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 A PRACTICAL GUIDE TO FRICTION WELDING This document has been prepared as a basic guide to the application of the DIRECT DRIVE FRICTION WELDING PROCESS to the joining of commonly used metallic materials and is intended to be used as an aid to the understanding and use of the process. The information given is of a general form for simplicity and should be treated as such. For any specific application certain departures may be found necessary from the recommended guidelines in order to optimise the weld appearance, weld shape/profile, machine cycle time, or joint properties. The information presented however will be sufficient to allow joints to be made in a wide range of engineering materials and indicate where special attention may need to be paid to either the selection of an appropriate joint design, or post weld thermal treatment. Since the theory of Friction Welding has been well covered in the literature, reference to it will only be made where necessary. 2. 1 The Effect of Temperature During the rotational phase of the welding cycle, heat is generated at the faying surfaces, which results in material becoming plasticized. Under the prevailing conditions of applied axial pressure and relative rotation, this plasticized material flows in a radial direction to form a characteristic weld “flash”. The mechanisms by which this process occurs are relatively complex but most authorities now accept that on initial contact the relative motion of the faying surfaces causes local bonding to take place at asperities and high spots. These junctions are stronger than the bulk strength of the adjoining material and continued motion causes rupture to take place in the material at these sites. Flakes or particles of material are therefore torn from both surfaces and are masticated or “churned” into a thin plasticized layer in or near the rubbing plane. This process does not take place uniformly across the diameter of a solid section but in an annular region the radial position of which, and width of which, are controlled by the rubbing conditions defined by the rotational speed and applied axial load. These processes generate a great deal of heat which by the process of thermal conduction rapidly brings the whole interface region to a high temperature (approximately 1250/1350°C for steel). These phenomena of material detachment, mastication into hot plastic material, and ejection from the rubbing plane continues as long as the frictioning phase of the weld cycle continues. The conditions of relative rotational speed, applied axial load, and material composition control the effective value of the coefficient of friction µ. A high value of µ is favoured by low values of rotational speed and/or high values of applied axial load. Lower values of µ are favoured by high rotational speed and/or low applied load. The rate of axial shortening which accompanies
 1. INTRODUCTION
 2. METALLURGICAL EFFECTS ASSOCIATED WITH FRICTION WELDING
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 the frictioning phase of the weld cycle (the so called “burn-off rate”) is related to the value of the coefficient of friction such that high values of µ produce more rapid axial displacement and lower values of µ produce less rapid axial displacement. This effect is important since the weld cycle time is controlled largely by the rate of axial displacement; i.e. a high rate gives a short weld cycle time. The peak temperature reached at the weld interface is also related to rotational speed such that for any given material high relative rotational speeds produce higher interface temperatures. The frictional characteristics of the joint interface and the amount of material consumed during the frictioning phase (the so called “burn-off allowance”) therefore control the amount of heat liberated in the weld zone and the peak temperature attained. The thermal characteristics (i.e. thermal diffusivity) of the materials are critically important in determining the exact temperature gradient. The net result is that for any given material conditions promoting a low coefficient of friction at the weld interface and large burn-off allowances will tend to produce long weld cycle times with wide Heat Affected Zones (HAZ’s) whilst a high coefficient of friction and small burn-off allowances produce short weld cycle times and a narrow HAZ. A relatively wide range of temperature gradients can therefore be created. The structural changes, which take place along this gradient, can be predicted reasonably well if the gradient is known and its relationship with time and subsequent cooling conditions. The temperature gradients can be calculated mathematically by computer models and whilst this information has academic interest it is sufficient to be able to estimate the effects of temperature in the following manner. 2.2 The Effect of Thermal Gradient on Microstructure The generation of heat during welding will produce a variety of effects on structure in different materials. Typical examples for several simple materials are shown diagrammatically in Fig.1 and are discussed in the following text.
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 Fig.1 Showing the diagrammatic representation of the effects of heating on four simple materials types. Fig.1a Diagram showing the relationship of the weld HAZ to the thermal gradient and effects of heating on material hardness detailed in Fig’s 1b-1f Fig.1b Shows an idealised thermal gradient produced by the weld cycle Fig.1c Shows the influence of the thermal cycle of welding on the hardness on a simple low carbon steel Fig.1d Shows the influence of the thermal cycle of welding on the hardness of a steel of moderate hardenability welded in the hardened and tempered condition Fig.1e Shows the influence of the thermal cycle of welding on the hardness of a precipitation hardened material Fig.1f Shows the influence of the thermal cycle of welding on a simple solid solution alloy
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 Fig.1b shows a diagrammatic representation of the thermal gradient produced by the friction welding cycle and will be used in conjunction with Fig’s 1c-1f to explain in simple terms the effects on microstructure and material hardness of the thermal cycle of welding. Fig. 1c demonstrates the effect on hardness of the thermal cycle of welding on a low carbon steel welded in the normalised condition where Ti on the thermal gradient represents the temperature at which transformation from ferrite/pearlite to austenite commences (the A1 temperature). Between this temperature and the interface temperature Tp the A3 temperature will be exceeded and the material becomes fully transformed to austenite. This is a simplified approach to the microstructural transformations taking place since the kinetics of the phase change reactions will in practice mean that the actual temperature at which the transformations occur will not necessarily be the equilibrium temperatures which can be obtained by reference to published data. Nevertheless the argument remains valid and the general principles apply. On cooling from welding, the heated material in the HAZ will transform back to a mixture of ferrite and pearlite, as the hardenability of the material is too low to allow lower transformation products to form. The only microstructural changes likely to be observed will be some grain refinement and a change in the morphology and proportions of the phases ferrite and pearlite brought about by the mechanical working and different thermal history of the HAZ compared to that of the parent metal. The HAZ will have experienced higher temperatures and faster cooling rates than for normalising. A small increase in hardness is also likely to occur (as shown in Fig.1c) in the HAZ due to these changes in the microstructure. Typical microstructures for a low carbon steel are shown below where Fig.2 shows the parent metal microstructure at a location remote from the site of welding and Fig.3 shows the microstructure at the weld interface.
 Fig.1d shows the likely effects of welding a hardenable steel in the hardened and tempered condition. A small decrease in hardness is likely to occur at the edge of the HAZ due to over-tempering (softening) and then a progressive increase in hardness will take place as the proportion of material contained within the HAZ which becomes fully
 Fig.2 Showing parent metal microstructure at a location remote from the site of welding. Low
 carbon steel. Mag. X250
 Fig.3 Showing the microstructure at the friction weld interface. Low carbon steel.
 Mag. X220
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 austenitized also increases with temperature along the thermal gradient reaching a maximum at or about the weld interface. The material, which becomes austenitized will of course transform to lower transformation products and will form a fully martensitic structure in materials of high hardenability on cooling. The degree to which the material hardens will be governed by the composition of the steel and the cooling rate following welding. The cooling which occurs after welding is mostly by conduction into adjacent cold material and higher cooling rates will be experienced by thinner sections and/or where there is the proximity of a larger mass of material as in the joining of dissimilar diameters. Higher cooling rates lead to more extensive transformation and therefore higher HAZ hardness values. Typical microstructures for a steel of moderate hardenability are shown below where Fig.4 shows the parent metal microstructure at a location remote from the site of welding and Fig.5 shows the microstructure at the weld interface. It can be seen that the tempered martensite microstructure of the parent metal has been replaced by a microstructure at the weld interface consisting mostly of a mixture of bainite and martensite.
 Fig.1e shows the effect on hardness of welding a precipitation hardened or naturally aged material where progressively higher temperatures along the thermal gradient have caused a significant hardness change due to re-solution effects on the precipitate. Such materials sometimes show a recovery in strength with natural aging or more particularly with a precipitation hardening heat treatment (for example aluminium-zinc-magnesium alloys generally show a good response). Fig.1f shows the effects on hardness of welding a simple solid solution alloy where no phase changes take place during welding. However, a small increase in hardness is often observed due to the effects of mechanical working induced in the weld zone by the welding process and some refinement of grain size, which also frequently occurs. The shape of the thermal gradient and the HAZ are related and this is shown diagrammatically in Fig.6.
 Fig.4 Showing the parent metal microstructure of a moderately hardenable steel at a location
 remote from the site of welding. Mag. X400
 Fig.5 Showing the friction weld interface microstructure of a moderately hardenable steel.
 Mag. X450
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 2.3 The Effects of the Forging Phase.
 TEMP
 TEMP
 TEMP
 Fig.6a. Representative of a normal friction weld showing a typical flash shape and HAZ size. Fig.6b Representative of a friction weld made with high applied friction load and/or low rotational speed. Note the narrow “pinched” shape to the HAZ. Such welds are characterised by short weld cycle times. The weld microstructures tend to show evidence of distortion, have very fine grain size, and increased peak hardness levels particularly in hardenable materials. Fig.6c Representative of a friction weld made with low frictional load and/or high rotational speed. The flash size tends to be large with excessive upsetting of the section and the HAZ is very wide. Such welds are characterised by long weld cycle times and the weld microstructure may show evidence of grain coarsening and in extreme cases a tendency for overheating. The large amount of heat liberated in such welds may show a reduction in the peak hardness levels observed in the HAZ.
 Fig.6 Diagrammatic representation of the effects of friction pressure and rotational speed on flash and HAZ size/shape.
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 At the termination of the frictioning phase of the weld cycle the joint interface experiences a short transient phase of decreasing rotational speed (during the arrest of the welding machine spindle) which causes a progressive increase in the value of µ. Although this phase of the weld cycle is very short (typically 0.15-0.5 sec. depending upon the size of the welding machine) it is nevertheless sufficient to produce a torque peak during this time interval. Also since burn-off rate is related to rotational speed (i.e. to the coefficient of friction) there is often an acceleration in the rate of axial displacement at this point. When rotational motion has ceased it is conventional in most cases to increase the axial load to produce the "forge” phase of the weld cycle, the function of which is to cause additional deformation after heat generation has stopped in order to consolidate the bond by hot working. This hot working helps to refine the grain size of the material in the HAZ. The exact relationship between arrest (or braking) time, pressure increase, and the relative event times for these operations can be used to modify the flash shape and to produce other effects. This phase of the weld cycle is rather complex and the optimum values for these elements should be determined by experienced personnel only. Once determined, these values are seldom changed and are pre-set in each machine during pre-delivery testing, the values selected being appropriate for the intended use of the equipment. 2.4 The Effects of Post Weld Cooling on the Hardness of Steels. The cooling rate of the HAZ following welding will be governed by the following factors:-
 • The quantity of heat to be dissipated from the weld. • The section size of the welded parts. • The thermal properties of the materials joined. • The proximity of any large cooling masses in parts of
 irregular shape. Any combination of conditions which increases the cooling rate such as a thin section joined to a large thick section where a small amount of heat contained in the weld joint is rapidly dissipated by conduction into the larger mass will increase the tendency for the HAZ to become hard. The hardness in the HAZ is governed by the chemical composition of the material and the cooling rate of the welded area. Steels containing significant quantities of elements which increase hardenability (such as Chromium, Molybdenum, Manganese etc.) will have critical cooling velocities which are lower than that of the HAZ as it cools from welding and extensive hardening could result.
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 2.4.1 The Effects of Composition on Hardenability of Steel. When steels are rapidly cooled (as in quenching) they undergo some hardening. As steels become more highly alloyed, the cooling rate (or velocity) at which hardening takes place becomes less until the material becomes air-hardenable, i.e. the steel will harden spontaneously when cooled slowly in still air. Since friction welds cool quite rapidly after joining due mostly to conduction, it follows that above a certain degree of alloying the steel can be expected to show extensive hardening. The chart reproduced below in Fig.7 provides an estimate of the HAZ hardness, which can be calculated from the chemical composition of the steel. The chart gives reasonably reliable values for section sizes in the range 18-65MM diameter solid bar. For lighter sections these values could be exceeded.
 Equivalent Carbon % = % Carbon + % Silicon + %Nickel + %Chromium + %Molybdenum + %Manganese 24 40 5 4 6
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 Fig.7 Showing the relationship between HAZ hardness and composition for friction welds in solid bar (18/65mm dia.).
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 The chart given in Fig.7 also provides a means of assessing the likelihood that weldments may require post weld heat treatment. The decision as to whether a post weld heat treatment is necessary is always taken on the merits of each individual case depending upon service duty etc. 2.5. The Effects of Non-metallic Inclusions An additional feature, which is directly related to composition, is the occurrence of non-metallic included matter in the materials considered for welding. Such matter occurs most commonly as inclusion stringers and colonies. The presence of these particles can affect the mechanical properties of friction weldments to a degree dependent upon the composition, distribution, size, shape, and quantity of the inclusions. The greater the volume fraction of the included non-metallic material, and the higher the aspect ration (length/thickness ratio) the more deleterious the inclusions become. In particular the ductility and toughness can be significantly impaired by the presence of excessive quantities of inclusions. The inclusions can be caused by residual impurities or slag particles remaining from metal extraction/refining processes used to manufacture the material, or may be added deliberately in order to promote machinability. 2.6. The Effects of Joint Mass and Design Joint designs for friction welding are usually of the simple butt type. However, modifications to this are sometimes advisable or even essential in order to avoid problems with cracking in materials of moderate to high hardenability. Some recommended joint designs are shown below in Table 1. In common with other welding processes it is always good practice to site the weld in the largest section available particularly in assemblies which are highly stressed in service. When welding large masses to small masses the heat sink effect of the larger section can produce rapid cooling of the weld HAZ. Also since the large section imposes considerable restraint to any volume changes which occur in the weld HAZ (either thermal or transformation volume changes) there is a tendency with hardenable materials for such a design to increase the risk of cracking. With materials of high hardenability where the transformation volume changes can be significant and where the HAZ hardness is high, dissimilar area weld joints pose a very high risk of cracking. This problem can be overcome by balancing the areas of the sections to be joined by using some of the alternatives indicated in Table 1. The extent to which the HAZ hardens can be reduced by pre-heating the parts prior to welding but this is rarely done since there are inherent dangers in handling hot parts, there is the risk that the parts may oxidize sufficiently to affect weld quality, and heated parts may also damage the welding machine. With proper selection of the correct joint design and the application of the correct post weld thermal treatment the risk of cracking is reduced to such a low level that there is no supportable requirement for pre-heating.
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 JOINT PREPARATION
 SIMPLE BUTT JOINTS ARE IDEALLY SUITED TO FRICTION
 WELDING AS DETAILED BELOW.
 BAR-BAR LIKE DIAMETERS
 BAR-BAR DISSIMILAR DIAMETERS
 BAR-PLATE
 BAR-BAR DISSIMILAR DIAMETERS
 TUBE-TUBE LIKE DIAMETERS
 TUBE-BAR DISSIMILAR DIAMETERS
 TUBE-PLATE
 TUBE-BAR
 DISSIMILAR DIAMETERS
 TUBE-PLATE
 Where problems with high peak hardness values in the HAZ are encountered, these can usually be overcome by the selection of a suitable post weld heat treatment operation. This can be accomplished by complete heat treatment of the weldment or by a localised thermal treatment of the welded region for example by using induction-heating techniques.
 SUITABLE FOR MOST
 MATERIALS.
 SUITABLE FOR MOST MATERIALS.
 RECOMMENDED FOR MATERIALS OF MODERATE TO HIGH HARDENABILITY AND SOME DISSIMILAR
 COMBINATIONS
 SUITABLE FOR MOST
 MATERIALS
 SUITABLE FOR MOST MATERIALS.
 RECOMMENDED FOR MATERIALS OF MODERATE TO HIGH HARDENABILITY AND SOME DISSIMILAR
 COMBINATIONS
 SUITABLE FOR MOST
 MATERIALS
 SUITABLE FOR MOST
 MATERIALS
 Table 1. Showing some typical simple joint designs commonly used for friction welded parts.

Page 12
                        

FWG/BAH Page
 11
 Typical thermal treatments, which might successfully be applied to friction, welded steel components are:-
 • Tempering • Stress relieving • Sub-critical annealing • Full annealing • Normalising • Hardening and tempering
 The choice of heat treatment may depend upon the intended application of the weldment and in particular the service duty. It is useful to be able to assess from the chemical composition the probable heat treatment requirement and one method of doing this for steel is with reference to Fig.7 shown previously. Note that for steels demonstrating high hardenability particularly in thick sections it may be desirable to commence post weld heat treatment before the parts have cooled to ambient temperature. Care should always be exercised in heating heavy sections, which have become hardened. Unless the heating rate is slow there is always the possibility that cracking could be induced by the thermal expansion effects becoming superimposed on the internal stress system already locked inside the weldment. Such internal stresses are generated from thermal and particularly transformation volume changes, which occur during the cooling of the weld HAZ. 2.7 Special Considerations for Specific Materials or Combinations of Materials The information given in this section is intended to provide advice on any special requirements or precautions, which might be associated with the friction welding of each material sub-group. 2.7.1. Mild Steel No special requirements or precautions are needed for welding this simple material. Such material can often be joined over a wide range of welding conditions. This flexibility allows modification to the welding parameters for optimising machine output or weld appearance without compromising weld quality. 2.7.2. Medium Carbon Steels The optimum mechanical properties achieved with this type of material are often obtained with relatively low rotational speed (approximately 250 s.f.p.m. for solid bar). Where parts are to be stressed in service, particularly where operating temperature may be low, the weldments should be post weld heat treated by normalizing.
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 2.7.3. Alloy Steels Steels with moderately high hardenability should be considered more carefully than simple unalloyed steels and joint designs should be selected which are appropriate for the material to avoid cracking (as discussed in section 2.6). Correct post weld thermal treatments should also be considered where appropriate. 2.7.4 High Speed Steel. This material is commonly welded to carbon steels for the manufacture of twist drills and other cutting tools. Some detailed data relevant to the joining of a typical combination of materials are given below in Fig.8 (in this instance high-speed steel M2 joined to medium carbon steel). Typical welding parameters are given in a later section.
 In practice it is often found that lower welding forces than those recommended can be used particularly with larger section sizes. The use of lower welding forces can reduce the joint strength but in weldments of larger section size this is usually acceptable especially if it extends the capacity of the welding equipment.
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 Fig.8 Typical welding data for high speed steel/medium carbon steel twist drills.
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 2.7.5 Stainless Steels These materials are usually readily weldable especially the austenitic stainless steels. Joining components of dissimilar cross sectional area will require the use of increased welding forces (in common with all other materials) and since the welding forces required for stainless steels tend to be rather high this can result in a considerable reduction in the ability of a welding machine to cope with large diameters. It is recommended therefore that the larger section be machined to match the smaller section at the point where the joint is to be made. The length of this welding prep. would normally be recommended as 25%/50% of the diameter of the smaller section for solid sections and approximately 1/1.5 X the wall thickness for tube/solid joints, although shorter lengths will often be effective. The requirements for post weld heat treatment have to be considered in the light of service duty. For example, martensitic stainless steels, which become hard in the weld HAZ may require some form of stress relieving or tempering treatment to reduce this hardness. Austenitic stainless steels may require solution heat treatment to avoid grain boundary attack on subsequent service in certain corrosive environments. The weld cycle time for friction welding is usually short so that the material is only exposed to temperatures in the sensitizing range for very short periods of time. Problems with weld decay are therefore not generally encountered. Alternatively low carbon or stabilized grades of stainless steel can be used (i.e. with additions of Niobium or Titanium) if these effects are thought to be a serious potential problem. 2.7.6 Stainless Steel-Carbon Steel Large numbers of bi-metallic welds are made for pump shafts etc. by the friction welding process and these weldments can be made without difficulty in most cases. One important feature to be considered is the difference in solubility of carbon between ferritic steel and austenitic steel. The greater solubility of carbon in austenite means that on exposure to elevated temperature carbon will diffuse from the carbon steel into the austenitic steel (this is known as carbon migration). The carbon depleted zone in the ferritic steel can become converted to a layer of apparently pure ferrite, which could severely weaken the joint. The carbon, which diffuses into the stainless steel, will precipitate as carbide, often at grain boundaries where it can not only affect mechanical properties but also have very damaging effects on the corrosion resistance of the material. Carbon migration can also occur in ferritic/ferritic combinations where a significant difference in carbon potential exists and where exposure to elevated temperature takes place. Carbon migration does not occur on exposure to elevated temperature in most combinations of engineering steels to any significant degree since the difference in carbon potential between such materials is not sufficiently great to provide the activation energy required. One combination of ferritic/ferritic steels in which carbon migration is pronounced is medium carbon steel/high speed steel where post weld annealed twist drill blanks often show this effect. Due to the difference in thermal and mechanical properties of carbon steels and stainless steels at elevated temperature the amount of material displaced from each during welding is different. A larger material loss would normally be expected from the carbon steel
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 component. This is particularly noticeable for austenitic stainless steels but much less so for ferritic stainless steels. The welding conditions for stainless steel/carbon steel combinations need to be selected such that relatively rapid displacement of material takes place during the weld cycle. Failure to achieve this can result in extensive mechanical intermixing of the two materials at the joint interface. This intermixing and diffusion effects occurring at the high interface temperature associated with long cycle times can result in interface embrittlement due to alloying of the two materials leading to the formation of a thin layer of material with very high hardenability. It is therefore desirable to keep the weld cycle time short for this type of joint. In this context, joints involving large cross sectional areas tend to become rather more difficult to make as the cycle time increases with section size. Care therefore needs to be exercised in selecting welding conditions and machines with sufficient capacity for solids greater than 60mm/70mm diameter. 2.7.7 Aluminium Alloys Many aluminium alloys show good response to friction welding and very good results have been obtained particularly with aluminium-magnesium-silicon and aluminium-zinc-magnesium alloys when welded to themselves and to other aluminium alloys. The alumiunium-magnesium alloys are slightly more difficult to weld and this is thought to be due to the formation of tenacious oxide films at the joint interface especially in joints of dissimilar cross sectional area such as tube/plate joints. Joints between bar/bar sections are easier to make. Some success has been achieved in welding aluminium alloys based on the aluminium-copper system which are generally regarded as unweldable by fusion methods due to problems with incipient melting. These materials frequently show extensive splitting or cracking in the weld flash area but the joints themselves are sound and exhibit good mechanical strength. Most aluminium alloys develop their mechanical strength by cold working or precipitation hardening mechanisms. Any welding operation applied to materials of this type will obviously cause thermal damage resulting in a loss of mechanical strength. One advantage of the friction welding process is that the weld cycle time is short and the heat input is low so that these deleterious effects are reduced to a minimum. Some softening of the parent material will occur (as indicated previously in Fig.1e). However, with some aluminium alloys there is frequently some recovery in strength in the HAZ due to age hardening after welding. The extent of this recovery will depend upon the alloy welded but the degree to which it occurs and the rate of recovery can both be improved in some alloys by artificial aging (precipitation hardening) rather than natural aging at room temperature. The heat treatment of many aluminium alloys requires careful consideration in view of the potential effects such operations might have on the corrosion and stress corrosion resistance of the material. Where uniform mechanical properties are essential the weldment might have to be re-solution treated and aged or precipitation hardened. A very significant advantage that friction welding has over fusion methods of joining is that no consumables are used in making the weld and so there is no inherent degradation in the joint strength caused by introducing a filler material of different chemical composition to the parent materials. The weld cycle times for aluminium alloys are generally very short and the rotational speed required is frequently much higher than for most other materials.
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 2.7.8 Copper Alloys Copper alloys present some problems for friction welding since many alloys require very high rotational speed for good results. This high rotational speed is required to compensate for the very rapid extraction of heat by conduction, and because copper tends to exhibit a very high coefficient of friction during welding. Alloys of the solid solution or precipitation hardening types generally give quite good results when welded to themselves and to some other materials such as carbon steel or stainless steel. The greatest interest has been shown in welding the following material combinations all of which have been successfully joined:-
 • O.F.H.C. copper - stainless steel • O.F.H.C. - carbon steel • Copper/chromium - carbon steel • Copper/chromium/zirconium - carbon steel • O.F.H.C. - C.P. aluminium
 When copper is welded to carbon steel or stainless (austenitic) steel the resultant joints are found to have excellent mechanical and electrical properties. The bonds are however not stable when exposed to elevated temperatures as oxygen enters the copper from the atmosphere and reacts with iron, which diffuses across the interface to precipitate as iron oxide in the copper near the interface location. This precipitation of oxide does not appear to affect the electrical characteristics of the bond very much but does lead to embrittlement of the joint. Dissimilar metal friction welds of this type would not normally be exposed to elevated temperature as they are used for electrical connections and so the joints would be expected to give excellent service performance. Bi-metal welds using copper-chromium and copper-chromium-zirconium alloys are used for applications in resistance and spot welding as electrodes. The copper-aluminium friction welded combination is of sufficient importance to be dealt with separately below. The copper alloys in most common usage are the copper-zinc (brass) group of materials. Interest in these materials has been largely confined to the duplex alpha-beta alloys which although weldable usually exhibit rather low ductility even after post weld heat treatment. Better results may be achieved in the single-phase solid solution alloys. Some successful welds have been made in aluminium bronze although there is little interest in this material at present. 2.7.9 Copper-Aluminium This combination is of great interest to the electrical industry for power distribution systems as transition pieces between conductors of copper and conductors of aluminium. Welding procedures exist for this combination of materials and the resultant joints have both excellent mechanical strength and electrical characteristics. Such joints are commonly made by the friction welding process but great care is required to ensure good repeatability of bonding. Some of the precautions required to ensure consistency in joining are listed below:-
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 I. The purity of the aluminium should be 99.5% or better. II. The copper should be O.F.H.C. and in the annealed condition. III. The welding faces of both components need to be machined to a high degree of
 surface finish without the use of cutting coolants/lubricants. No contamination of the welding faces can be permitted (not even touching with the fingers) and welding should be carried out within 1 hour of machining or immediately if possible.
 IV. The welding machine tooling for hold and locating the parts requires careful attention to avoid slipping of the parts under the high torque loads generated during welding and to limit distortion, since the welding forces are very large compared to the bulk strength of the materials, particularly the aluminium.
 V. The correct amount of stick-out of materials from the tooling needs to be used and is frequently approximately 50% of the bar diameter for solids.
 VI. The materials are displaced very rapidly during the frictioning and forge phases of the weld cycle and rapid movement of the welding head is required to keep pace with this collapse. To achieve this rapid movement of the welding head hydraulic pumps of adequate capacity must be fitted to the power pack.
 VII. Approximate welding conditions are given in a later section of this document and the weld cycle is best modified to exclude the normal butting sequence and first stage friction phases (i.e. a rotating approach is more satisfactory).
 Dummy setting piece made from steel should also be provided since the materials will otherwise collapse during the weld parameter setting operations. The objective to be achieved in making this bond is to restrict the formation of embrittling intermetallic compounds at the interface which form when copper and aluminium are heated in intimate contact. The amount of heat generated during welding is therefore controlled by using conditions which give a short friction time, and any intermetallics which are formed are disrupted by interfacial expansion during the forge phase which produces extensive plastic deformation of both materials. 2.7.10 Aluminium-Steel Commercially pure aluminium will friction weld satisfactorily to both carbon steel and to stainless steel. Transition pieces of aluminium (and some aluminium alloys) to stainless steel have applications in certain vacuum systems and aluminium to carbon steel is an important joint in certain industrial processes such as for downhangers in extraction cells used in the manufacture of primary aluminium. The requirements for making bonds are as previously discussed for aluminium to copper and necessitates the use of even greater forge pressures for promoting disruption of material at the joint interface after cessation of rotation since no measurable deformation occurs at all in the steel component when making this bond. An alternative approach is to restrict intermetallic formation by using exceedingly low rotational seeds to reduce interface temperatures. Aluminium alloys containing magnesium, zinc, and copper are much more difficult to weld to steel than commercially pure aluminium for reasons, which are not entirely clear. A number of methods have been developed for improving the weldability of such alloys to steel such as:-
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 • Using interlayers, i.e. welding the steel to C.P. aluminium and then making a second weld between the C.P. aluminium and the desired aluminium alloy.
 • Electroplating the welding face of the steel with a material, which restricts the tendency for intermetallic formation (e.g. silver or chromium).
 Even with these techniques the strength of the resultant bond is often not sufficiently high to be of use for industrial applications. 2.7.11 Nickel Alloys Simple nickel alloys such as Monel (nickel-copper) are readily weldable and can be treated in a similar manner to stainless steel. Such materials also weld easily to carbon steel and stainless steel. As the alloys become more complex and heat resistant they also become more difficult to weld. The high temperature precipitation hardening alloys are often best welded in the solution treated condition and then flash removed before carrying out the precipitation treatment. This reduces the danger of inducing cracks at the junction of the two flash curls. One of the most common uses for nickel alloys involving friction welding is in the manufacture of cylinder head valves for internal combustion engines. In this application, the head of the valve may be forged from a nickel alloy (for its resistance to heat, oxidation, and corrosion) and this must be joined rapidly in very large numbers to stems made most commonly from chromium-silicon steels, which are selected, for their resistance to wear. Nickel alloys are also welded on a more limited scale in the aerospace industry. A more recent development has been the friction welding in large numbers of investment cast nickel alloy turbine wheels to ferritic steel shafts for turbo-chargers for the automotive industry. Some modifications to the final stages of the welding cycle (i.e. the arrest and forging phases) may be required for joining these materials. The rate of arrest of the rotating member is frequently reduced to allow inertial energy stored in the rotating parts of the machine to be dissipated into the weld instead of being absorbed by the braking system. This encourages an acceleration in material displacement at the end of the frictioning cycle, which aids formation of the bond. High temperature alloys resist deformation when hot and so increased energy input achieved by adding inertial energy to the joint is desirable in promoting bonding. 2.7.12 Cast Irons Generally cast irons do not make suitable materials for friction welding for the following reasons:-
 • The graphite particles (particularly in flake graphite irons, e.g. grey cast iron) act as a lubricant interfering with the welding process and also produce a plane of weakness when the matrix is deformed since this re-orientates the flakes to lie parallel to the weld interface.
 • The hardenability of many cast irons is high enough (due to the presence of soluble carbon, manganese, and silicon) to produce a significant
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 increase in hardness in the HAZ which can lead to embrittlement, especially in the presence of the deformed graphite particles.
 Some success has been achieved with spheroidal graphite irons especially the austenitic types when welded to both carbon and austenitic stainless steel. These material combinations are capable of demonstrating strengths and ductility’s that are sufficiently good to be of industrial use. 2.7.13 Free Machining Materials Materials which have additions made to them in order to promote machinability (e.g. sulphur and/or lead in ferritic steels, and sulphur or selenium in austenitic steels) are generally not recommended for friction welding in components which will be highly stressed in service. The particles of lead or manganese sulphide etc. which aid machinability by breaking up swarf into chips tend to deform into flat discs which are orientated to lie in a plane parallel to the weld interface during welding and can seriously reduce ductility and toughness by providing a path for easy crack initiation and propagation. Fatigue performance can be similarly affected. Free machining materials will allow sound joints to be made and in lightly stressed parts where the reduction in joint strength and ductility is unimportant they will make satisfactory bonds by the friction welding process. Steels treated with lead rather than sulphur appear to suffer less reduction in joint integrity. 2.7.14 Non-Metals The friction welding process is suitable for joining certain non-metals such as plastics and also some ceramics to metals. These areas of application of the welding process have received much less interest and have not been actively investigated. Some typical examples of friction welded assemblies are given below in Fig’s 9 and 10 where they have been grouped into various industries and some indications of the types of materials are also included. Additional information concerning some of the combinations of materials, which can be joined by the friction welding process, is given in Appendix 1.
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 Light Automotive
 Materials welded include low carbon, medium carbon, micro-alloyed, case hardening, and through hardening steels. Most combinations of steel are readily weldable.
 Light Automotive
 Typical applications are axle cases, drive shafts, engine valves, camshafts, air bag inflators, suspension components, transmission and steering parts.
 Heavy Automotive
 Materials joined include low and medium carbon steels, through hardening steels, heat and corrosion resistant steels in various combinations.
 Heavy Automotive
 Typical applications include beam and banjo axle cases for heavy goods vehicles, axle tubes, cylinder head valves, turbo chargers, and drive shafts.
 Agricultural
 Materials welded include a wide range of engineering steels in various combinations including components in the induction hardened and hard chromed condition.
 Agricultural
 Typical applications include transmission and steering components for tractors, hydraulic piston rods, gear levers, and cylinder blade spindles for mowing machines.
 FRICTION WELDING APPLICATIONS
 Fig.9 Showing some friction welding applications arranged by industry group.
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 Electrical &
 Chemical
 Materials joined include nickel alloys, a wide range of heat and corrosion resistant stainless steels, titanium, copper/aluminium and copper/steel transition pieces.
 Electrical &
 Chemical
 Typical applications include bi-metallic transition pieces for electrical power distribution and power plant, pump shafts, plug valves, and chemical plant components.
 General
 Engineering
 Materials joined include a wide variety of ferrous and non-ferrous materials, which can be joined in many different combinations.
 General
 Engineering
 Typical applications include gears, hydraulic jacks, fasteners, dynamometer rotors, hand tools, machine parts, and twist drills.
 Mining & Civil
 Engineering Typical applications include rock drills, rotary drill rods, tunneling rods, transmission gears for heavy earth movers, hydraulic piston rods, soil nails, and pivot pins.
 Mining & Civil
 Engineering
 Materials welded include a variety of constructional and engineering steels, nitriding steels, carburising steels, and API steels.
 Fig.10 Showing some friction welding applications arranged by industry group.
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 The relationship between the three principal welding parameters of rotational speed, applied load, and axial displacement are shown diagrammatically below in Fig.11 for a conventional weld cycle.
 PHASES OF THE WELD CYCLE
 FUNCTION
 PHASE 1 (FIRST STAGE FRICTION)
 “CONDITIONING” OF THE WELD FACES IN ORDER TO PRODUCE SOME PRE-HEATING AND REDUCE THE COEFFICIENT OF FRICTION BEFORE COMMENCING PHASE 2
 PHASE 2 (SECOND STAGE FRICTION)
 TO LIBERATE HEAT BY FRICTIONAL PROCESSES IN ORDER TO PLASTICIZE THE MATERIALS BEING JOINED. THIS PHASE OF THE WELD CYCLE IS ACCOMPANIED BY EXPULSION OF HEATED MATERIAL TO FORM A CHARACTERISTIC “FLASH”. THIS DISPLACEMENT OF MATERIAL ENSURES PURGING OF CONTAMINANTS FROM THE WELD INTERFACE.
 PHASE 3 (ARREST)
 THIS PHASE OF THE WELD CYCLE ENSURES THAT RELATIVE MOTION BETWEEN THE PARTS HAS CEASED PRIOR TO FULL APPLICATION OF THE FORGE PHASE.
 PHASE 4 (FORGE)
 FULL APPLICATION OF THE FORGE PRESSURE IS ACHIEVED AFTER RELATIVE MOTION HAS CEASED. THIS PHASE OF THE WELD CYCLE PROVIDES ADDITIONAL MECHANICAL WORKING OF THE JOINT WITH NO HEAT INPUT WHICH PROMOTES REFINEMENT OF THE MICROSTRUCTURE.
 The diagram shows how the applied welding forces (illustrated as the pressure delivered to the forge cylinders of the welding machine) vary with time during the welding operation. Note that three levels of applied pressure are shown here which is conventional but this could be two levels, or even one level in some instances.
 TIME
 SPEE
 DPR
 ESSU
 RE
 DIS
 PLA
 CEM
 ENT
 3 PROCESS PARAMETERS
 PHASE 1
 PHASE 2 PHASE 3 PHASE 4
 Fig.11 DIAGRAMMATIC REPRESENTATION OF A TYPICAL FRICTION WELD CYCLE WITH ILLUSTRATIONS SHOWING DEVELOPMENT OF THE WELD.
 P1
 P
 P3
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 The first stage friction pressure phase (Phase 1, pressure P1) is used only to produce some initial pre-heating of the parts and to remove high spots and irregularities from the welding faces and to prepare the faying surfaces for the commencement of the second stage friction phase (Phase 2, pressure P2). This low pressure pre-conditioning phase of the weld cycle is employed only to reduce the coefficient of friction at the rubbing plane. Failure to do so might lead to slippage of the parts in the machine tooling or stalling of the drive system. The duration of the first stage phase and the level of pressure are selected with regard to the dimensions and chemical composition of the parts being welded and the capacity of the welding machine, especially the gripping power of the chuck and clamps. Very little axial displacement takes place in this phase of the weld cycle, but shortly after the second stage friction pressure has been achieved an approximately constant or equilibrium rate of shortening of the parts becomes established. The second stage friction pressure and rotational speed are to some extent interdependent since their combined influence for any particular material composition and size determines the rate of axial displacement and therefore the weld cycle time. Although the friction welding process is very flexible and can produce sound welds over a wide range of welding conditions for most materials it has been found that preferred ranges of applied pressure and rotational speed exist for the various groups of engineering materials. The value of the second stage friction pressure is chosen dependent upon the type of material being welded and to some extent the rotational speed. Typical ranges of values are shown in Fig’s 12, 13, and 14 for the second stage friction pressure, forge pressure, and peripheral speed respectively for a variety of material types. These values generally give satisfactory mechanical properties and machine production rates. The data given in Fig’s 12, 13, and 14 is for guidance only and may require some modification for specific applications in order to optimise performance of the either the welding equipment or the joint properties. The duration of the second stage frictioning phase is usually controlled by the amount of axial shortening of the components during this phase i.e. when a pre-set value for axial shortening (the “burn-off” value) has been achieved rotation is stopped and the axial load is increased to the “forge” value. The required value for the burn-off allowance is determined by the section size welded and an indication of suitable setting values are given in Fig’s 15 and 16 for solid sections and tubular sections respectively. The burn-off setting has to be sufficient to achieve two principle objectives:-
 • To ensure that adequate cleaning of the weld interface occurs by expulsion of material into the flash.
 • To produce the correct conditions of temperature and plasticity in the weld zone to ensure that satisfactory bonding takes place. The time taken to displace or consume this pre-set amount is related not only to the material being welded but also to its section size and speed of rotation. Some indication of this relationship for two simple materials, mild steel and medium carbon steel is shown in Fig.17 and Fig. 18 respectively below.
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 Fig.12 Showing typical ranges of second stage friction pressure for various materials.
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 Fig.13 Showing typical ranges of forge pressure for various materials.
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 Fig.14 Showing typical ranges of peripheral speed for various materials.
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 Fig.15 Showing the relationship between burn-off allowance and bar diameter for solid sections.
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 Fig.16 Showing the relationship between the burn-off allowance and wall thickness for tubular sections.
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 Fig.17 Showing the relationship between section size, rotational speed, and weld cycle time for mild steel solid bar.
 Fig.18 Showing the relationship between section size, rotational speed, and weld cycle time for medium carbon steel.

Page 29
                        

FWG/BAH Page 28
 When the frictioning phase is completed, rotation is stopped and the axial load is increased (the forge phase of the weld cycle). The arrest phase (Phase 4) is generally considered to be a non-adjustable parameter in bespoke machines where the relationship between the following variables will be pre-set when equipment is commissioned, the values having been selected as suitable for the particular application for which the equipment is supplied:-
 • Rate of deceleration of the spindle. • Rate of increase of applied pressure to the “forge” value. • The points of initiation of both the spindle arrest and the increase in
 pressure.
 These variables can however to altered and this is sometimes done, usually to control the shape and size of the weld and its associated flash. An example of one of the effects of making adjustments to the arrest phase of the weld cycle is shown below in Fig.19.
 The function of the forge phase of the weld cycle (P3, Phase 4 in Fig.11) is to intrude clean plastic material into the weld region as forge collapse proceeds. In addition the hot working associated with this collapse produces some grain refinement by recovery and recrystallisation processes. The forge phase produces additional shortening of the components which when added to the burn-off allowance give the Total Length Loss for the welding operation.
 Weld profile of friction weld made with “normal”
 arrest time
 Weld profile of friction weld made with extended
 arrest time
 Fig.19 Showing the influence of arrest time on the flash profile of a friction weld.
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 4.1 Joint Design Parts of almost any shape can be joined provided that they are rigid enough to sustain the applied loads without collapsing, and provided that it is possible to incorporate a weld face, which is a solid of revolution. Examples of weld preps commonly used for friction welding were given earlier in section 2.6. 4.2 Surface Condition With the exception of special applications (e.g. aluminium-copper and aluminium-steel) the surface finish of the welding faces need not be any better that that produced by conventional sawing and turning operations. In most instances as-forged surfaces are also suitable provided the parts have been adequately cleaned by shot blasting. Draft angles on the surfaces of forgings can also be acceptable in most cases provided that adequate trimming has been carried out on excess material at the die parting line. Two instances where a better surface finish may be required are:-
 • Thin walled tubes particularly of large diameter/wall thickness ratio when welded to flat surfaces such as plates or discs. For such an application the finish on the flat surface needs to be good, as must the degree of squareness to the longitudinal axis of the welding machine.
 • Dissimilar metal combinations involving materials, which have high resistance to deformation when, heated. Such materials require both good squareness and surface finish to ensure that the atmosphere can be excluded from the weld interface at an early stage of the frictioning phase.
 Squareness and parallelism of both the welding faces and the back-stopped ends of the components helps to ensure optimum accuracy of axial alignment of the welded parts and helps reduce any vibration of the parts during welding. The welding faces should be free from solid surface contaminants, particularly oxides such as scale and rust since these deposits can become entrapped at the weld interface on completion of the welding cycle leading to embrittlement. Contamination by non-solids such as paint, oil, or water can generally be tolerated for most materials of high melting point as they are easily ejected from the weld by evpouration once heating begins. Higher levels of surface cleanliness is more important with non-ferrous materials.
 4. Suitability of Components for Friction welding
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 Drilled centre holes are not acceptable since they can easily fill with oxide and debris during the early stages of the welding cycle and some of this contaminated material can become entrapped at the interface reducing joint integrity. Metallurgical condition does not generally affect weldability. Some comments were made in section 2.6 concerning heat treatment and the exact form of this is usually determined by the user after considering the service requirements, facilities available, cost etc. The presence of a friction weld in a component does not affect its response to heat treatment, including induction hardening and surface hardening by carburising. All hardening operations should be carried out with the weld flash removed. The subject of weld testing is rather difficult to summarise briefly due to the wide variations in requirements imposed by different users of the process or industries using this technique. The degree of weld testing carried out will usually reflect the consequences of a weld failure and a good source of reference is a European Standard (ISO 15620: Friction Welding of Metallic Materials) which is currently in the final stages of preparation. Ideally weld testing should be divided into two separate activities as follows:-
 • Weld procedure tests. • Testing of production parts.
 6.1 Procedure Tests Since no operator skill is involved in friction welding, the procedure tests should be designed only to qualify a particular welding machine and the associated set of welding parameters (the weld procedure) by establishing that they are capable of meeting a clearly defined specification for the application. Tests made during the establishment of the welding procedure can be quite detailed, involving all aspects of mechanical testing, metallographic examination, rig testing, endurance and field trials. At this stage of the investigation of an application a programme of development work is often arranged with the participation of the intended end user and in many cases the final testing and acceptance of the welding process is completed by the end user.
 5 HEAT TREATMENT
 6 WELD TESTING
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 6.2 Testing of Production Weldments When the weld procedure tests have validated the process and equipment the second stage is to devise a method of routine in-production testing to verify that quality standards are being maintained. This often involves a mixture of destructive weld testing (at some acceptable frequency) and in-process monitoring of the welding operation (continuously for all production parts). For in-process machine monitoring of the welding operation, the welding equipment is provided with devices which continuously measure and record all the important process variables. The recorded information can be retrieved for detailed examination when required and the monitoring system actively ensures that all the important welding variables are maintained within close limits to the desired values. Should any weld cycle fail to comply with these limits the machine is stopped and the operator advised that a weld fault has occurred and a diagnosis of the fault is provided. The routine in-production testing of weldments is carried out in order to provide evidence that all other systems are functioning correctly and that consistency in joint integrity is being maintained. The frequency at which destructive tests are carried out is determined by the following factors:-
 • The value of the part being destroyed. • The cost of preparing test pieces and carrying out the necessary
 tests and the delay to production which might occur during this testing procedure.
 • The users basic level of confidence in the repeatability of the welding equipment.
 Often the frequency of destructive testing can initially be quite regular, say at the beginning and end of every shift or batch of parts welded. Alternatively frequency rates may be set at regular intervals such as 1:100 or 1:1000 weldments completed. When a user has gained a certain level of experience with and confidence in the process founded on consistently satisfactory test results this frequency is often gradually reduced to what is considered a suitable minimum for adequate quality control purposes. The most common test carried out for assessing production quality is a simple cantilever bend test. Weldments which require post weld heat treatment should be tested in the appropriately heat treated condition. Weld failures are rare and can generally be attributed to material faults (non-compliance with material specifications, the presence of defects in the materials welded resulting from raw material manufacturing deficiencies etc.) and can usually be avoided by “good housekeeping”. Non-destructive testing methods of weld inspection have been investigated and usually found to be of very limited value for assessing the integrity of friction welded joints. Most N.D.E. methods of inspection are better suited to the examination of fusion welds where relatively large defects such as porosity, cracks, lack of fusion etc. occur. Friction welds are normally free from most of these defects since no melting occurs and no filler materials are used.
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 Three categories of defect, which might be found in friction welded joints, are as follows:-
 • Cracks due to poor joint design or incorrect post weld heat treatment. These defects would not be expected to occur in a well-controlled environment where parts are correctly machined prior to joining and post weld heat treatments are properly monitored.
 • Weld strength can be reduced by the presence of oxide particles trapped at the weld interface resulting from rust or oxide contamination of the welding faces prior to joining. When this form of weld interface contamination occurs evidence of it can usually be found although with some difficulty due to the small size of the oxide particles involved. Since oxygen is a ferrite stabilizer it is often found that some discernible ferrite enrichment of the interface region can be detected by metallographic examination. Ferrite is a soft weak phase and its occurrence as a semi-continuous film in the welded joint can reduce the strength of the weldment. The zone of ferrite enrichment is further weakened by the presence of the oxide particles and in combination they can seriously reduce interface bond strength. A typical example is shown below in Fig’s 20 and 21 for a weldment, which failed due to embrittlement, by oxide contamination. The oxide particles and ferrite enrichment of the interface can both clearly be seen.
 • Excessive mastication (or mechanical intermixing/layering) of the materials in some dissimilar material friction welds can reduce weld ductility (e.g. austenitic/ferrite steel joints as previously described in section 2.7).
 All three of these types of defect are detectable within certain limits by use of Ultrasonic Flaw Detection equipment used under the correct conditions. This method of N.D.E. is the most appropriate and meaningful method available for the non-destructive examination of friction weldments.
 Fig.20 Showing oxide particles adjacent to the fracture surface of a weld which has failed due to embrittlement induced by oxide contamination. The specimen has been very lightly etched to delineate the inclusions only.
 Mag. X1000
 Fig.21 Same specimen as shown previously in Fig.20. The specimen has been etched more deeply in order to reveal the ferrite enrichment associated with the oxide particles.
 Mag. X500
 OXIDE PARTICLES
 FERRITE ENRICHMENT
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 7.1 Appendix 1 - Material combinations.
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 7 APPENDICES
 Appendix 1. Matrix showing some of the combinations which can be joined by the friction welding process.
 The information given above is for indication only. Each combination of materials
 selected for friction welding should be made after careful consideration of the intended service duty and the effects of
 any post weld thermal treatments.
 Combinations of materials, which
 are not colour coded in the above matrix indicates that
 weldability may be poor or that insufficient data is presently
 available.
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