region is called a singlephase field. Below the curve ADC, called the solidus, any mixture of copper and nickel will consist of a single solid solution and under the microscope will show no difference between one composition and another except for a gradual change in colour from the red colour of copper to the white of nickel as the percentage of nickel is increased. The region below the curve ADC is therefore a single-phase field. In the region between the curves ABC, ADC any alloy contains a mixture of: (1) solid solution crystals, and (2) liquid solution. This region is therefore a two-phase field. There is a simple rule for determining the compositions and proportions of the liquid and solid solutions which are present together at any selected temperature in a twophase field. Let Xbz the composition of any selected alloy (Fig. 3.2) and let t° be selected temperature. Draw a horizontal line at temperature t ° to cut the liquidus at O and the solidus at Q. Then O is the composition of the liquid solution (say approx. 28% Ni, 72% Cu) and Q the composition of the solid solution (say 73% Ni, 27% Cu) present in the alloy X at temperature t °. The relative amounts of liquid O and the solid P are given by the lengths of PQ and OP respectively. Fig. 3.2
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When the alloy of composition X cools from the liquid condition to normal temperatures, the changes involved may be summarized as follows. No change occurs until the alloy cools to the liquidus temperature tt °. When tt ° is reached a small amount of solid solution of composition 7V(say 90% Ni, 10% Cu) is formed. On further cooling these crystals absorb more copper from the liquid and more crystals separate out but their composition changes progressively along the solidus line towards S getting richer in copper, while the composition of the remaining liquid changes progressively along the liquidus line towards composition R. The amount of solid present therefore increases and the amount of liquid decreases until when the temperature ts° is reached (this is the solidus temperature of our alloy of composition X) the last drop of liquid solidifies and the whole alloy is then a uniform solid solution of composition X. No further changes occur on cooling to normal temperatures, and under the microscope the cooled alloy will appear to consist of polygonal grains of one kind only, differing from a pure metal only in the colour. This simplified description applies only when the alloy solidifies very slowly, for time is required for the first crystals deposited (composition N) to absorb copper by diffusion so that they change progressively along NS as solidification occurs. When cooling is rapid there is not sufficient time for these changes to occur in the solidified crystals and we get the first part of each crystal having composition TV, so that the centre of each crystal or grain is richer in nickel than the average, while as we progress from the centre to the outside the composition gradually changes, becoming richer in copper until at the boundaries of each grain they are richer in copper than the average composition X. This effect is known as coring and is shown as a gradual change in colour of the crystals when the alloy is etched with a suitable chemical solution and examined under the microscope. All solid solution alloys show coring to a greater or lesser degree when they are solidified at normal rates, for example in a casting or welding operation. Coring can be removed and the composition of each grain made uniform throughout by re-heating or annealing at a temperature just below the solidus of the alloy. Two metals partially soluble in each other in the solid state, which do not form compounds This type of alloy system is very common, e.g. copper-silver, lead-tin, aluminium-silicon. It is called a eutectic system and at the eutectic composition, that is, at the minimum point on the liquidus curve, the alloy solidifies at a constant temperature instead of over a range of temperatures.
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In the solid state there are three phase-fields (Fig. 3.3): (1) A single-phase region in which any composition consists of a solid solution of metal B in metal A (a only). (2) A single-phase region in which any composition consists of a solid solution of metal A in metal B (J3 only). (3) A two-phase region in which any alloy consists of a mechanical mixture of the two solid solutions mentioned above (a + /?). Solidification of alloys forming a eutectic s y s t e m . (I) A l l o y s c o n t a i n i n g less than X% or more than Z% of metal B will solidify as solid solutions similar to those of the copper-nickel system. In Fig. 3.4 consider an alloy of composition at (1). As it cools, crystals of composition Sx will begin to separate out at Lv On further cooling the liquid will change in composition along the liquidus to L2 and the solid deposited will change along the solidus to S2. At S2 the last drop of liquid will solidify and if cooling has been slow, the grains will be a uniform solid solution of composition (1); with rapid cooling the crystal grains will be cored, the centres richer in metal A and the boundaries richer in metal B. (2) The eutectic alloy will cool as a liquid solution to Y. At Y, crystals of two solid solutions will separate simultaneously, their compositions being
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given by the points Z and X. Solidification will be completed at constant temperature and the solidified alloy will consist of a fine mechanical mixture of the two solid solutions, called a eutectic structure. (3) An alloy of composition between X and Y, or between Fand Z, will begin to solidify as a solid solution but when the composition of the liquid has reached the point Y, the remainder will solidify as a fine eutectic mixture of X and Z. Two metals which form intermetallic compounds Compound forming a eutectic system with the parent metal The equilibrium diagram for many alloying elements which form compounds with the parent metal, e.g. copper alloyed to aluminium, is of a simple eutectic form similar to that just considered for the important part of the diagram, and the changes occurring on cooling an alloy of such a system are similar to those given in (2) above. (In Fig. 3.5, which is for Al-Cu alloy, the intermetallic compound 6 formed is CuAl2.) System in which an intermetallic compound is formed by a reaction. In some alloy systems, notably those in which copper is the parent metal, an intermediate phase or inter-metallic compound is formed as a product of a reaction which occurs in certain compositions during solidification. An example is that of the copper-zinc system in which a/? phase is formed by a peritectic reaction. Fig. 3.4
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Solidification of alloys in a peritectic system. Referring to Fig. 3.6, alloys containing less than 32.5% of zinc at A, solidify as a solid solutions by the process described for class (1). Alloys containing between 32.5% and 39% zinc {A and Cin the figure) commence to solidify by forming crystals of the a solid solution, but when the temperature has fallen to 905 °C, the liquid is of composition at C (39% Zn) and the a crystals are of composition at A Fig. 3.5
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(32.5% Zn). At this temperature the a phase and the liquid react to form a new solution/? having a composition at B(37% Zn). This reaction is termed a peritectic reaction. If the mean composition of the alloy is B% zinc (37%) then all the liquid and the a crystals are converted to/? solution and at the end of solidification the alloy is a uniform solid solution /?. If the alloy contains between A% and B% of zinc, the alloy after solidification consists of a mixture of a and/?. If the alloy contains between B% and C% of zinc, all the a crystals are converted to /? at the peritectic reaction, but there is some liquid left which then solidifies as/? by the usual mechanism of solidification for a solid solution. Phase changes in alloys in the solid state There are two important types of phase change which may occur in alloys while cooling in the solid state. Simple solubility change. In many alloy systems the amount of the alloying element which can be kept in solid solution in the parent metal decreases as the temperature falls. This effect is shown in the equilibrium diagram Fig. 3.7 by the slope of the solubility line, that is, the line which marks the limit of the single-phase region of the a solid solution. Thus in the copper-aluminium system, aluminium will dissolve 5.7% of Fig. 3.7
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copper at the eutectic temperature but the solubility falls to less than 0.5% copper at ordinary temperatures. The alloys containing up to 5.7% copper are a solid solutions at temperatures above the line AB, but below the line AB they consist of a solid solutions with varying amounts of an inter-metallic compound 0. If the alloy of composition X(say 4% copper) is annealed above the line AB, say at 530 °C and quenched in water, a super-saturated solid solution is obtained. If, on the other hand, it is cooled slowly, on reaching the line AB crystals of the inter-metallic compound 9 begin to separate out (or are precipitated) and increase in size and number on further cooling. If a quenched specimen is retained at room temperature, the excess copper in solution tends to diffuse out to form separate 0 crystals and this process produces severe hardening of the alloy known as age hardening. No visible change in the microstructure occurs. If a quenched specimen is heated to 100-200 °C the diffusion and hardening occur more quickly. This is known as temper hardening, but if the heating is too prolonged, visible crystals of 9 separate out and the alloy resoftens. This is known as over-ageing. Eutectoid change. In steels the remarkable changes in properties which can be obtained by different types of heat treatment are the result of a different type of transformation in the solid state. This is known as a eutectoid transformation. Some solid solutions can only exist at high temperatures and on cooling they decompose to form a fine mixture of two other phases. This change, known as a eutectoid decomposition, is similar to a eutectic decomposition (see p. 157) except that the solution which decomposes is a solid one instead of a liquid one. The structure produced is also similar in appearance under a microscope to a eutectic structure but is in general finer. In Fig. 3.8 the/? phase undergoes eutectoid decomposition at temperature tx° to form a eutectoid mixture of a phase + y phase. If an alloy, which contains some /? phase at high temperatures, say composition X'm the figure, is quenched from a temperature higher than t19 the decomposition of ft is prevented and severe hardening is produced. If the alloy X is now heated to some temperature below tx the change of/? to a + y can occur and the hardening is removed. This is then a tempering process. In some systems in which a change of this type occurs it is possible to obtain a wide range of hardness values in a single alloy according to the rate of cooling from above the decomposition temperature. The slower the cooling rate the coarser is the (a + y) eutectoid mixture and the lower the
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hardness, and vice versa, the quench giving the highest hardness obtainable. Fig. 3.8
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Electrical technology Sources of electrical power The principle sources of electrical power of interest to the welder are (1) batteries and accumulators, (2) generators. Batteries generate electrical energy by chemical action. Primary batteries, such as the Leclanche (used for flash lamps and transistor radios), continue giving out an electric current until the chemicals in them have undergone a change, and then no further current can be given out. Secondary batteries or accumulators are of two types: (1) the lead-acid, and (2) the nickel-iron alkaline. In the former, for example, there are two sets of plates, one set of lead peroxide and the other set of lead, immersed in dilute sulphuric acid (specific gravity 1.250, i.e. 4 parts of distilled water to 1 part of sulphuric acid). Chemical action enables this combination to supply an electric current, and when a current flows from the battery both the lead peroxide plates and the lead plates are changed into lead sulphate, and when this change is complete the battery can give out no more current. By connecting the battery to a source of electric power, however, and passing a current through the battery in the opposite direction from that in which the cell gives out a current, the lead sulphate is changed back to lead peroxide on one set of plates and to lead on the other set. The battery is then said to be 'charged' and is ready to supply current once again. It may also be noted here that when two different metals are connected together and a conducting liquid such as a weak acid is present, current will flow, since this is now a small primary cell. This effect is called 'electrolysis' and will lead to corrosion at the junction of the metals. Generators can be made to supply direct current or alternating current as required and are described later. For welding purposes generators of special design are necessary. When welding with alternating current, 163
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'transformers' are used to transform or change the pressure of the supply to a pressure suitable for welding purposes. The electric circuit The electric circuit can most easily be understood by comparing it to a water circuit. Such a water circuit is shown in Fig. 4. la. A pump drives or forces the water from the high-pressure side of the pump through pipes to a water meter M, which measures the flow of water in litres per hour. From the meter the water flows to a control valve, the opening in which can be varied, thus regulating the flow of water in the circuit. The water is led back through pipes to the low-pressure side of the pump. We assume that no water is lost in the circuit. Fig. 4. \b shows an electric circuit corresponding to this water circuit. The generator, which supplies direct current (d.c), that is, current flowing in one direction only, requires energy to be consumed in driving it. The electrical pressure available at the terminals of the generator when no current is flowing in the circuit is known as the electro-motive force (e.m.f.) or in welding as the open circuit voltage. The current is carried by copper wires or cables, which offer very little obstruction or resistance to the flow of current through them, and the current flows from the high-pressure side of the generator (called the positive or +ve pole) through a meter which corresponds to the water meter. This meter, known as an ampere meter or ammeter, measures the flow of current through it in amperes, A (amps for short), just as the water meter measures the flow of water in litres per hour. This ammeter may be connected at any point in the circuit so that the current flows through it, since the current is the same at all points in the circuit. From the ammeter the current flows through a copper wire to a piece of apparatus called a 'resistor'. This consists of wire usually made of an alloy, such as manganin,
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nichrome or eureka, which offers considerable obstruction or resistance to the passage of a current. The number of turns of this coil in the circuit can be varied by means of a switch, as shown in the figure. This resistor corresponds to the water valve by which the flow of water in the circuit is varied. The more resistance wire which we include in the circuit, the greater is the obstruction to the flow of the current and the less will be the current which will flow, so that as we increase the number of turns or length of resistance wire in the circuit, the reading of the ammeter, indicating the flow of current in the circuit, becomes less. The current finally flows through a further length of copper wire to the low-pressure (negative or — ve) side of the generator. In the water circuit we can measure the pressure of water in N/mm 2 by means of a pressure gauge. We measure the difference of pressure or potential (p.d.) between any two points in an electric circuit by means of a voltmeter, which indicates the difference of pressure between the two points in volts. Fig. 4.2 shows the method of connexion of an ammeter and a voltmeter in a circuit. Fall in potential - voltage drop. Let us consider the circuit in Fig. 4.3 in which three coils of resistance wire are connected to each other and to the generator by copper wires as shown, so that the current will flow through each coil in turn. (This is termed connecting them in series.) Suppose that the current flows from the + ve terminal A through the coils and back to the — ve terminal H. Throughout the circuit from A to //there will be a gradual fall in pressure or potential from the high-pressure side A to the lowpressure side H. Let us place a voltmeter across each section of the circuit in
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turn and find out where this fall in pressure or voltage drop occurs. If the voltmeter is first placed across A and B, we find that no difference of pressure or voltage drop is registered. This is because the copper wire connecting A and B offers very little obstruction indeed to the passage of the current, and hence, since there is no resistance to be overcome, there is no drop in pressure. If the voltmeter is placed across B and C, however, we find that it will register a definite amount. This is the amount by which the pressure has dropped in forcing the current against the obstruction or resistance of BC. Similarly, by connecting the meter across D £ a n d FG we find that a voltage drop is indicated in each case, whereas if connected across CD, EF, or GH, practically no drop will be recorded, because of the low resistance of the copper wires. If we add up the voltage drops across BQ DE and FG, we find that it is the same as the reading that will be obtained by placing the voltmeter across A and //, that is, the sum of the voltage drops in various parts of a circuit equals the pressure applied. The question of voltage drop in various parts of an electric circuit is important in welding. Fig. 4.4 shows a circuit composed of an ammeter, a resistance coil, and two pieces of carbon rod called electrodes. This circuit is connected to a generator or large supply battery, as shown. When the carbons are touched together, the circuit is completed and a current flows and is indicated on the ammeter. The amount of current flowing will evidently depend on the amount of resistance in the circuit. If now the carbons are drawn apart about 4 mm, the current still flows across the gap between the carbons in the form of an arc. This is the' carbon arc', as it is termed. We can control the current flowing across the arc by varying the amount of resistance R in the circuit, while if a voltmeter is placed across the arc, as shown, it will register the drop in pressure which occurs, due to the current having to be forced across the resistance of the gap between the electrodes. We also notice that the greater the distance between the electrodes the greater the voltage drop. The metallic arc used in arc welding is very similar to the carbon arc and is discussed fully later. It has been mentioned that copper wire offers little obstruction or Fig. 4.4 R MR/ABLE RESISTANCE
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resistance to the passage of a current. All substances offer some resistance to the passage of a current, but some offer more than others. Metals, such as silver, copper and aluminium, offer but little resistance, and when in the form of a bar or wire the resistance that they offer increases with the length of the wire and decreases with the area of cross-section of the wire. Therefore the greater the length of a wire or cable, the greater its resistance; and the smaller the cross-sectional area, the greater its resistance. Thus if we require to keep the voltage drop in a cable down to the lowest value possible as we do in welding, the longer that the cable is, the greater must we make its cross-sectional area. Unfortunately, increasing the cross-sectional area makes the cable much more expensive and increases its weight, so evidently there is a limit to the size of cable which can be economically used for a given purpose. Series and parallel groupings. We have seen that if resistors are connected together so that the current will flow through each one in turn, they are said to be connected in series (Fig. 4.5a). If they are connected so that the current has an alternative path through them, they are said to be connected in parallel or shunt (Fig. 4.5&). An example of the use of a parallel circuit is that of a shunt for an ammeter. The coil in an ammeter has a low resistance and will pass only a small current so that when large currents as used in welding are involved, it is usual to place the ammeter in parallel or shunt with a resistor (termed the ammeter shunt) which is arranged to have a resistance of such value that it carries the bulk of the current, for example 999/1000 of the total current. In this case, if the welding current were 100 A, 99.9 A would pass through the shunt and 0.1 A through the instrument coil, but the ammeter is calibrated with the particular shunt used and would read 100 A (Fig. 4.6a). Fig. 4.5
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Link testing ammeter. This useful instrument (Fig. 4.6/?) enables the current, in either a d.c. or an a.c. circuit, to be measured without breaking the electrical circuit. It is a fluxmeter with pole pieces or links, one of which is fixed and the other moving on a hinge and operated by a trigger on the instrument handle which enables the pole pieces to encircle the circuit with the current to be measured. The indicating meter, calibrated in amperes, is a spring controlled moving iron type in a moulded insulated case. This meter is available in various current ranges, e.g. 0-50 amps to 0-800 amps, and can be plugged into the instrument body thus increasing its usefulness. Conductors, insulators and semi-conductors



Substances may be divided into two classes from an electrical point of view: (1) conductors, (2) insulators. Conductors. These may be further divided into (a) good conductors, such as silver, copper and aluminium, which offer very little obstruction to the passage of a current, and (b) poor conductors or resistors, which offer quite a considerable obstruction to the passage of a current, the actual amount depending on the particular substance. Iron, for example, offers six times as much obstruction to the passage of a current as copper and is said to have six times the resistance. Alloys, such as manganin, eureka, constantin, Fig. 4.6 (b) CLOSED POSITION-
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german silver, no-mag and nichrome, etc., offer much greater obstruction than iron and have been developed for this purpose, being used to control the current in an electric circuit. No-mag, for example, is used for making resistance banks for controlling the current in motor and arc welding circuits, etc., while nichrome is familiar, since it is used as the heating element in electric fires and heating appliances, the resistance offered by it being sufficient to render it red hot when a current flows. Certain rare metals, such as tantalum, osmium and tungsten, offer extremely high obstruction, and if a current passes through even a short length of them in the form of wire they are rendered white hot. These metals are used as filaments in electric-light bulbs, being contained in a bulb exhausted of air, so as to prevent them oxidizing and burning away. Insulators. Many substances offer such a great obstruction to the passage of a current that no current can pass even when high pressures are applied. These substances are called insulators, but it should be remembered that there is no such thing as a perfect insulator, since all substances will allow a current to pass if a sufficiently high pressure is applied. In welding, however, we are concerned with low voltages. Amongst the best and most familiar insulators are glass, porcelain, rubber, shellac, mica, oiled silk, empire cloth, oils, resins, bitumen, paper, etc. In addition, there is a series of compounds termed synthetic resins (made from phenol and formalin), of which 'bakelite' is a well-known example. These compounds are easily moulded into any desired shape and have excellent insulating properties. Plastics such as polyvinyl chloride (PVC) and chloro-sulphonatedpolyethylene (CSP) are now used for cable insulation in place of rubber. PVC is resistant to oil and grease and if ignited does not cause flame spreading. At temperatures near freezing it becomes stiff and more brittle and is liable to crack, while at high temperature it becomes soft. As a result PVC insulation should not be used where it is near a heat source such as an electric fire or soldering iron. The insulating properties of a substance are greatly dependent on the presence of any moisture (since water will conduct a current at fairly low pressures) and the pressure or voltage applied. If a person is standing on dry boards and touches the + ve terminal of a supply of about 200 volts, the — ve of which is earthed, very little effect is felt. If, however, he is standing on a wet floor, the insulation of his body from the Earth is very much reduced and a severe shock will be felt, due to the much larger current which now passes through his body. As the voltage across an insulator is increased, it is put in a greater state of strain to prevent the current passing, and the danger of breakdown increases.
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All electrical apparatus should be kept as dry as possible at all times. Much damage may result from wet or dampness in electrical machines. Semi-conductors. Most materials are either conductors or insulators of an electric current, but a small group termed semi-conductors fall in between the above types. To compare the resistance of various substances a cube of 1 metre edge is taken as the standard and the resistance between any pair of opposite faces of this cube is termed the resistivity, and is measured in ohmmetre. Conductors have a low resistivity, copper, for example, being about 1.7 x 10~8 ohm-metre. Insulators have a high resistivity varying between 1010 and 1018 ohm-metre. Silicon and germanium are semi-conductors and their resistivity depends upon their purity. If a crystal of silicon has a very small amount of antimony or indium added as an impurity its resistivity is lowered, and the greater the amount of impurity the lower the resistivity. If a small amount of antimony is added to one half of a silicon crystal and a small amount of indium to the other half, the junction between these types (termed n type and/? type) acts as a barrier layer, so that the crystal acts as a conductor in one direction and offers a high resistance in the other, in other words it can act as a rectifier. This is the principle of the solid state silicon diode (because it has two elements or connexions) used as a rectifier for d.c. welding supplies. Superconductors. At the temperature of liquid helium (BP 4.2 K) certain materials lose their electrical resistance so that any current flowing in them has no heating effect and thus there is no loss of power. The temperature at which this change to superconduction takes place is termed the transition temperature. The relatively high cost of the liquid helium required to obtain the very low transition temperature in the above example has restricted the use of this superconductor. Research has now produced a mixture of ceramic oxides which exhibits superconducting properties at higher transition temperatures, nearer to that of liquid nitrogen (77 K), which is more plentiful and cheaper. The material is made by grinding chosen oxides together and then heating the mixture for several hours at an elevated temperature. The ceramic produced is then cooled and ground and often annealed, the result being the superconductor. More research into superconductors made of various rare earth materials may eventually raise the transition temperature to that of the room, greatly extending their use in medicine, computers, VDUs etc.
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Welding cables A cable to conduct an electric current consists of an inner core of copper or aluminium covered with an insulating sheath. Welding cables have to carry quite large currents and must be very flexible and as light as possible, and to give this flexibility the conductor has very many strands of small diameter. The conductor is covered by a thick sheath of tough rubber (TRS) or synthetic rubber (CSP) to give the necessary insulation at the relatively low voltages used in welding. As great flexibility is often not required in the return lead, a cable of the same sectional area but with fewer conductors of larger diameter can be used with a saving in cost. CSP is a tough flexible synthetic rubber with very good resistance to heat, oils, acids, alkalis, etc., and is a flame retardant. It can be used at higher current densities than a TRS cable of the same sectional area, and its singlesheath construction gives good mechanical strength. Copper is usually used as the conductor, but aluminium conductors are now used and are lighter than the same sectional area copper, are economical, less liable to pilfering but are larger in diameter and less flexible. In cases where considerable lengths of cable are involved a short length of copper conductor cable can be plugged in between the aluminium cable and electrode holder to give increased flexibility and less liability of conductor fracture at the holder. Copper-clad aluminium conductors are available with 10% or 20% cladding, increasing the current-carrying capacity for a given cable size and reducing corrosion liability. Clamped or soldered joints can be used and in general TRS cables with copper conductors are probably the best and most economical choice in cases where high-current rating and resistance to corrosive conditions are not of prime importance. In order to select the correct size of cable for a particular power unit it is customary to indicate for a given cable its current-carrying capacity in amperes (allowing for a permissible rise in temperature) and the voltage drop which will occur in 10 metres length when carrying a current of 100 A, as shown in the table. For greater lengths and currents the voltage drop increases proportionally. Duty cycle. Cables for welding range from those on automatic machines in which the current is carried almost continuously, to very intermittent manual use in which the cable has time to cool in between load times. To obtain the current rating for intermittently loaded cables the term duty cycle is used. The duty cycle is the ratio of the time for which the cable is carrying the current to the total time, expressed as a percentage. If a cable is
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used for 6 minutes followed by an off load period of 4 minutes the duty cycle is 6/10 x 100 = 60%. Average duty cycles for various processes are: automatic welding, up to 100%; semi-automatic, 30-85%; manual, 30-60%. Welding cables (BS 638) have many conductors of very small diameter to increase flexibility and may be divided into the following classes: (1) Single core high conductivity tinned copper (HCC) conductors, paper taped and covered with tough rubber. (2) Single core HC tinned copper conductors, paper taped and covered with chlorosulphonated polyethylene (CSP) (3) Single core aluminium conductors (99.5% pure), paper taped and covered with CSP. The CSP cables have a 25% increase in sheath thickness without additional weight. Ohm's law Let us now arrange a conductor so that it can be connected to various pressures or voltages from a battery, say 2, 4, 6 and 8 volts, as shown in Fig. 4.7. A voltmeter Fis connected so as to read the difference of
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pressures between the ends of the conductor, and an ammeter is connected so as to read the current flowing in the circuit. Connect the switch first to terminal 1 and read the voltage drop on the voltmeter and the current flowing on the ammeter, and suppose just for example that the readings are 2 volts and 1 ampere. Then place the switch on terminals 2, 3 and 4 in turn and read current and voltage and enter them in a table, as shown below. The last column in the table represents the ratio of the voltage applied to the current flowing, and it will be noted that the ratio is constant, that is, it is the same in each case, any small variations being due to experimental error. In other words, when the voltage across the conductor was doubled, the current flowing was doubled; when the voltage was trebled, the current was trebled, and so on. This result led the scientist Ohm to formulate his law, thus: The ratio of the steady pressure (or voltage) across the ends of a conductor, to the steady current (or amperes) flowing in the conductor, is constant (provided the temperature remains steady throughout the experiment, and the conductor does not get hot. If it does, the results vary somewhat. Ohm called this constant the resistance of the conductor. In other words, the resistance of a conductor is the ratio of the pressure applied to its ends, to the current flowing in it.
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If now a difference of pressure of 1 volt applied to a conductor causes a current of 1 ampere to flow, the resistance of the conductor is said to be 1 ohm, that is, the ohm is the unit of resistance, just as the volt is the unit of pressure and the ampere the unit of current. That is 1 volt/1 ampere = ohm or, expressed in general terms, voltage/current = resistance. Another way of expressing this is voltage drop = current x resistance.
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A useful way of remembering this is to write down the letters thus: / / \R\ (F being the voltage drop, / the current, and R the resistance). By placing the
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finger over the unit required, its value in terms of the others is given. For example, if we require the resistance, place the finger over R and we find that it equals V/I9 while if we require the voltage V, by placing the finger over V we have that it equals Ix R. The following typical examples show how Ohm's law is applied to some simple useful calculations. Example A pressure of 20 volts is applied across ends of a wire, and a current of 5 amperes flows through it. Find the resistance of the wire in ohms. V 20 R — — = — = 4 ohms.



Example A welding resistor has a resistance of 0.1 ohm. Find the voltage drop across it when a current of 150 amperes isflowingthrough it. V=IxR,



i.e.



V= 150x0.1 = 15 volts drop.



Power is the rate of doing work, and the work done per second in a circuit where there is a difference of pressure of 1 volt, and a current of 1 ampere is flowing, is 1 watt, and 1000 watts = 1 kilowatt (kW). Power in watts = volts x amperes. The unit of work, energy and quantity of heat is the joule (J), which is the work done when a force of 1 newton (N) moves through a distance of 1 metre (m). 1 watt (W) = 1 joule per second (J/s). A Newton is that force which, acting on a mass of 1 kilogram (kg), will give it an acceleration of 1 metre per second per second (1 m/s 2). Example A welding generator has an output of 80 volts, 250 amperes. Find the output in kilowatts and joules per second. 80 x 250 = 20000 W = 20 kW = 20000 J/s. This is the actual output of the machine. If this generator is to be driven by an engine or electric motor, the power required to drive it would have to be much greater than this, due to frictional and other losses in the machine. A rough estimate of the power required to drive a generator can be obtained by adding on one-half of the output of the generator. For example, in the above, estimate of power required to drive the generator = 20+ 10 = 30 kW. It is always advisable to fit an engine which is sufficiently powerful for the
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work required, and this approximation indicates an engine which would be sufficient for the work including overloads. Energy is expended when work is done and it is measured by the product of the power in a circuit and the time for which this power is developed. If the power in a circuit is 1 watt for a period of 1 hour, the energy expended in the circuit is 1 watt hour. The practical unit of energy is 1000 watt hours, or 1 kilowatt hour (kWh), usually termed 1 Unit. This is the unit of electrical energy for consumption purposes, and is the unit on which supply companies base their charge. Example An electric motor driving a welding generator is rated at 25 kW. Find the cost of running this on full load, per day of 6 hours, with electrical energy at 2.5p per Unit. Energy consumed in 6 hours = 25 x 6 = 150 kWh or Units. Cost per day = 150 x 2.5 = £3.75p. Resistance of a conductor The resistance of R ohms of a conductor is proportional to its length / and inversely proportional to its cross sectional area «, that is R oc 11a. Thus the longer a cable the greater its resistance, and the smaller its cross-sectional area the greater its resistance. To reduce the voltage drop in any cable it should be as short as possible and of as large a cross-sectional area as possible. Measurement of resistance and insulation resistance. Continuity The instruments used are usually moving coil type with built-in rectifiers for use with alternating current. There is an internal battery for power supply. For the measurement of resistance, the range, in ohms or megohms (1 MQ = 106 Q), is selected on the multi-position switch on the instrument. The two terminals are connected to two prods or clips and these are connected to the resistor, the reading being given digitally or on an analogue scale with pointer. This scale usually has the zero to the right because the instrument is measuring current, which increases with decreasing resistance. Multi-range instruments have multi-divided scales comprising volts, millivolts, amperes, milliamperes, etc., according to the instrument, and the range required is selected by means of a rotary switch on the instrument. For continuity testing the instrument has an internal battery and buzzer which operates when the circuit is continuous. The insulation resistance of a cable decreases as its length increases and is measured in ohms or megohms. For lighting or power circuits the test
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is generally made between each conductor and earth and between conductors (with all switches in the circuits in the 'off' position), by means of an insulation tester which often includes a continuity tester (with buzzer). The insulation resistance is tested at twice the operating voltage of the circuit, instruments being available with test voltages of 500, 1000 and 2500 V. The test on a lighting circuit may give a satisfactory reading of 1 MQ from conductor to earth. (The actual voltage of a welding circuit seldom exceeds 100 V and low voltage instruments are available.) Readings may be analogue on a scale or digital or both, a multi-position switch giving the required range. A carbon-manganese battery may be the source of power with internal circuitry giving the required output. Other instruments may have a built-in hand-driven generator to five voltages of 500 or 1000 Y. Most instruments show the open-circuit or infinity (oo) resistance to the left of the scale. Note that all tests must conform to the current rules and regulations of the Institution of Electrical Engineers. Heating effect of a current When a current flows through a conductor, heat, which is a form of energy, is generated because the conductor has some resistance. The heat generated is proportional to the power in the circuit and the duration for which this power is developed. The power is the product of the volts drop and the current so that: heat developed oc power x time oc volts drop x current x time. If the current is / amperes flowing for t seconds with V volts drop in a circuit of resistance R ohms, then heat in joules =VxIxt=PxRxt (since by Ohm's law V= I x R\ so that the heating effect oc (current)2 . Thus if the current in any cable is doubled, four times as much heat is generated in a circuit; if the current is trebled, nine times as much heat is generated. This loss due to the heating effect is known as the PR loss. The following definitions are useful. An ampere is that steady current which, passing through two parallel straight, infinitely long conductors of negligible cross-sectional area, one metre apart in a vacuum, produces a force of 2 x 10~7 newtons per metre length on each conductor. The ohm is that resistance in which a current of 1 ampere flowing for 1 second generates 1 joule of heat energy. The volt is the potential difference across a resistor having a resistance of 1 ohm and carrying a current of 1 ampere.
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Overload protection. One use of the heating effect of a current is to protect electrical apparatus from excessive currents which would cause damage (Fig. 4.8). A heating coil of nickel-chrome wire carries the main current to the apparatus, for example it may be the input supply to a welding transformer. Near the coil is a bi-metal strip made of two thin metal strips, which can be of brass and a nickel alloy rolled together to form a single laminated strip. The brass, which has the greater coefficient of expansion, is placed on the side nearer the heater. When excessive currents flow the position of the strip is such that it curls away with the brass strip on the outer circumference and the contact points break, interrupting the supply to the coil which holds the main contacts in, thus disconnecting the apparatus. The fixed contact can be adjusted to be more or less in contact with the moving contact, thus varying the value of overload current required to break the circuit. The simple electric circuit of the welding arc If a metal arc is to be operated from a source of constant pressure, a resistance must be connected in series with it in order to obtain the correct voltage drop across the arc and to control the current flowing in the circuit. This series resistance can be of the variable type, so that the current can be regulated as required. The ammeter A in Fig. 4.9 indicates the current flowing in the circuit, while the voltmeter Vx reads the supply voltage, and the voltmeter V2 indicates the voltage drop across the arc. By placing the switch S on various studs, the resistance is varied, and it will be noted that one section of the resistance, marked X, cannot be cut out of circuit. This is to prevent the arc being connected directly across the supply mains. If this happened, since the resistance of the arc is fairly low, an excessive current would flow and the supply mains would be 'short-circuited', and furthermore the arc would not be stable. The loss of energy in this series resistance is considerable, since a voltage Fig. 4.8. Thermal overload trip.
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of about 50 to 60 V is required to strike the arc, and then a voltage of about 25 to 30 V is required to maintain it. If then, as in Fig. 4.10, the supply is 60 V and 100 A are flowing in the arc circuit, with 25 volts drop across the arc, this means that there is a voltage drop of 35 V across the resistance. The loss of power in the resistance is therefore (35 x 100) W = 3.5 kW, whereas the power consumed in the arc is (25 x 100) W = 2.5 kW. In other words, more power is being lost in the series resistance than is being used in the welding arc. Evidently, therefore, since the 60 V is required to strike the arc, some other more economical means must be found for the supply than one of constant voltage. Modern welding generators are designed so that there is a high voltage of 50 to 60 V for striking the arc, but once the arc is struck, this voltage falls to that required to maintain the arc, and as a result only a small series resistance is required to control the current, and thus the efficiency of the operation is greatly increased. This type of generator is said to have a 'drooping characteristic'. This can be illustrated thus: suppose the voltage of the supply is 60 V when no current is flowing, that is, 60 V is available for striking the arc; and suppose that the voltage falls to 37 V when the arc is struck, the voltage drop across the arc again being 25 V and a current of 100 A is flowing (Fig. 4.11). The power lost in the resistance is now only (12 x 100) W or 1 j kW, which is just less than one-half the loss in the previous example, when a constant voltage source was used. Contact resistance. Whenever poor electrical contact is made between two points the electrical resistance is increased, and there will be a drop in voltage at this point, resulting in heat being developed. If bad contact Fig. 4.10
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occurs in a welding circuit, it often results in insufficient voltage being available at the arc. Good contact should always be made between cable lugs and the generator and the work (or bench on which the work rests). The metal plate on the welding bench to which one of the cables from the generator is fixed is often a source of poor contact, especially if it becomes coated with rust or scale. When attaching the return cable to any point on the work being welded, the point should always be scraped clean before connecting the cable lug to it, and in this respect, especially for repair work, a small hand vice, bolted to the cable lug, will enable good contact to be made with the work when the jaws are lightly clamped on any desired point, and this is especially useful when no holes are available in the article to be welded. Capacitors and capacitance Principle of the capacitor. Let two metal plates A and B facing each other a few millimetres apart, be connected through a switch and centre zero milliammeter to a d.c. source of supply (Fig. 4. \2a). When the switch is closed, electrons flow from A to B through the circuit, and A has a positive and B a negative charge. The needle of the meter moves in one direction as the electrons flow and registers zero again when the p.d. between A and B equals that of the supply. There is no further flow of current and the plates act as a very high resistance in the circuit. The number of electrons transferred is termed the charge, unit charge being the coulomb, which is the charge passing when a current of 1 ampere flows for 1 second. Between the plates in the air, which is termed the dielectric, there exists a state of electrical stress. If the two plates are now brought quickly together (with the switch still closed) the needle flicks again in the same direction as previously, showing that more electrons have flowed from A to B and the plates now have a greater charge. When the plates are brought nearer together the positive charge on A has a greater neutralizing effect on the charge on B so that the p.d. between the plates is lowered and a further flow of electrons takes place. This arrangement of plates separated by a space of Fig. 4.12. (a) Charging current, (b) discharging current. A B



A B + -



d.c. SUPPLY



180



Basic electrical principles



dielectric is termed a capacitor and its function is to store a charge of electricity. Now disconnect the plates from the supply by opening the switch and short-circuit the plates through a resistor R (Fig. 4.12/?). Electrons flow from B to A, the needle of the meter flicks in the opposite direction, and the charge of electricity which is transferred represents the quantity of electricity which the capacitor will hold and is termed its capacitance. The capacitor is now discharged and in practice the quantity of charge passing is determined by discharging it through a ballistic galvanometer. The moving portion of this instrument has considerable mass and therefore inertia and the angle through which the movement turns is proportional to the quantity of electricity which passes. Using the same plates as before and about 2 mm apart, charge them through a ballistic galvanometer and note the angle of deflection. Now slide a piece of glass, bakelite, mica or other insulating medium between the plates and after discharging the capacitor repeat the experiment. It will be noted that the angle of deflexion of the meter has increased showing that the capacitance of the capacitor has increased due to the presence of the different dielectric. Similarly if the plates are made larger the capacitance is increased, so that the capacitance depends upon: (1) The area of the plates. The greater the area, the greater the capacitance. (2) The distance apart of the plates. The nearer together the plates the greater the capacitance. (3) The type of dielectric between the plates. Glass, mica and paper give a greater capacitance than air. Dielectric strength. If the p.d. across the plates of a capacitor is continuously increased, a spark discharge will eventually occur between the plates puncturing the dielectric (if it is a solid). If the dielectric is, say, mica or paper, the hole made by the spark discharge means that at this point there is an air dielectric between the plates, and now it will not stand as high a p.d. across the plates as it did before breakdown. When capacitors are connected in series (Fig. 4.13/?) the sum of the voltage drop across the individual capacitors equals the total volts drop across the circuit. When capacitors are in parallel (Fig. 4.13a) the volts drop across each is the same as that of the supply but the total capacitance is equal to the sum of their individual capacitance. Capacitance is measured in farads (F). A capacitor has a capacitance of one farad if a charge of one coulomb (C) produces a potential difference of
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one volt between the plates. This is a very large unit and the sub-multiple is the microfarad (ju¥). 106 ju¥ = 1 farad. Types of capacitors. The types of capacitors usually met with in welding engineering are the Mansbridge and the electrolytic. In the Mansbridge type two sheets of thin aluminium foil, usually long and narrow, are separated from each other by a layer of impregnated paper to form the dielectric. Connexions are made to each sheet and the whole is rolled up tightly and placed in an outer container with connexions from the two sheets, one to each terminal. The working voltage and capacitance (in ju¥) are stamped on the case. These capacitors are rather bulky for their capacitance. Electrolytic capacitors, on the other hand, have very thin dielectrics and thus can be made in high capacitances but small bulk. If a sheet of aluminium foil is placed in a solution of ammonium borate and glycerine and a current is passed from the sheet to the solution, a thin film of aluminium oxide is formed on the surface of the aluminium. The microscopically thin film is an insulator and insulates the foil from the liquid which is the electrolyte, so that the current quickly falls to zero as the film of oxide forms. The current which continues to flow is the leakage current and is extremely small. In the wet type of electrolytic, the solution is hermetically sealed in the aluminium canister which contains it, but in the dry type the solution is soaked up in gauze, and the foil, which must be absolutely clean and free from contamination, is rolled up in the gauze, one terminal being Fig. 4.13. (a) Capacitors in parallel. Total capacitance equals the sum of the individual capacitances, (b) Capacitors in series. Sum of volts across each equals total drop across the circuit, (c) a.c. electrolytic capacitor.
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connected to the foil and the other to the gauze, and the whole hermetically sealed in an outer case. When connected to a d.c. supply, the initial current which passes forms the dielectric film and the capacitor functions. The thinner the dielectric, the greater the capacitance, so that for a safe working voltage of say 25 V, the capacitor will be of small bulk even for a capacitance of 1000 //F. The foil terminal is positive so that the capacitor is polarized, and wrong polarity connexions will ruin the unit. The capacitor just described cannot be used on a.c. with its continuously changing polarity but an a.c. electrolytic capacitor has been developed which, although not continuously rated, is very suitable for circuits where intermittent use is required, as for example the series capacitor which is used to suppress the d.c. component of current when a.c. TIG welding aluminium and its alloys. This type consists of two aluminium electrodes, in foil form separated by gauze soaked in the electrolyte (Fig. 4.13 c). When a current flows in either direction, a molecularly thin film of aluminium oxide is formed on each sheet, providing the dielectric. This film is not a perfect insulator and a leakage current flows, which increases with increasing voltage. This leakage current quickly makes good any imperfections in the oxide film but the voltage rating of the unit is critical since excess voltage will produce excess leakage current and lead to breakdown. Capacitors of this type are of small size for capacitances of 1000 //F, and when connected in parallel, are suitable for a.c. circuits in which large currents are flowing, as in welding. Magnetic field Pieces of a mineral called lodestone or magnetic oxide of iron possess the power of attracting pieces of iron or steel and were first discovered centuries ago in Asia Minor. If a piece of lodestone is suspended by a thread, it will always come to rest with its ends pointing in a certain direction (north and south); and if it is rubbed on a knitting-needle (hard steel), the needle then acquires the same properties. The needle is then said to be a magnet, and it has been magnetized by the lodestone. Modern magnets of tungsten and cobalt steel are similar, except that they are magnetized by a method which makes them very powerful magnets. Suppose a magnetized knitting-needle is dipped into some iron filings. It is seen that the filings adhere to the magnet in large tufts near its ends. These places are termed the poles of the magnet. If the magnet is now suspended by a thread so that it can swing freely horizontally, we find that the needle will come to rest with one particular end always pointing northwards. This end is termed the north pole of the magnet, while the other end which points south is termed the south pole.
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Let us now suspend two magnets and mark clearly their north and south poles, then bring two north poles or two south poles near each other. We find that they repel each other. If, however, a north pole is brought near a south pole, we find that they attract each other, and from this experiment we have the law: like poles repel, unlike poles attract (Fig. 4.14). If we attempt to magnetize a piece of soft iron (such as a nail), by rubbing it with a magnet, it is found that it will not retain any magnetic properties. For this reason hard steel is used for permanent magnets. Iron filings provide an excellent means of observing the area over which a magnet exerts its influence. A sheet of paper is placed over a bar magnet and iron filings are sprinkled over the paper, which is then gently tapped. The filings set themselves along definite lines and form a pattern. This pattern is shown in Fig. 4.15. In the three-dimensional space around the magnet there exists a magnetic field and the iron filings set themselves in line with the direction of action of the force in the field, that is, in the direction of the magnetic flux. It should be noted that the iron filings map represents the field in one plane only, whereas the flux exists in all directions around the magnet. Fig. 4.16 shows the flux due to two like poles opposite each other and clearly indicates the repulsion effect, while Fig. 4.17 shows the attraction between Fig. 4.14
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When the anode is made + ve (forward), only a leakage current will flow until a breakdown voltage across the pn junction is reached, when almost all the voltage appears across the junction next to the cathode. To reach the' on' state, the thyristor, anode + ve, must attain a' latching level', this being quite a low level of the full load value and can be obtained by putting in a gate current, forming holes in the p wafer which, with electrons from the n wafer next to the cathode, causes breakdown of the control junction next to the cathode. The anode current is now over latching level, the thyristor is now switched 'on' and in this state no further gate current is required, the thyristor remaining 'on'. By varying the voltage bias on the gate, as for example with a potentiometer, stepless control of current is obtained from the thyristor. Since the thyristor suppresses one half of the a.c. wave it is necessary to connect the thyristors with diodes in bridge connexion to obtain full-wave rectification as when a stepless d.c. power output is required in a welding source. This is shown in Fig. 4.456. The value of welding current is set by the single knob current control C on the front panel. This value is compared by the control circuits with the value of output current received from H and the firing angle of the thyristors is altered to bring the output current to that value set by the current control. Ignitron The ignitron is a rectifier which has three electrodes: an anode, a cathode which is a mercury pool and an igniter, all contained in an evacuated water-cooled steel shroud. The igniter is immersed in the mercury cathode, and when a current is passed through it a 'hot spot' is formed on the surface of the pool. This acts as a source of electrons which stream to the anode if it is kept at a positive potential with respect to the Fig. 4.45 (b). Thyristor control of welding current. Simplified schematic diagram for one knob control of welding current using thyristors or silicon controlled rectifiers (SCR). d.c.
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cathode, and a current can now flow from anode to cathode through the ignitron. It will continue doing so as long as the anode remains positive, and large ignitrons can handle currents of several thousands of amperes. The single ignitron behaves as a half-wave rectifier on an a.c. supply, and two connected in reverse parallel can operate as a switch controlling the flow of a.c. in a circuit. The arc within the unit can be struck at any point in any particular half cycle by controlling the current in the igniter circuit. The ignitron has been mostly replaced by the thyristor. The inverter*



The inverter is an electrical device which converts d.c. to a.c, that is, it is the opposite to a rectifier. In any welding unit the greatest weight is that of the transformer, singleor three-phase, because of the weight of the closed-circuit laminated steel magnetizable core. As the frequency of an a.c. increases, the size and thus the weight of this laminated core becomes less because the inductance of the circuit increases with the frequency, so that if we can feed a high-frequency a.c. into a transformer so as to get a welding output voltage, this transformer will be very much less in weight than the conventional type at 50 Hz because of the reduced iron circuit. In Fig. 4.45c, a three-phase 50 Hz current is first passed into a rectifier. The d.c. produced is passed into an inverter where it is converted back to a.c. but at a much higher frequency. This high-frequency (HF) a.c. is passed into a transformer which has a magnetic circuit only a fraction of that in a conventional type and it is stepped down to a suitable welding supply voltage before being passed into a bridge rectifier, the output from which is the d.c. welding supply. A unit, for example, of about 400 A output weighs about 50 kg and is thus much lighter than the conventional unit. The control system is connected between inverter and output rectifier and a smooth arc with good starting characteristics results. This light weight, with high output, makes it possible to transport it by car and it can be taken and used, near to the operator, on sites which may d.c. RECTIFIER\ZIZ\INVERTER\ INPUT Fig. 4.45 (c)
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* The inverter is dealt with in much greater detail in Chapter 5.
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otherwise need long welding cables. Longer mains cables can be used and these are lighter and more convenient.



Welding generators Description of a typical direct-current generator A modern direct-current welding generator consists of: (1) Yoke with pole pieces and terminal box, and end plates. (2) Magnetizing coils. (3) Armature and commutator (the rotating portion). (4) The brush gear. The yokes of modern machines are now usually made of steel plate rolled to circular form and then butt welded at the joint. The end plates, which contain the bearing housings, bolt on to the yoke, and the feet of the machine are welded on and strengthened with fillets. The pole pieces are of special highly magnetizable iron and are bolted onto the yoke. The coils are usually of double cotton-covered copper wire, insulated and taped overall, and they fit over the pole pieces, being kept in position by the pole shoes. The armature shaft is of nickel steel and the armature core (and often the pole pieces also) is built up of these sheets of laminations of highly magnetizable iron, known by trade names such as Lohys, Hi-mag, etc. Each lamination is coated with insulating varnish, and they are then placed together and keyed on to the armature shaft, being compressed tightly together so that they look like one solid piece. The insulating of these laminations from each other prevents currents (called eddy currents) which are generated in the iron of the armature when it is rotating from circulating throughout the armature and thus heating it up. This method of construction contributes greatly to the efficiency and cool running of a modern machine. The armature laminations have slots in them into which the armature coils of insulated copper wire are placed (usually in a mica or empire cloth insulation). The coils may be keyed into the slots by fibre wedges and the ends of the coils are securely soldered (or sweated) on to their respective commutator bars (the parts to which they are soldered are known as the commutator risers). A fan for cooling purposes is also keyed on to the armature shaft. The commutator is of high conductivity, hard drawn copper secured by V rings, and the segments are insulated from the shaft and from each other by highest quality ruby mica. Brushes are of copper carbon, sliding freely in brush holders, and springs keep them in contact with the commutator. The tension of the springs should only be sufficient to prevent sparking. Excessive spring pressure should be avoided, as it tends to wear the
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commutator unduly. The commutator and brush gear should be kept clean by occasional application of petrol on a rag, which will wash away accumulations of carbon and copper dust from the commutator micas and brush gear. All petrol must evaporate before the machine is started up, to avoid fire risk. The armature usually revolves on dust-proof and watertight ball or roller bearings, which only need packing with grease every few months. Older machines have simple bronze or white metal bearings, lubricated on the ring oil system. These need periodical inspection to see that the oil is up to level and that the oil rings are turning freely and, thus, correctly lubricating the shaft. Connexions from the coils and brush gear are taken to the terminal box of the machine, and many welding generators have the controlling resistances and meters also mounted on the machine itself. Connexions of welding generators In the following sketches, magnetizing coils are shown thus: -^jwusa^-, and this represents however many coils the machine possesses, connected so as to form alternate north and south poles, as before explained. The armature, with the brushes bearing on the commutator, is shown in fig. 4.46a. The current necessary for magnetizing the generator is either taken from the main generator terminals, when the machine is said to be self-excited, or from a separate source, when it is said to be separately excited. Welding generators are manufactured using either of these methods. Separately excited machines These generally take their excitation or magnetizing current from a small separate generator, mounted on an extension of the main armature shaft, and this little generator is known as the exciter. Current generated by this exciter passes through a variable resistor, with which the operator can control the magnetization current, and then round the magnetizing coils of the generator. This is shown in Figs. 4.46b and 4.51. By variation of the resistance R, the magnetizing current and hence the strength of the magnetic flux can be varied. This varies the voltage (or pressure) of the machine and thus enables various voltages to be obtained Fig. 4.46 (a)
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across the arc, varying its controllability and penetration. This control is of great importance to the welder. This type of machine gives an almost constant output voltage, irrespective of load, and thus, as before explained, would result in large losses in the series resistor, if used for welding. In order to obtain the 'drooping characteristic', so suitable for welding, the output current is carried around some series turns of thick copper wire, wound over the magnetizing coils on the pole pieces, and thus current passes round these turns so as to magnetize them with the opposite polarity from the normal excitation current. Fig. 4.47 shows how the coils are arranged. Consider then what happens. When no load is on the machine, the flux is supplied from the separate exciter and the open circuit voltage of the machine is high, say 60 volts, giving a good voltage for striking. When the arc is struck, current passes through the series winding and magnetizes the poles in the opposite way from the main flux and thus the strength of the flux is reduced and the voltage of the machine drops. The larger the output current the more will the voltage drop, and evidently the voltage drop for any given output current will depend on the number of series turns. This is carefully arranged Fig. 4.46 {b). Simple separately excited generator.
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when the machine is manufactured, so as to be the most suitable for welding purposes. This type of machine, with control of both current and voltage, is very popular and is reliable, efficient and economical. Because the voltage available at any given instant is only slightly greater than that required to maintain the arc, only a small series resistance is required, this being fitted with the usual variable control. Self-excited machines The simplest form of this type of machine is that known as the 'shunt' machine, in which the magnetizing coils take their current direct from the main terminals of the generator through a field-regulating resistor (Fig. 4.48). There is always a small amount of' residual' magnetism remaining in the pole pieces, even when no current is passing around the coils, and, when the armature is rotated, a small voltage is generated and this causes a current to pass around the coils, increasing the strength of the flux and again causing a greater e.m.f. to be generated, until the voltage of the machine quickly rises to normal. Control of voltage is made, as before, by the field regulator. This type of machine is not used for welding because its voltage only drops gradually as the load increases and, as before explained, this would cause a waste of energy in the external series resistor. Again, this machine is modified for use as a welding generator by passing the output current first round series turns wound on the pole pieces, so as to magnetize them with the opposite polarity from that due to the main flux, and this results, as before, in the voltage dropping to a great extent as the load increases and, thus, the loss of energy in the external resistor is greatly reduced (Fig. 4.49). A machine of this type is termed a differential compound machine and shares with the separately excited machine the distinction of being a reliable, efficient and economical generator for welding purposes. The control of current and voltage are exactly as before. The rest of the equipment of a direct current welding generator consists of a main switch and fuses, ammeter and voltmeter. The fuses have an Fig. 4.48. Connexions of a simple shunt machine.
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insulating body with copper contacts, across which a piece of copper wire tinned to prevent oxidation is bridged. The size of this wire is chosen so that it will melt or 'fuse' when current over a certain value flows through it. In this way it serves as a protection for the generator against excessive currents, should a fault develop. On many machines neither switch nor fuses are fitted. Since there is always some part of the external resistor connected permanently in the circuit of these machines, no damage can result from short circuits, and fuses are therefore unnecessary. The switch is also a matter of convenience and serves to isolate the machine from the electrode holder and work when required. Interpoles, or commutation poles Interpoles are small poles situated between the main poles of a generator and serve to prevent sparking at the brushes. The polarity of each interpole must be the same as that of the next main pole in the direction of rotation of the armature, as in Fig. 4.50a. They carry the main armature current and, therefore, like the series winding on welding generators, are usually of heavy copper wire or strip. They prevent distortion of the main flux, by the flux caused by the current flowing in the armature, and thus commutation is greatly assisted. Most modern machines are fitted with interpoles, as they represent the Fig. 4.49 .HELD RE6ULAT0R /CONTROLLING CURRENT C ^
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most convenient and best method of obtaining sparkless commutation. The following is a summary of the features of a good welding generator: (1) Fine control of voltage. (2) Fine control of current. (3) Excitation must always provide a good welding voltage. (4) Copper conductors of armature and field of ample size and robust construction, yet the generator must not be of excessive weight. (5) Well-designed laminated magnetic circuit and accurate armaturepole shoe air gap. (6) Good ventilation to ensure cool running. (7) Well-designed ball or roller bearings of ample size and easily filled grease cups. (8) Well-designed brush gear - no sparking at any load and long-life brushes. (9) Bearings and brush gear easily accessible. (10) Large, easily placed terminals enabling polarity to be quickly changed (or fitted with polarity changing switch). (11) High efficiency, that is, high ratio of output to input energy. (60-65% efficiency is normal for a modern single-operator motordriven direct current plant.) Brushless alternators and generators Brushless alternators and generators have no slip rings or commutators but use a rectifier mounted on the rotating unit (rotor) to supply direct current to excite the rotating field coils, the main current being generated in the stationary (stator) coils. The rotor has two windings, an exciter winding and a main field winding. The exciter winding rotates in a field provided by exciter coils on the stator and generates a.a, which is passed into silicon diodes (printed circuit connected) mounted on the rotor shaft. The resultant d.c. passes through the rotating field coils of the main generator portion and the rotating field produced generates a.c. in the stationary windings of the main generator portion. If a d.c. output is required, as for welding purposes, this a.c. is fed into a silicon rectifier giving a d.c. output (Fig. 4.50b). Current for the stator coils on the exciter is obtained from the rectifier supply and variation of the excitation current gives variable voltage control as on a normal generator, and residual magnetism causes the usual build-up. Dual continuous control generator In the dual continuous control generator, excitation current is supplied by the separate exciting generator shown on the left of Fig. 4.5 la,
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and the control of the excitation current is made by the field rheostat, which therefore controls the output voltage of the machine. Interpoles are fitted to prevent sparking and the continuously variable current control is in parallel with the differential series field, the current control being wound on a laminated iron core so as to give a smoothed output. This generator gives a good arc with excellent control over the whole range and is suitable for all classes of work. Generators in parallel The parallel operation of generators enables the full output of the machines to be fed to a single operator. If two shunt wound generators are Fig. 4.50 (b) STATOR EXCITER
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Fig. 4.51. (a) Welding generator with separate excitation. Regulation of controls (1) and (2) gives dual continuous control of voltage and current. rEXCITER
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run up to speed and their voltages adjusted by means of the shunt field regulators to be equal, they can be connected in parallel by connecting 4- ve terminal to + ve, and — ve terminal to — ve, and the supply taken from the now common 4- ve and common — ve terminals. When a load is applied it can be apportioned between either machine by adjustment of the voltage. As the adjustment is made, for example, to increase the voltage of one machine this machine will take an increased share of the load and vice versa (Fig. 4.516). Fig. 4.51. (b) Shunt wound generators connected in parallel, (c) Compound wound generators connected in parallel.
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Welding generators, however, are more often compound wound and if connected in parallel as for shunt machines they would not work satisfactorily, because circulating currents caused by any slight difference in voltage between the machines could cause reversal of one of the series fields, and this would lead eventually to one machine only carrying the load. If, however, an equalizer bar is connected from the end of the series field next to the brush connexion on each machine (Fig. 4.5 lc) the voltage across the series windings of each machine is stabilized and the machines will work satisfactorily. The equalizer connexion should be made when the machines are paralleled as for shunt machines, + ve to + ve and — ve to — ve, and load shared by operation of the shunt field regulators. Static characteristics of welding power sources Volt-ampere curves. Variation of the open-circuit voltage greatly affects the characteristics of the arc. To obtain the volt-ampere curves of a power source: (1) Set the voltage control to any value. (2) With the arc circuit open, read the open-circuit voltage on the voltmeter. (3) Short-circuit the arc. (4) Vary the current from the lowest to highest value with the current control and, for each value of current, read the voltage. (Voltage will decrease as current increases.) Fig. 4.52a. Plot a curve of these readings with voltage and current as axes. This curve is a volt-ampere curve and has a drooping characteristic. Any number of curves may be obtained by taking another value of open-circuit voltage and repeating the experiment. The curves in Fig. 4.52b are the results of typical experiments on a small welding generator. Suppose Fig. 4.52c is a typical curve. When welding, the arc length is continually undergoing slight changes in length, since it is impossible for a welder to keep the arc length absolutely constant. This change in length results in a change in voltage drop across the arc; the shorter the arc the less the voltage drop. The volt-ampere curves shows us what effect this change Fig. 4.52 (a)
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Fig. 4.52 (b) 60
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Fig. 4.52 (c)
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of voltage drop across the arc will have on the current flowing. Suppose the arc is shortened and the drop changes from 25 to 20 Y. From the curve, we see that the current now increases from 108 to 117 A. The steeper the curve is where it cuts the arc voltage value, the less variation in current there will be, and, therefore, there will be no current 'surges' and the arc will be steady and the deposit even. Because the slope of the curve controls the variation of voltage with current this is known as 'slope control'. The dynamic characteristic of a power source indicates how quickly the current will rise when the source is short-circuited. Variation of current and voltage control. Suppose a current of 100 A is suitable for a given welding operation. If the current control is now reduced, the current will fall below 100 A, but it can be brought back to 100 A by increasing the voltage control. The current control may be again reduced and the voltage raised again, bringing the current again to the same value. At each increase of voltage the volts drop across the arc is increased, so we obtain a different arc characteristic, yet with the same current. This effect of control should be thoroughly grasped by the operator, since by variation of these controls the best arc conditions for any particular work are obtained. The curves just considered are known as static characteristics. Now let us consider the characteristics of the set under working conditions; these are known as the dynamic characteristics, and they are best observed by means of a cathode-ray oscilloscope. By means of this instrument the instantaneous values of the current and voltage under any desired conditions can be obtained as a wave trace or graph, called an oscillograph. The curves drawn in Fig. 4.53 are taken from an oscillograph of the current and voltage variation on a welding power source when the external circuit was being short-circuited (as when the arc was struck) and then open-circuited again. It will be noticed that the short-circuit surge of current (125 A) is about \\ times that of the normal short-circuit current (80 A). This prevents the electrode sticking to the work by an excessive flow of current when the arc is first struck, yet sufficient current flows initially to make striking easy. In addition, when the circuit is opened, the voltage rises to a maximum and then falls to a 'reserve' voltage value of 45 V and immediately begins to rise to normal. This reserve voltage ensures stability of the arc after the shortcircuit which has occurred and makes welding easier, since short-circuits are taking place continually in the arc circuit as the molten drops of metal bridge the gap.
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Motive power for welding generators Welding generators may be motor- or engine-driven. Sets in semipermanent positions, such as in workshops, are usually driven by direct current or alternating current motors, and these provide an excellent constant speed drive, since the speed is almost independent of the load. The motor and generator may be built into the same yoke, or may be separate machines. The first method is mostly used in modern machines, as much space is thereby saved. Fig. 4.53 (a) Curve showing variation in voltage as machine is short-circuited and opencircuited. (b) Curve showing variation of current due to above variation of voltage. MOMENTARY RISE. TO 110 V
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(6) Rate of change of load or displacement with respect to time; if this cannot be set on the machine, the rate of change of load for the elastic portion of the loading curve together with the machine stiffness shall be recorded. (7) Force/displacement record: (a) Plastic components of critical clip-gauge displacement (in mm). (b) Appropriate critical applied force (in N). (8) Crack length a mm; this must be measured at three points on the crack front and the dimensions checked against the validity requirements of BS 5762. (9) Distance of clip-gauge location from the test piece surface z mm. (10) Critical crack opening displacement, Sc, Su, Sm mm. (11) Any observation of fracture surface such as unintentional weld defects. The elastic part of CTOD is estimated using the value of the equivalent stress intensity factor K at the failure load assuming plane strain conditions. The plastic part of CTOD is determined from the plastic displacement at the crack mouth (Vv) assuming rotation of the specimen around a hinge point located at 0.4 (W— ao) ahead of the crack tip. The CTOD is then given by: |



0A(W-ao)Vv



2E(xY where W = width of the specimen orY = yield strength of the material z = knife edge thickness ao = original crack length E = Young's modulus v = Poisson's ratio Fp = plastic displacement K = plane stress intensity factor Students requiring more information on this on-going subject must refer to BS 5762 which gives details of the many variables concerned. The various articles in Metal Construction (the journal of the Welding Institute) and research papers on the subject should be consulted. The fracture laboratory of the Institute is well equipped with the latest machines and undertakes CTOD testing of specimens and weldments for industry and provides exhaustive test reports on them.
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Engineering drawing The principal method usually adopted in the making of machine drawings is known as orthographic projection. Suppose the part under construction is shown in Fig7.1tf. This 'picture' is known as an isometric view. It is of small use to the engineer, since it is difficult to include on it all the details and dimensions required, especially those on the back of the picture, which is hidden. Imagine that around the object a box is constructed (O being the corner farthest from the observer) having the sides Ox, Oy, Oz all at right angles to each other. The plane or surface of the box bounded by Ox and Oy is the Fig. 7.1.(0)
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vertical plane, indicated by VP; that bounded by Oy, Oz is the side vertical plane, SVP, and that bounded by Ox and Oz, the horizontal plane, HP, these three planes being the three sides of the box farthest from the observer. Lines are projected, as shown, onto these planes from the object under consideration, and the view obtained when looking at the object in the direction of the arrow A. The end elevation is the view obtained by projection on to the side vertical plane, while the plan is the view obtained by projection on to the horizontal plane. The arrow B shows the direction in which the object is viewed for the side elevation and C the direction for the plan. Now imagine the sides VP, SVP and HP opened out on their axes Ox, Oy and Oz. The three projections will then be disposed in position, as shown in Fig. 1.1b, i.e. the end elevation is to the right of the elevation and the plan is below the elevation. On these three projections, which are those used by the engineer, almost all the details required during manufacture can be included, and hence they are of the greatest importance. This method is known as First Angle Projection, the projection lines being shown in Fig. 7.la. It is now rarely used. A second method, called Third Angle Projection, is extensively used nowadays, and can be understood by reference to Fig. 1.2a. From this it will be seen that the corner of the box O is chosen to be that nearest the observer, and the three planes are those sides of the box also nearest to the observer, the part under consideration being seen through Fig. 7.1.(6)
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these planes of projection. The elevation is again that view formed by projection on to the vertical plane Ox, Oy, the end elevation that formed by projection on the side vertical plane Oy, Oz and the plan that formed by projection on the horizontal plane Ox, Oz. Owing, however, to the change in the axes when they are unfolded, the projections are disposed differently, the plan now being above the elevation and the side elevation being to the left of the elevation (Fig. 7.26).. (N.B. The object is viewed in the same direction as previously, as indicated by the arrows.) Fig. 7.2. (a)



Fig. 7.2. (b)
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By noting the above difference between the two methods the welder can immediately tell which method has been used. Sometimes a combination of these two methods may be encountered but need not be considered here.



Welding symbols* A weld is indicated on a drawing by (1) a symbol (Fig. 1.3a) and (2) an arrow connected at an angle to a reference line usually drawn parallel to the bottom of the drawing (Fig. 1.3b). The side of the joint on which the arrow is placed is known as the 'arrow side' to differentiate it from the 'other side' (Fig. 7.3c). If the weld symbol is placed below the reference line, the weld face is on the arrow-side of the joint, while if the symbol is above the reference line the weld face is on the other side of the joint (Fig. 7.3c). Symbols on both sides of the reference line indicate welds to be made on both sides of the joint, while if the symbol is across the reference line the weld is within the plane of the joint. A circle where arrow line meets reference line indicates that it should be a peripheral (all round) weld, while a blacked in flag at this point denotes an 'on site' weld (Fig. 1.3d). Intermittent runs of welding are indicated by figures denoting the welded portions, and figures in brackets the non-welded portions, after the symbol (Fig. 1.3.e). A figure before the symbol for a fillet weld indicates the leg length. If the design throat thickness is to be included, the leg length is prefixed with the letter ' 6 ' and the throat thickness with the letter ' a \ Unequal leg lengths have a x sign separating the dimensions (Fig. 7.3/). A fork at the end of the reference line with a number within it indicates the welding process to be employed (e.g. 131 is MIG, see table on p. 307), while a circle at this point containing the letters NTD indicates that nondestructive testing is required (Fig. 1.3g). Weld profiles, flat (or flush), convex and concave profiles are shown as supplementary symbols in Fig. 7.3*. Figure 1.4a gives the elementary symbols and 1.4b typical uses of them. The student should study BS 499, Part 2, 1980 or later, Symbols for welding, for a complete account of this subject. A table showing the numerical indication of processes complying with International Standard ISO 4063 appears on p. 307. BS 499, Part 2, 1980, brings the standard in line with ISO recommendations. See Appendix 1, Vol. 2, for American symbols.
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Examples of supplementary symbols DESCRIPTION



ILLUSTRATION



SYMBOL



FLAT (USUALLY FIN/SHED FLUSH)



FLAT (FLUSH) S/NGLE'-V BUTT WELD



V



CONVEX



CONVEX DOUBLE V BUTT WELD



X



CONCAVE



CONCA VE FILLET WELD FLAT (FLUSH) SINGLES/ BUTT WELD WITH FLAT (FLUSH) BACKING RUN
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Numerical indication of process (BS 499, Part 2, 1980)* No. Process



No. Process



1 Arc welding 11 Metal-arc welding without gas protection 111 Metal-arc welding with covered electrode 112 Gravity arc welding with covered electrode 113 Bare wire metal-arc welding 114 Flux cored metal-arc welding 115 Coated wire metal-arc welding 118 Firecracker welding 12 Submerged arc welding 121 Submerged arc welding with wire electrode 122 Submerged arc welding with strip electrode 13 Gas shielded metal-arc welding 131 MIG welding 135 MAG welding: metal-arc welding with non-inert gas shield 136 Flux cored metal-arc welding with non-inert gas shield 14 Gas-shielded welding with nonconsumable electrode 141 TIG welding 149 Atomic-hydrogen welding 15 Plasma arc welding 18 Other arc welding processes 181 Carbon arc welding 185 Rotating arc welding



43 44 441 45 47 48



Forge welding Welding by high mechanical energy Explosive welding Diffusion welding Gas pressure welding Cold welding



7 71 72 73 74 75 751 752 753 76 77 78 781 782



Other welding processes Thermit welding Electroslag welding Electrogas welding Induction welding Light radiation welding Laser welding Arc image welding Infrared welding Electron beam welding Percussion welding Stud welding Arc stud welding Resistance stud welding



2 21 22 221 225 23 24 25 29 291



Resistance welding Spot welding Seam welding Lap seam welding Seam welding with strip Projection welding Flash welding Resistance butt welding Other resistance welding processes HF resistance welding



3 31 311 312 313 32 321 322



Gas welding Oxy-fuel gas welding Oxy-acetylene welding Oxy-propane welding Oxy-hydrogen welding Air fuel gas welding Air-acetylene welding Air-propane welding



4 Solid phase welding; Pressure welding 41 Ultrasonic welding 42 Friction welding



9 Brazing, soldering and braze welding



91 911 912 913 914 915 916 917 918 919 923 924 93 94 941 942 943 944 945 946 947 948 949 951 952 953 954 96 97 971 972



Brazing Infrared brazing Flame brazing Furnace brazing Dip brazing Salt bath brazing Induction brazing Ultrasonic brazing Resistance brazing Diffusion brazing Friction brazing Vacuum brazing Other brazing processes Soldering Infrared soldering Flame soldering Furnace soldering Dip soldering Salt bath soldering Induction soldering Ultrasonic soldering Resistance soldering Diffusion soldering Flow soldering Soldering with soldering iron Friction soldering Vacuum soldering Other soldering processes Braze welding Gas braze welding Arc braze welding



This table complies with International Standard ISO 4063.
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Fig. 7.4. (a) Elementary welding symbols (BS 499, Part 2, 1980).



DESCRIPTION



SECTIONAL REPRESENTATION



SYMBOL



1. BUTT WELD BETWEEN FLANGED PLATES (FLANGES MELTED DOWN COMPLETELY) 2. SQUARE BUTT WELD 3. S/NGLE-V BUTT WELD



V



4. SINGLE-BEVEL BUTT WELD 5. SINGLE-M BUTT WELD WITH BROAD ROOT FACE 6. SINGLE-BEVEL BUTT WELD WITH BROAD ROOT FACE



Y



7. SINGLE-U BUTT WELD



V



Y



8. SINGLED BUTT WELD 9. BACKING OR SEALING RUN 10. FILLET WELD Y77///////////////A 11. PLUG WELD (CIRCULAR OR ELONGATED HOLE, COMPLETELY FILLED) 12. SPOT WELD (RESISTANCE OR ARC WELDING) OR PROJECTION WELD 13. SEAM WELD
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