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Abstract

:

Aluminium castings have been widely used in many industries, including automotive, aerospace, telecommunication, construction, consumer products, etc., due to their lightweight, good electric and thermal conductivity, and electromagnetic interference/radio frequency interference (EMI/RFI) shielding properties. The main applications of aluminium castings are in automotive industry. For lighweighting purposes, more and more aluminium castings are used in the automotive vehicle structures to reduce weight, improve fuel efficiency, and reduce greenhouse gas emissions. However, due to the features of cast aluminium, such as porosity, poor surface quality, a tendency toward hot cracking, and low ductility, joining these materials is problematic. In this paper, the joining technologies for aluminium castings and the related issues, mainly cracking and porosity, are reviewed. The current state-of-the-art of joining technologies is summarized, and areas for future research are recommended.
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1. Introduction


Aluminium castings have been used in many industry sectors, including automotive, aerospace, telecommunications, construction, consumer products, etc. For example, they have been used in a wide range of networking, telecommunications, and computing equipment as housing because of their good EMI/RFI shielding ability and heat dissipating ability; they have been used in small electronic products because of their durability, lightweight, and EMI/RFI shielding ability; and they are ideal for electric connectors because they are lightweight and have good electric conductivity. The main applications of aluminium castings are in the automotive industry. Due to global warming and government legislation, automotive vehicles are required to increase their fuel efficiency and reduce greenhouse gas emissions. Lightweighting is a good practice in addition to vehicle electrification. To reduce the gross weight of vehicles, more and more lightweight aluminium castings are introduced into their structures. Cast aluminium has been used in automotive applications for the power train, such as engine blocks [1], cylinder heads, and transmissions, since the early 1900s, and its applications in structural components have increased greatly, including alloy wheels, longitudinal members, cross members [2], pillars [2], front steering knuckles, steering wheel cores, connection nodes, shock towers, etc., as shown in Figure 1. Aluminium die casting has been used as connection knots to join different aluminium alloy extruded profiles, as presented in Audi A2 and A8 aluminium space frames [3].



Applications of aluminium castings in automotive vehicles are mainly in two situations: 1. Complex structures, such as engine blocks; 2. Parts integration. In order to further reduce the weight and simplify the vehicle assembly process, the castings used in cars are getting larger with many previously individual parts integrated together. Tesla is pioneering in this area. Recently, Tesla produced some mega-castings with the enormous IDRA giga press (about 19.5 m long, 7.3 m wide and 5.3 m high) at Gigafactory Texas. Tesla is planning to use two huge single castings for the front and rear underbody and to connect them with a battery pack that is acting as part of the body structure [4]. The rear underbody casting is the integration of 70 different parts, and all together this new 3-section assembly strategy will reduce the total number of parts of this structure by 370.
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Figure 1. Typical applications of aluminium castings in automotive vehicles [5]. Nemak/American Metal Market Conference, 2015. 
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However, due to the features of cast aluminium, such as porosity, poor surface quality, a tendency toward hot cracking, and low ductility, joining these materials is problematic. From the material point of view, aluminium weldability by fusion welding is mainly influenced by these characteristics: the existence of a surface layer of aluminium oxide and release agent residuals from casting, which will deteriorate wettability and introduce gases and inclusions in the weld; high thermal conductivity, which will consistently remove a large amount of heat from the welding zone; a relatively high thermal expansion coefficient, which will increase residual stress and cause greater distortion; hydrogen content in the alloy, which will cause porosity in the welds; a wide solidification range, which will cause segregation of alloying elements and hot cracking [6]. For these reasons, surface cleaning, using high energy sources, and proper welding process and fixture design are essential for fusion welding of aluminium castings. Hot cracking, including solidification cracking and liquidation cracking, can happen during fusion welding of aluminium castings. Fusion welding of aluminium cast parts generally requires a low gas content, especially a low hydrogen content. The air pockets and hydrogen contents in aluminium cast parts will cause porosity in the weld bead. Characteristic weld failures of die cast aluminium can be caused by the formation of solidification and liquation cracks and metallurgical and process-related pores [7]. Although mechanical joining methods, such as self-piercing riveting (SPR) and clinching, are less sensitive to the gas content of the aluminium castings, they require large plastic deformations of the materials. Since casting materials are normally more brittle and have low elongation, SPR and clinching will cause cracking during the joining processes.



Despite the widely increased use of aluminium castings in many different industry sectors, there is currently no comprehensive scientific review of the joining technologies for these materials. In order to facilitate further applications of aluminium castings and the development of their joining technologies, in this paper, the aluminium casting processes are briefly introduced and the joining technologies for Al castings are reviewed. Different joining technologies are introduced, their process parameters are discussed, their applications are demonstrated, and their recent developments are summarized. Particularly, the issues related to the joining of aluminium castings, especially hot cracking and porosity, and the methods that were used to improve these issues are reviewed. Finally, all joining technologies for aluminium castings are summarized, and areas for future research are recommended.




2. Aluminium Casting Processes


There are many aluminium casting processes, including sand casting, shell mould casting, pressure die casting, lost foam casting, permanent mould casting, investment (lost wax) casting, centrifugal casting, squeezing casting, semi-solid casting, continuous casting, etc. Aluminium castings made through different casting processes may have different surface quality, different gas contents, different porosity, different mechanical properties, etc. These different properties of aluminium castings from different casting processes, especially gas content, porosity, and ductility, will affect the weldability/joinability and joint quality, so it is worth giving a brief introduction of different aluminium casting processes.



Sand casting is a casting process using a sand-made mould. A pattern with the same shape as the part to be casted is made from wood, metal, or plastic. The pattern is then put inside the flask, embedded with sand and bonding agents, and pressed tightly. The cavity required is formed after removing the pattern. Through the gating system, molten aluminium is poured into the mould cavity and solidifies. As the casting is cooled down, the mould is broken, and the casting is collected. Sand-casted aluminium normally has a rough surface finish. The cooling rate of sand casting is low, and it can be slightly changed by using sands with different heat capacities.



Shell mould casting is a casting technology with a mould made of thermosetting phenolic resin and sand [8]. First, the two halves of the pattern are designed and created from metal, which is then heated and coated with lubrication. The pattern is then put into the sand chamber with the thermoset resin, and the chamber is turned upside down. The mixture of resin and sand sticks to the pattern and hardens to form a shell. Two shells with a thickness of 10–20 mm are formed when the pattern is removed. These two shell moulds are assembled to form a complete mould. Liquid aluminium is poured into the mould and solidified. After breaking the shell of the mould, the casting can be collected. Compared with sand casting, shell mould casting can produce castings with a better surface quality and a similar cooling rate but is more expensive.



In gravity casting, the liquid aluminium is poured into a vertical opening (sprue) and flows into the casting cavity by force of gravity without the use of other measures such as pressure, vacuum, etc. Due to the thermal contraction of the aluminium during solidification and cooling, the volume of the aluminium in the cavity will decrease by several percent. If liquid aluminium is not continuously fed while the casting is solidifying, porosity will occur in the casting that will degrade the quality of the cast part.



Permanent mould aluminium casting, also known as metal mould casting, is one of the aluminium casting methods that uses metal as the mould material, similar to pressure die casting. Accordingly, the liquid aluminium is pushed into the mould by its gravity, so the pouring speed is quite low. Due to the metal-made mould, the casting’s cooling speed is fast. Moulds have a long service life, so they are called permanent moulds. The aluminium castings from permanent mould casting have high mechanical properties due to the fast-cooling rate of the casting, and low shrinkage and gas porosity defects [8].



In low-pressure die casting, the mould is above the sprue, and the liquid aluminium is pressured up the sprue and into the runner system and the casting cavity. The metal flow is accomplished by pressurizing the furnace. The rate of liquid aluminium flow is controlled by the pressurization level of the furnace.



High-pressure die casting (HPDC) is a manufacturing process in which liquid aluminium is injected at high pressure and speed into a steel mould to produce parts. HPDC can have a very high cooling rate, generally between 50 to 125 K/s [9]. The liquid aluminium is poured into a cylindrical tube and injected into the runner system with a piston at high-speed (a few m/s). The result is that the cavity filling time is much shorter, in tens or hundreds of milliseconds, instead of tens of seconds as in gravity and low-pressure casting [10]. No machining is required for most high-pressure die casting parts, due to the excellent dimensional accuracy and the smooth surfaces. High-pressure die casting production is fast when compared to other casting processes. Although high-pressure die casting processes can produce thin-walled and lightweight parts, the associated turbulent conditions remain the major source of interior and surface casting defects, such as pores. As an emerging technology, vacuum HPDC can facilitate degassing and reduce porosity, which could improve mechanical properties and the performance of the welded HPDC aluminium parts [11,12,13]. HPDC is normally used for large production volumes, and for low production volumes, other casting processes, such as low-pressure die casting, permanent mould casting, and sand casting can be used.



Centrifugal casting is a casting process that uses centrifugal force through high-speed rotation to evenly distribute the molten metal onto the mould wall. A central cavity can be created without a central core. Unlike most other casting processes, centrifugal casting is mainly used to manufacture rotationally symmetric stock materials in standard sizes for further machining, rather than the final products for specific applications.



Investment casting is also called lost-wax casting. Investment casting is so named because the process invests (surrounds) the wax or plastic pattern with refractory material to make a mould, and a molten metal is casted into the mould. It can make aluminium castings with a high finishing surface, a high dimensional accuracy, and it is possible to cast complex aluminium casting parts, but this process is more expensive and has a long cycle time.



Continuous casting is a casting process in which molten aluminium alloy is continuously poured into a mould with a circulating water-cooling system. Wherever the casting is made, it is immediately cooled and moved away in a continuous mode. Normally, a continuous stamping or rolling line will follow. It is normally used to cast simple bars, plates, or pipes.



Direct-chill (DC) casting is currently the most common semi-continuous casting practice in non-ferrous metallurgy. During the process, molten aluminium is fed through a bottomless and water-cooled mould. The mould is normally made of high thermal conductive materials and water cooled. There are holes arranged along the bottom edge of the water-cooling cavity, so water can be directly jetted from the holes onto the surface of the emerging ingot to provide direct chilling and solidification. Most of heat (about 80%) is extracted by the water-jet direct chill (the secondary cooling) and only 20% is removed through the mould wall (the primary cooling). Direct Chill casting is a method for the manufacturing of cylindrical or rectangular ingots from non-ferrous metals. The ingots are usually further processed by other methods, such as rolling and forging, etc. More than half of global aluminum production uses the DC casting process.



Squeeze casting is a hybrid casting process with the combination of low-pressure casting and high-pressure casting, and it has the potential to eliminate the gas defects associated with HPDC and to make the castings heat treatable. In squeeze casting, the die is filled slowly with metal to maintain laminar flow. Once the cavity is full, a pressure is added to the melt to over 100 MPa and held to compensate for shrinkage until the casting has solidified [10]. Zyska and Boroń [14] compared the porosity of three aluminium castings, AlMg9, AlSi7Mg, and AlCu4Ti, made by gravity die casting and squeeze casting. The results showed that the porosity in the castings made by squeeze casting was almost half that of the castings made by gravity die casting. It is demonstrated that squeeze casting mainly reduces shrinkage porosity in the centre of the slab.



Semi-solid metal (SSM) casting is a casting process that involves filling a mould with the metal in a semi-solid (partial molten) state in which globules of solidified metal are homogeneously dispersed in the liquid. It is a combination of solid metal forging and liquid casting. Normally, a vigorous shearing deformation is used to generate the semi-solid metal with a fine microstructure. There are many benefits of semisolid casting, including: (1) reduced shrinkage due to the lower casting temperature; (2) low gas porosity, making the castings heat treatable; (3) super mechanical properties owing to the uniquely fine microstructures of the SSM castings; and (4) outstanding fine surface finish [10]. Semi-solid die casting offers all the benefits of die casting and, in the meantime, eliminates most, if not all, of the defects, such as porosity. Semi-solid casting has very good tool and die life. The tool life in semi-solid casting is double that of conventional diecasting, and three to five times that of squeeze casting.



Although squeeze casting and SSM casting processes can produce casts with much less porosity, they are more expensive than most of the other casting processes. The advantages, disadvantages, porosity, inclusions, surface finish, and production cost are summarized in Table 1.



The quality and performance of an aluminium casting strongly depend on the quality of the molten aluminium alloy and the technology used to produce it. Aluminium alloy casting is not an easy process because these alloys are prone to form dendritic and heterogeneous structures and to absorb hydrogen during melting. Thus, a specific melt processing operation is required to reduce and control the level of porosity in the microstructure after solidification. Optimising the casting process can improve the weldability of casting aluminium. Wiesner [15] found that sparse use of wax-free, low concentrated lubricants and release agents can improve welding quality.
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Table 1. Summary of different aluminium casting processes.
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Casting Technology

	
Advantages

	
Disadvantages

	
Shrinkage Porosity

[image: Coatings 13 00958 i001]

	
Oxide Inclusions
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Surface Finish
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Production Cost
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Gravity casting

	
Sand casting [16,17]

	
Simple process, few blow hole, can be heat treatment

	
Not for thin-walled castings with complex shapes, poor surface finish

	
☆☆

	
☆☆☆

	
☆

	
☆☆☆☆☆




	
Shell mould casting [18]

	
High precision, better surface finish than sand casting

	
Higher production cost and pungent odor release during casting

	
☆☆

	
☆☆☆

	
☆☆☆

	
☆☆☆☆




	
Metal mould casting [19]

	
Simple process, high precision, better surface finish than sand casting

	
Not for thin-walled castings with complex shapes, easy form cold shut and blow hole

	
☆☆

	
☆☆☆

	
☆☆☆

	
☆☆☆☆




	
High Pressure Die Casting (HPDC)

	
Traditional die casting [20]

	
High precision, high production efficiency, good surface finish, dense microstructures and fine grains

	
Easy form blow hole for the trapped air or air turbulent, cannot be heat treatment

	
☆☆

	
☆☆☆

	
☆☆☆☆☆

	
☆☆




	
Vacuum die casting [21]

	
Effectively reduce blow hole, dense microstructures and fine grains

	
Complex process and high production cost

	
☆☆☆

	
☆☆☆☆☆

	
☆☆☆☆☆

	
☆




	
Pore-free die casting [22]

	
Effectively reduce blow hole, dense microstructures and fine grains

	
Complex process, easy form oxide inclusions and high production cost

	
☆☆☆

	
☆☆

	
☆☆☆☆☆

	
☆




	
Squeeze casting

	
Direct squeeze casting [23,24]

	
High precision, dense microstructures, less shrinkage porosity

	
Complex process, easy form abnormal segregation

	
☆☆☆☆

	
☆☆☆

	
☆☆☆☆☆

	
☆☆




	
Indirect squeeze casting [24,25]

	
High precision, dense microstructures

	
Feeding difficulty, easy form cold shut and shrinkage porosity

	
☆☆☆☆

	
☆☆☆

	
☆☆☆☆☆

	
☆☆




	
Local-loading squeeze casting [26]

	
Can be loading-local feeding, dense microstructures, less shrinkage porosity

	
Complex process and high production cost

	
☆☆☆☆☆

	
☆☆☆

	
☆☆☆☆☆

	
☆




	
Direct-Chill casting (DC casting)

	
Traditional DC casting [27]

	
Stable casting, dynamic feeding, high production efficiency

	
Easy form macroscopic segregation and cold shut, poor surface finish

	
☆☆☆

	
☆☆☆

	
☆☆

	
☆☆




	
Oil and gas slip DC casting [28]

	
Effectively improve surface finish

	
Complex process, macroscopic segregation, inhomogeneous microstructure

	
☆☆☆

	
☆☆

	
☆☆☆

	
☆




	
Low pressure DC casting [29]

	
Good surface finish, almost no macroscopic segregation

	
Complex process

	
☆☆☆

	
☆☆☆

	
☆☆☆

	
☆




	
Centrifugal casting [30,31]

	
High density, few blow hole and shrinkage porosity

	
Poor inner surface finish, easy form specific gravity segregation

	
☆☆☆

	
☆☆☆

	
☆

	
☆☆




	
Investment casting [32]

	
High precision, good surface finish, no draft angel, achievable for intricate and complex shapes

	
Complex process and high production cost

	
☆☆

	
☆☆☆

	
☆☆☆☆

	
☆☆




	
Semi-solid metal casting [33,34]

	
Longer die life, uniform microstructures, less casting defects

	
Low production efficiency, poor quality stability, high production cost

	
☆☆☆☆

	
☆☆☆

	
☆☆☆☆

	
☆☆









Controlling the microstructure of aluminium alloys is very important in order to achieve high mechanical performance, and this can be achieved by proper cooling methods, suitable degassing techniques, composition modification, grain refinement, etc. There are many conventional and well-established casting processes that have been used for the manufacture of a wide variety of aluminium components. Nevertheless, the performance that can be achieved is limited due to defects that emerge during melt and solidification processes. The microstructure of casting aluminium can be controlled by the cooling rate, which determines the secondary dendrite arm spacing (SDAS) and the size and distribution of secondary phases. As SDAS becomes smaller, porosity and second phase constituents are dispersed more finely and evenly. Different casting processes may have different cooling abilities due to the different features of the processes and the different thermal properties of the mould materials. However, the cooling rate during an aluminium casting process is not only related to the casting process but also to the geometry of the parts, such as size and wall thickness. The refinement of the microstructure had been proven leading to substantial improvement in tensile properties (e.g., ultimate tensile strength (UTS) and elongation) [35]. In the meantime, microstructure refinement can also be realized by adding some grain refiners, such as strontium (Sr). The addition of Sr can transform the morphology of the eutectic silicon phase present in Al–Si casting alloys from coarse plate-like to fine fibrous networks and produces several benefits [36,37]. Sr can also decrease the mean aspect ratio and size of the eutectic particles [35,38]. It had been demonstrated that addition of about 280 ppm Sr to EN AC-46000 alloy generated fully refined Si-particles regardless of the cooling conditions [35]. Investigations indicate that Sr co-segregates with Al and Si within the eutectic Si phase, which is responsible for the formation of multiple twins in a Si crystal, Si crystal growth in different crystallographic directions, and the restriction of Si crystal growth and branching [36]. Sr can also refine iron- and copper-containing phases [37]. It has been shown that Sr modification may improve strength, ductility, fracture, fatigue, and impact properties [39,40].



When joining aluminium castings, it is important to know which casting process is used to make them and what the mechanical and physical properties of the castings are.




3. Different Joining Technologies for Aluminium Castings


There are different joining technologies that can be used to join aluminium castings, such as friction stir welding (FSW), arc welding, laser welding, electron beam welding, self-piercing riveting (SPR), clinching, etc. Which joining technology to use will depend on the properties of the casting, the available equipment, the geometry of the cast parts, the application, the mechanical requirements, etc. Each of the approaches is summarised below.



3.1. Friction Stir Welding


Friction stir welding (FSW) is a solid-state welding process invented at The Welding Institute (TWI) of the UK in 1991 [41]. The general principles underlying FSW are shown in Figure 2a. A non-consumable rotating tool with a specially designed pin and shoulder is inserted into the interface between two workpieces and then travelling along the welding line to weld the workpieces together. There are different tool designs for the shoulder and pin. Figure 2b summarises the typical shoulder outer surfaces, the bottom end surfaces, and the end features, and Figure 2c shows different probe/pin designs. The tool serves two main functions: (i) to generate heat to heat up the workpieces, and (ii) to stir and move materials to form the joint. The heating is accomplished by friction between the tool and the workpiece and plastic deformation from the stirring of the material. The localized heating softens the material around the pin, and the combination of tool rotation and shoulder shear translation leads to the movement of material from the front of the pin to the back of the pin [42].



During the FSW process, the material undergoes intense plastic deformation at elevated temperatures, resulting in the generation of fine and equiaxed recrystallized grains [44,45,46]. The FSWed joints normally consist of a nugget zone (NZ) or stir zone (SZ), a thermo-mechanically affected zone (TMAZ), and a heat-affected zone (HAZ), as shown in Figure 2d. These different zones have different microstructures, hardness, and mechanical properties. These differences across different zones were not well studied on cast aluminium, but they were widely studied on wrought aluminium. It is believed that this knowledge from wrought aluminium can be shared with cast aluminium.



Through mini-tensile specimens, Mishra et al. [47] determined the tensile properties at different locations of the FSW welds of AA7075, i.e., NZ, TMAZ, HAZ, and base metal. Their results showed that the NZ had similar UTS, higher elongation, and lower yield strength than the base metal; the strength in the TMAZ was lower than that in the NZ; and the lowest strength was in the HAZ. The mechanical properties of comparable UTS and higher ductility in the NZ was attributed to the fine-grained microstructure. Mahoney et al. [48] attributed the reduced strength in the NZ, compared to the base metal, to the reduction in pre-existing dislocations and the elimination of the very fine hardening precipitates [44].



Depending on the alloys (including both wrought and cast alloys), whether they are heat-treatable or non-heat-treatable, and whether they are work-hardened or annealed, the hardness profile across the different zones of the FSWed joints can be different. From Figure 3, it can be seen that if the alloy is annealed, then the SZ will have the same or slightly higher hardness than the base metal due to work hardening and grain refinement in the SZ; if the alloy is work-hardened (for wrought alloys only), then the SZ, TMAZ, and HAZ will have lower hardness than the base metal because the heat from the FSW process causes annealing and recovery to take place, as shown in Figure 3a. Most friction stir welds in heat-treatable alloys, welded in peak-aged or over-aged conditions (T6/T7 tempers), exhibit a characteristic hardness profile, as shown in Figure 3b [49,50]. It can be seen that the HAZ is softened, but the lowest hardness is in the TMAZ. Threadgill et al. [49] believed that the higher hardness in the SZ than the TMAZ was through strength recovery. Both coarsening and dissolution lead to a drop in hardness, but strength recovery only occurs following dissolution.



FSW has been used in many industry sectors, such as marine, automotive, aerospace, rail, etc. Some applications of FSW include the roof and side panels for trains, engine cradles, suspension struts, bonnets, and doors for cars, the space shuttle external tank, fuselage panels for airplanes, deck panels, and freezer panels for ships, etc.



3.1.1. Process Parameters


FSW involves complex material movement and plastic deformation. Welding parameters, tool geometry, and joint design significantly affect the material flow pattern and temperature distribution, consequently influencing the microstructural evolution of the material. Tool geometry is the most influential aspect of FSW joint development. The tool geometry plays a critical role in material flow and in turn governs the traverse/welding rate at which FSW can be conducted. During the initial stage of tool plunge, the heat is primarily from the friction between pin and workpiece, and some additional heat is from the plastic deformation of the material. The tool is plunged until the shoulder touches the workpiece, and after this the friction between the shoulder and workpiece becomes the biggest contributor of heating. The shoulder also provides confinement for the heated material, stirs and moves the material from the front of the pin to the back of the pin [42]. From this point of view, a concave shoulder end surface is more effective for trapping the flowing metal material under the shoulder [51]. Tool design is affecting process loads, and different tool designs may generate different joint microstructure and properties. Generally, a concave shoulder and threaded cylindrical pins are normally used.



The main welding parameters that can be controlled in the FSW process for a specific tool are rotational speed and traverse/welding speed, axial force, and angle of contact between the tool and workpiece [51]. The rotation of tool results in the stirring and mixing of material around the rotating pin and the translation of tool moves the stirred material from the front to the back of the pin and finishes welding process. Higher tool rotation speeds will generate higher temperatures because of higher friction heating and more intense stirring and mixing of material [42]. It was found from both the numerical model and the experiments that the quality of the FSW can be improved when the tool rotating speed is increased, or the welding speed is decreased. With the increase of rotating speed, the equivalent plastic strain is increased. On the other hand, the equivalent plastic strain is decreased with the increase of the welding speed [52]. Both increasing the rotating speed and decreasing the welding speed can lead to an increase in the stirring effect of the welding tool, which can improve the quality of the FSW. When the traverse speed is increased, the rotating speed must be increased as well to avoid any possible welding defects such as voids. Simultaneously increasing the rotating and traverse speeds of the welding tool can cause the residual stress to increase [53].



In addition to the tool rotating speed and traverse speed, another important process parameter is the angle of tool tilt with respect to the workpiece surface. A suitable tilt of the tool towards trailing direction ensures that the shoulder of the tool holds the stirred material by threaded pin and move material efficiently from the front to the back of the pin. Furthermore, the insertion depth of pin into the workpieces (also called target depth) is important for producing sound welds. The insertion depth can’t be too shallow or too deep. When the insertion depth is too shallow, the shoulder of tool does not contact the original workpiece surface. Thus, rotating shoulder cannot press the stirred material and move it efficiently from the front to the back of the pin, resulting in generation of welds with inner channel or surface groove. When the insertion depth is too deep, the shoulder of tool plunges into the workpiece creating excessive flash. In this case, a significantly concave weld is produced, leading to local thinning of the welded plates. It should be noted that the recent development of ‘scrolled’ tool shoulder allows FSW with 0° tool tilt. Such tools are particularly preferred for curved joints [42]. The insertion depth can be related to tool axial force. The insertion depth will be deeper with an increased axial force. The influence of tool rotating speed on temperature and force during the FSW of Invar36 alloy was investigated numerically and experimentally [54]. Results indicated that increasing rotating speed results in increasing temperature and decreasing axial force. Rotating speed was found to have no obvious influence on the translational force. Increasing the traverse speed produces increasing the axial force and the translational force.



Preheating or cooling can also be important for some specific FSW processes. For materials with a high melting point, such as steel and titanium, or a high conductivity, such as copper, the heat produced by friction and stirring may not be sufficient to soften and plasticise the material around the rotating tool. In these cases, it will be a challenge to produce a continuous defect-free weld, and preheating or an additional external heating source will be required to enhance the material flow and increase the process window. On the other hand, for materials with a lower melting point such as aluminium and magnesium, additional cooling can be used to reduce the extensive growth of recrystallized grains and dissolution of strengthening precipitates in and around the SZ [42].



The advantages of friction stir welding over conventional fusion-welding processes include:




	
Good mechanical properties in the as-welded condition;



	
Clean process: no toxic fumes or spatters;



	
No consumables;



	
Easily automated on simple milling machines: lower setup costs and less training;



	
Can operate in all positions (horizontal, vertical and other angles);



	
Generally good weld appearance and minimal thickness under/over-matching;



	
Can use thinner materials with same joint strength;



	
Low environmental impact;



	
General performance and cost benefits from switching from fusion to friction.








However, the process also has some disadvantages:




	
Exit hole left when tool is withdrawn;



	
Backing plate is required for parts that are not stiff enough;



	
Large down forces required with heavy-duty clamping necessary to hold the plates together;



	
Less suitable for parts with complex weld line;



	
Difficulties with thickness variations;



	
Often slower welding speed than some fusion welding techniques, although this may be offset if fewer welding passes are required.









3.1.2. Recent Development of FSW for Aluminium Castings


Friction stir welding (FSW) is suitable for welding casting materials because it is a solid-state welding process and conducted below the melting temperature, which reduces the occurrence of porosity as well as weld distortion. The joining efficiency (the ratio of joint strength over base material strength) for FSW is significantly higher than that for conventional fusion welding, particularly for heat-treatable aluminium alloys [42]. It was demonstrated that when a casting aluminium was joined to an aluminium extrusion the mechanical properties of the friction stir welds were better than the TIG or laser welds [55].



The contribution of intense plastic deformation and high-temperature exposure within the stir zone (SZ) during FSW results in recrystallization and development of texture within the SZ and coarsening within and around the SZ [42]. During FSW, normally a recrystallized fine-grained microstructure will be generated within the SZ. The interface between the recrystallized SZ and the parent metal is relatively gradual on the retreating side of the tool, but quite sharp on the advancing side of the tool [56]. Kim et al. [57] studied the influence of welding parameters on the microstructure in the SZ of FSW joints of aluminium die casting alloy ADC12. They found that the SZ had fine recrystallized grains without dendritic structures, and the eutectic Si was uniformly dispersed in the SZ. The size of Si particles decreased with the increase of welding speed, but the influence of rotation speed on the size of Si particles was not significantly. The fine Si particles were smaller in the bottom of the SZ than those in the middle and top. Nami et al. [58] studied the joining of gravity die casted Al-Mg2Si metal matrix composite using friction stir welding. They found that Mg2Si particles homogeneously distributed in the SZ. The hardness in the SZ and the transitional zone was higher than that in the base metal. The joints with 1 pass of friction stir welding had similar tensile strength as the base metal, but the tensile strength of the joints decreased with the increase of welding passes due to the formation of welding defects at higher number of passes.



Because the grain refining ability of friction stir welding, this process can also be used to modify the microstructures of materials. In this case, the process is called friction stir processing. Baruch et al. [59] studied the effect of overlap multi-pass friction stir processing on the microstructure and the mechanical properties of die cast Al–7Si–3Cu aluminium alloy. It demonstrated that higher number of overlap passes during friction stir processing resulted in significant refinement and redistribution of aluminium silicon eutectic phase and elimination of casting porosities. The microstructural refinement by the friction stir processing not only increases the UTS from 121 to 273 MPa, but also increases the elongation from 1.8% to 10%. The change in the size, shape, morphology and distribution of eutectic silicon particles and the elimination of porosities are the main reasons for the increases in tensile strength and ductility due to friction stir processing.



When welding a complex part with different thermal capacity, a close-loop system can be used to control the process temperature. Silva-Magalhães et al. [60] successfully join an AA6082 reinforcement element into the AC-46000 aluminium high-pressure die casted engine cylinder block using friction stir welding. A welding speed of 4 mm/s, a tilt angle of 2° and a rotation speed of between 800 and 2000 rpm were used. Due to the complex geometry of the weld path and the geometry variation underneath (different thermal capacity), the weld temperature needed to be well controlled to guarantee a sound joint. In their research, the nugget temperature was maintained through feedback loop by changing the rotation speed.



Thomä et al. [61] demonstrated that ultrasonic oscillation can be combined with friction stir welding to increase the stirring in the weld nugget and modify the intermetallics zone. Their results showed that the AC-48000 (AlSi12CuNiMg) and AZ80 (MgAl8Zn) welded by ultrasonic assisted friction stir welding had higher tensile strength and fatigue cycles than the joints welded by conventional friction stir welding.



Defects can be formed in the FSWed joints when the process parameters are not optimised. Kim et al. [62] studied the welding of 4 mm thick ADC12 aluminium die casting alloy plates by friction stir welding, and they found that there were three different types of defects formed during FSW, depending on the welding conditions: (1) a large mass of flash on the weld path due to the excess heat input; (2) cavity or groove-like defects caused by insufficient heat input; and (3) cavity caused by the abnormal stirring. They also found that the optimum FSW process window is wider for higher axial force, as shown in Figure 4. Van Haver et al. [63] studied friction stir welding of aluminium high-pressure die castings, EN AC-46000 or also called EN AC-Al Si9Cu3(Fe). Although AC-46000 is difficult for fusion welding, it had been successfully welded by friction stir welding. Several welding process parameters, including the rotational speed, the advancing speed and the plunge depth, were studied. Typical welding defects found included: cracks appearing in the TMAZ on the retreating side, which can be explained as the result of the presence of pores in the base material microstructure in combination with its very low deformability; voids defects in the weld nugget on the advancing side, which is common in friction stir welding with non-optimised welding parameters due to inappropriate material flow or insufficient downward force. They found that when the advancing speed was too high there were voids defects in the weld nugget. Their results also showed that the friction stir welding process could have a gap tolerance of 0.2 mm, above this there would be some voids in the weld nugget and the joint strength would be reduced.



During FSW, the joint microstructure and mechanical properties are closely related to the process parameters, and this influence has been widely studied. The main process parameters studied include tool rotation speed, welding speed, tilting angle and axial force etc. Srinivasan et al. [64] studied the effect of axial force on the mechanical and metallurgical properties of friction stir welded squeeze cast A413 aluminium alloy joints. Grain refinement in the stir zone is achieved through dynamic recrystallization during FSW. They found that there was an optimum axial force of 5 kN, with which finest grains, highest hardness and highest tensile strength were achieved. Low and high axial force resulted in less grain refinement and more weld defects. The defects were generated due to insufficient material flow or excess heat input. Axial load of 5 kN results in finer eutectic uniformly distributed Si particles. Twin roll cast EN AW Al-Mn1Cu (AA3003) plates were butt welded with the friction stir welding process by Birol and Kasman [65]. The results showed that by increasing the tool rotating speed from 400 to 800 rpm, or reducing the tilting angle from 3° to 1.5°, the UTS of the joints could be increased owing to an increased frictional heat input. The mechanical properties of friction-stir-welded A356 Al alloy was studied by Lee et al. [66] 1600 rpm of tool rotating speed and 3° of tool angle were used. The welding speed tried was from 87 to 342 mm/min; however, when the welding speed was 267 mm/min and over, cracks were generated on the surface of the weld zone, which made them not suitable for this application. With the suitable welding speeds, the mechanical properties of the stir zone are greatly improved when compared to that of the base metal. The hardness of the SZ was more uniform than that of the base metal because of the reduced defects like porosity and the distribution of eutectic Si particles in the SZ. The tensile strength of the SZ was also greatly increased to around 180 MPa, almost 120% that of the base metal, as shown in Figure 5. The results also showed that with the increase of welding speed, the average Si particle size in the SZ was increasing. Jayaraman and Balasubramanian [67] studied the effect of process parameters on tensile strength of friction stir welded A356 aluminium cast alloy joints. Different tool rotation speed, welding speed and axial force were tried. They found that the joint would achieve the highest tensile strength when an optimised combination of parameters, tool rotation speed 1000 rpm, welding speed 75 mm/min and axial force 5 kN, was used. Kumar Maurya et al. [68] also studied the effect of process parameters on friction stir welding of aluminium casting A319. They found that joints welded with the parameters, tool rotation speed 1200 rpm, welding speed 48 mm/min and axial force 6 kN, achieved better tensile strength than other parameters. Many researchers believed that for some alloys the higher hardness defect-free SZ and very fine, uniformly distributed eutectic Si particles in the SZ were the important factors attributed for the higher tensile strength of the optimised joints [67,68].



When the planar welding path is not straight, the curvature radius size and tool rotation direction can also affect FSW joint quality and joint strength. The results of Li et al. [69] showed that when the welding path was curved during the friction stir welding of 3522 AlSi cast aluminium alloy, weld curvature radius and tool rotation direction have significant effect on the microstructure. When the welding direction and tool rotation direction are both anticlockwise, with the decrease of weld curvature radius the size of the tunnel defect decreases while the proportion of fine Si particles in SZ increases. When the welding direction and tool rotation direction are different, the proportion of fine Si particles decreases, and the tunnel defect is more likely to be present on the advancing side of the weld path.



When a cast aluminium is welded to other materials by FSW, the joint strength and failure mode will sometimes depend on the strength of the other material and the influence from the FSW process. Kokubo et al. [70] studied the mechanical properties of friction stir welded A383 and AA5052 aluminium alloys. They found that the FSWed A383 and AA5052-O joints broke at the AA5052-O base metal with a tensile strength of 195 MPa, equivalent to the strength of AA5052-O; however, the FSWed A383 and AA5052-H34 joints broke in HAZ or TMAZ of FSWed AA5052 side, with a tensile strength of 220 MPa, which was lower than the strength of AA5052-H34, 245 MPa. The heat from the FSW process caused annealing and recovery of the work hardened AA5052 and reduced its strength in HAZ and TMAZ zones.



For wrought aluminium alloys, there are many studies on the influence of heat treatments on the mechanical strength of FSWed joints with mixed results. In some cases, the heat treatment improve the joint mechanical properties [71], in other cases, the heat treatment increased joint strength but reduced the elongation [72,73], and for some other materials, heat treatment on the contrary even made the mechanical properties of the joints worse [48]. There were not many studies on the influence of heat treatment on the mechanical properties of FSWed aluminium castings. One of the reasons is properly that many aluminium castings are not heat treatable due to the existence of pores and other defects. Boonchouytan et al. [74] studied the effect of T6 heat treatment on the Friction Stir Welded SSM squeeze casted 6061 aluminium alloy. In their work, the welding speeds was at 160 mm/min, the tool rotation speeds were at 710, 1000 and 1400 rpm, the tilt angle was 3°. They found that the optimum joints were achieved when the rotating speed and welding speed were 1400 rpm and 160 mm/min, respectively, with the heat treatment condition: solution treated (530 °C for 1 h), then FSW welding, and then artificially ageing at 185 °C for 6 h, which obtained the highest tensile strength 179.80 MPa. SSM A356 castings are generally heat treated to obtain the desired combination of strength and ductility. For dendritic casting alloys, the solution treatment is normally at 540 °C for 6 h, but this may not be necessary and optimised for SSM castings. Möller et al. [75] demonstrated that a decrease of the solution treatment time at 540 °C from 6 h to 1 h does not alter the T4 or T6 tensile properties of the SSM processed A356 alloy.



FSW is proved suitable for welding of aluminium castings because it is a solid-state welding process and it is less sensitive than other welding techniques as to the gas content of the aluminium cast parts. However, FSW is mainly suitable for parts with simple welding lines, such as linear or circular, parts must be clamped rigidly, and backing plate will be required for parts that are not stiff enough. The cycle time for FSW is also long. For these reasons, the applications of FSW in automotive manufacturing are limited.





3.2. Laser Welding


Laser welding is a welding process that uses a high energy density laser beam to melt and join materials together. Laser Welding is a non-contact process which only requires access from one side of the parts being welded. Figure 6 shows a schematic diagram of a remote laser welding system, containing a robot and its controller, a laser source, a laser head, and a chiller.



Three types of laser welds can be achieved with laser welding: conduction welding, transition welding and penetration or keyhole welding, as shown in Figure 7. Conduction welds are performed at low energy density (around 0.5 MW/cm2), resulting in wide and shallow weld nuggets. Conduction/penetration or transition welds utilize a medium energy density (around 1 MW/cm2) and result in a deeper weld nugget. Penetration or keyhole welds are formed when a very high energy density (beyond 1.5 MW/cm2) laser beam is delivered into the material being welded, resulting in deep, narrow nuggets.



There are different laser sources that can be used for laser welding, including CO2 laser, Nd:YAG laser, thin-disk laser (such as Yb:YAG), diode laser and fibre laser etc. Different lasers have different wavelength, beam quality, focus spot size, absorption ability for different materials, and different wall-plug efficiency. As shown in Figure 8, due to different wavelengths, different materials have different absorption ability of different laser energy, which will affect the laser source selection for a particular material to be welded.



As laser welding is a non-contact process and only needs access from one side, there are many joint geometries that can be welded, such as lap, tee, edge, butt and corner etc., but there must be a close fit at the joint interfaces because laser welding has a low gap bridging ability. Laser welders can join a wide range of steels, nickel, titanium, aluminium, and copper alloys. Similar to other joining technologies, some materials are difficult for laser welding due to the high reflectivity, the effect of high thermal cycling, and the vaporization of volatile alloying elements etc. The most common defects in laser welded joints are crack, porosity, incomplete penetration, undercut, underfill and spatters [78,79].



When welding aluminium using a fibre laser or a solid-state YAG laser, the high optical reflectivity of aluminium in the 1 µm wavelength regime can lead to problems during the initiation stage of laser welding. When the laser beam strikes nearly perpendicular onto an aluminium surface, depending on the surface conditions, an amount between 80 and 99% of laser beam is reflected. When the highly focused laser light is directly reflected back into the optical system, it can lead to complete damage of laser components or transport/feeding fibre. For that reason, the high absorption laser light, such as diode laser, can be used to initiate the laser welding process for aluminium. A higher absorption means less reflection and the energy from the laser source can be used more efficiently to melt the metal [80].



As seen in Figure 8, the absorption curve of aluminium has a local maximum at the wavelength of 800 nm and at higher wavelengths the absorption becomes much smaller. It can be seen when welding aluminium alloys, direct-diode laser is the best, then the fibre laser and YAG laser, and the CO2 laser is the worst as to energy absorption. That leads to low laser welding efficiencies for laser sources with higher wavelengths. The operating wavelengths of disk and fibre lasers are around 1030 and 1070 nm, respectively, which leads to an absorption rate of about 5%. For direct-diode lasers, they use wavelengths between 900 nm and 1000 nm, multi-kilowatt output power can be generated. In that wavelength domain, the laser absorption rate for aluminium is a factor of two higher and the laser welding process can be initiated more efficiently. For this reason, direct diode lasers are favourable for aluminium laser welding applications [80,81,82].



The advantages of laser welding include:




	
High energy density;



	
High welding speed;



	
Low heat input, low heat affected zone and low thermal distortion;



	
Non-contact;



	
Only one-side access required;



	
High flexible design for complex joints allowed;



	
High joint strength.








The disadvantages of laser welding include:




	
High initial cost, expensive equipment;



	
Low tolerance of gap between the components to be joined;



	
Due to rapid rate of cooling, cracks may be produced in some metals;



	
Highly skilled labour required;



	
Special safety enclosure required;



	
Special arrangement required for coated steel.








There are many parameters for laser welding, depending on the applications and laser welding systems used. These include wavelength, power and power density, welding speed, spot size, focal length and focal position, beam alignment, beam wobbling, shielding gas, operation mode and filler metal etc.



Recent Development of Laser Welding for Aluminium Castings


Due to the advantages of non-contact, one-side access, high quality, high precision, high performance, high flexibility, high speed, and low distortion etc., laser welding has been the most advanced and the well-developed welding method [83,84,85].



Aluminium alloys are inherently less weldable than steels due to their high thermal conductivity, high hydrogen solubility in liquid and the presence of passive oxide layers, which have a significantly higher melting temperature than the base alloy. Laser welding of aluminium alloys is problematic due to its high thermal conductivity and low laser absorption rate. Laser welding of casting aluminium is even more difficult, due to the inherent porosity of aluminium castings.



Due to outgassing, high heating and cooling rates and complex weld fluid flow, laser beam welding is particularly susceptible to weld porosity when joining aluminium diecast parts. In laser welding of aluminium die casting the risk of pore formation is generally greater than that in electron beam welding. This is often attributed to a better degassing of electron beam welding in the vacuum [86]. Wiesner et al. [87] believed that laser welding is more sensitive to high gas content in the pressure die cast parts than all the other welding processes, and without an optimised pressure die casting process, no industrial laser beam welding operation can achieve high quality joints on pressure die cast components.



In most automotive applications, the thickness of the applied wrought and cast aluminium alloy partss is less than 4 mm. Laser welding has been intensively used to weld such aluminium alloy components. Nevertheless, laser welding of aluminium still presents several challenges, including porosity, loss of alloying elements, and solidification cracking [88].



The predominant cause for porosity during laser welding of aluminium castings is the evolution of hydrogen gas during weld metal solidification. The hydrogen can originate from lubricants, surface oxides, moisture in the atmosphere and the presence of hydrogen in the parent material. Although no special surface treatment is required when welding aluminium, care has to be taken to avoid excessive porosity. Good quality welds can be achieved for most aluminium wrought alloys by cleaning the surfaces prior to welding and using adequate inert gas shielding on the weld pool area [88]. It is also known that beam oscillation can greatly improve joint quality of laser welding. Laser welding is more sensitive to gas content of weld metal. For conventional high-pressure die castings, although MIG arc welding can achieve an adequate weld joint quality, the faster laser welding process may lead to an irregular distribution of relatively large gas pores, which is not acceptable. Only castings produced with high quality vacuum pressure die casting techniques are properly weldable using the laser welding process [88]. Research from Wiesner et al. [87] showed that welding pressure die casting by laser beam welding is possible if the casting process is optimised for producing parts with a very low gas content.



The pores formed during laser welding of aluminium castings can also be from the evaporation of low melting point elements, such as Mg. Wiesner et al. [87] studied MIG and laser welding of different aluminium castings, including the AlSi type alloys AlSi9Mg (Silafont 36), AlSi11Mg (Calypso 61D), AlSi9 (Calypso 49R), AlSi8Cu3 (A226), and two AlMg type alloys, AlMg5Si2Mn (Magsimal 59) and AlMg2.5Mn (Magsimal 22). The porosity formed in the welds of the AlMg alloys was more severe than that on the AlSi alloys, and it proved that it was easier to achieve high quality welds in pressure die cast parts with AlSi alloys than AlMg alloys. They believed that Magnesium has a very high affinity for hydrogen, and for this reason its capacity for storing hydrogen is very high. Another reason could be the evaporation of Mg during welding.



By optimising the process parameters, laser welding has been successfully used in aluminium casting welding. Gao et al. [89] suggested that the plasma shielding effect must be taken into consideration in the laser welding of aluminium alloys. A strong plasma shielding effect appears after the laser power reaches 5 kW and above, and in this case a large amount of incident laser power was absorbed by the plasma plume, significant reducing weld penetration depth. In contrast, when the laser power was lower than 5 kW, the laser power absorbed by the plasma was no more than 5%. The reason is that after the laser power reaches 5 kW, the plume changes from a metal vapour dominated weakly ionized plasma to a strongly ionized plasma that has can absorb much more laser power.



There are many different methods that can be used to improve laser aluminium casting welding, including beam oscillation, dual beam, electromagnetic field, sound wave, and reduced ambient pressure etc. Dittrich et al. [7] use laser welding with high frequency beam oscillation to weld an aluminium die casting component, AlSi9Cu, to a wrought aluminium, AlMg5. Their results showed that by using beam oscillation, the number of pores in the weld seam was much reduced and the joint quality was greatly improved. Löveborn et al. proved that the laser welding system with the oscillating optics and the triple-spot optics could produce crack-free aluminium joints and it can also greatly reduce the pores in the joints [90].



Winkler [91] demonstrated that the application of dual beam laser welding can reduce porosity and to enhance the mechanical properties of the welded parts. Research from Teichmann et al. [92] also confirmed that dual beam laser welding has a positive impact on the weld bead quality. Tsushima et al. [93] studied the mechanical properties of Al–Si–Mg–Mn die castings welded by Nd:YAG laser beams. Dual beam (transverse to the welding direction) with power of 2 kW and 3 kW, respectively, were applied. The beams had a diameter of 0.3 mm and the distance between the centre of the two beams was 0.6 mm. The mechanical properties of the joints were scattered in a large range, and it was found that it was caused by the process inconsistence and the different porosity area fractions inside the joints. The joints with higher porosity area fraction had inferior mechanical properties. Akhter et al. [94,95] studied laser welding of Semi Solid Metals (SSM) high-pressure die casted A356 aluminium alloy. A 4 kW Rofin Sinar DY 044 Nd:YAG laser was used. The laser spot size was 0.6 mm. A twin spots along welding direction with a centre-to-centre distance of 0.49 mm was used. The use of dual beam ensures a larger weld pool, facilitates the porosity’s reduction, and stabilizes the keyhole as compared with single beam configurations. A shielding gas mixture of argon and helium in the ratio of 2:1 and with a flow rate of 20 L/min was used during the welding process. Helium is a good shielding gas in laser welding because it has a high ionisation potential, which makes the formation of plasma not easy. However, helium is lighter than air and to produce adequate shielding substantial flow rates are required. Argon on the other hand is heavier than air and provides better shielding, but it is more prone to plasma formation and it can disturb the weld pool. In the case of aluminium welding, the weld pool has low viscosity and can be easily disturbed. It is believed that a mixture of helium and argon would strike an optimum compromise between the requirements of plasma prevention, shielding and the sensitivity of the low viscosity melt pool to mechanical disturbance.



Fritzsche et al. [96] found that electromagnetic field can have a degassing effect and significantly reduce the joint porosity during laser welding of aluminium die casting. Völkers et al. [86] used the sound wave generated by a piezo-shaker to improve the weld quality of laser beam welding of AlSi10Mg.



Vacuum can help the escape of bubbles generated during fusion welding. Studies from Jiang et al. [97,98] and Katayama et al. [99] showed that laser welding under vacuum or reduced ambient pressure can significantly reduce the porosity and pore size (as shown in Figure 9) and increase the depth of penetration. Cai et al. [100] demonstrated that under reduced ambient pressure, the depth of penetration can be increased, the porosity can be reduced and the joint strength can be improved. These improvements were attributed to the reduced laser induced plasma plume, improved keyhole stability and liquid flow, and the degassing effect of reduced ambient pressure. Teichmann et al. [92,101] also proved that lower ambient pressure during laser welding of aluminium castings can significantly reduce the porosity and especially the pore size.



There are many studies on the post-weld heat treatment of laser welded aluminium wrought alloys. Laser welding normally reduce the joint strength compared with parent material when it is used to weld aluminium wrought alloys. For non-heat-treatable alloys, the strength retain rate is between 80%–100% [88]. If the alloys are in annealed state, the weld can have similar strength as the parent material; if the alloys are in work hardened state, the weld will have a lower strength than the parent material. The strength reduction is caused by annealing effect of the welding process. For heat-treatable alloys, if the alloy is hardened before welding, a greater loss in tensile strength and elongation occurs during welding. This drop is caused by the local dissolution of hardening precipitates. The heat affected zone is also softened by grain growth and over-ageing during welding. Post weld heat treatments may be used to recover the tensile strength of the heat-treatable alloys [88].



However, there is very limited research on the post-weld heat treatment of laser welded cast aluminium. It is believed that for cast aluminium, post weld ageing can be used if the casting is suitable for heat treatment. Different heat treatments can be used after laser welding of aluminium castings to improve the mechanical properties of the joints. Akhter et al. [95] studied the influence of heat treatment on the hardness and mechanical properties of laser welded SSM A356 joints. T4 or T6 heat treatments were conducted to the as casted A356 alloy before welding (pre-) or after welding (post-). They found that the hardness of the pre heat treated samples was slightly higher than as cast welded samples, and the hardness of the post heat treated samples was much higher than as cast and pre heat treated samples, as shown in Figure 10. The strengths of the post heat treated welds were better than pre heat treated and as cast welds, as shown in Figure 11. The SSM A356 base metal consists of primary phase α-Al and a eutectic mixture of Al and Si. The α-Al phases are globular with average grain size of 90 µm. The eutectic of the A356 is elongated and irregular as in a typical eutectic structure. After T6 heat treatment, the irregular eutectic of the as cast material was converted into spherodized Si particles. However, the afterwards laser welding cancelled out the T6 heat treatment in the fusion zone, with α-Al solidifies as fine dendrites while the eutectic solidified between the dendrite arm spacing, same as the as cast weld fusion zone. For the welded and then heat-treated samples, the T6 heat treatment was working on both the base metal and the fusion zone. The fine dendrite eutectic structure of the as cast weld was also converted into fine globular Si particles uniformly distributed in the Al matrix. The increased hardness in the base metal and fusion zone after T6 heat treatment and the increased base metal and joint strength after heat treatment were attributed to the evenly distributed fine globular Si particles.



Because the high energy density of laser beam and the high cooling rate, laser welding can produce joints with fine grain structures and a narrow heat affect zone. Govender et al. [102] compared the welding quality of laser welded and TIG welded 4 mm thick SSM HPDC aluminium alloy A356. It was found that the laser welding processes yielded a finer dendritic fusion zone and a much smaller HAZ compared to the TIG welds.





3.3. Arc Welding


Arc welding is a welding process that uses a welding power supply to create an electric arc between a metal stick or electrode and the base metal to melt the materials at the point-of-contact and bond them together. An arc welding system normally includes a power source, a work bench, a welding torch, a shielding gas system, a cooling system and a work clamp, as shown in Figure 12.



Arc welding can use either direct (DC) or alternating (AC) current and consumable or non-consumable electrodes. The welding area is usually protected by some type of shielding gas (Ar, He and CO2 etc.), vapour or slag. Arc welding processes may be manual, semi-automatic, or fully automated. There are different types of arc welding, including manual metal arc welding (MMAW), submerged arc welding (SAW), metal inert gas (MIG) welding, tungsten inert gas (TIG) welding, plasma welding etc.



The advantages of arc welding include:




	
Ease of use;



	
Only one-side access required;



	
Suitable for almost all metals;



	
Ability to adapt to different working conditions and environments for welding;



	
Portability;



	
Very low cost of the equipment.








The disadvantages of arc welding include:




	
Thermally induced distortion;



	
Existing of heat affected zone;



	
Environmental issues: fume, noise, and arc;



	
High energy required;



	
Tendency to burn through on sections < 2.0 mm;



	
Cost of filler wire.








3.3.1. Parameters of Arc Welding


During arc welding, a number of welding parameters exist that can affect the size, shape, quality and consistency of the weld. The primary parameters that affect the weld include weld current, arc voltage, shielding gas, and travel speed. The current can be alternating or direct current, but the power source must be able to control the current level in order to respond to the complex variables of the welding process itself. As direct current electrodes perform well at low current, they are often selected for welding thin metals. Most electrodes operate best with electrode positive (reverse polarity), which produces the deepest penetration. However, if you want a higher melting rate and a higher deposition rate, then you can choose electrode negative (straight polarity) operation. The secondary welding parameters include the angle of the electrode to the work, the angle of the work itself, the thickness of the flux layer, and the arc length etc. [103].



In MIG/MAG welding, the process requires sufficient electric current to melt both the filler wire and a proper amount of base metal. The higher the current, the deeper the penetration. However, too high current may cause problems such as excessive spatter, electrode overheating and cracking. The welding current is directly linked to wire-feed speed. As the wire-feed speed is changed, the welding current will change in the same direction. In other words, an increase in the wire-feed speed will cause an increase of the current to make sure the wire extension beyond the guide tip is constant. This relationship is commonly called the burn-off characteristic. When the diameter of the wire electrode is increased, the welding current needs to be increased as well. It has been demonstrated that each type of wire (steel, aluminium etc.) has a different burn-off characteristic [103].



Arc voltage is the voltage between the end of the wire and the workpiece. Voltage setting directly controls the arc length. Welding voltage (arc length) has an important effect on the metal transfer modes. Short circuiting metal transfer requires relatively low voltages while spray arc transfer requires higher voltages. It should also be noted, as welding current and wire burn-off are increased, the welding voltage must also be increased to maintain stability [104].



Wire extension is the distance between the end of the contact tip and the end of the wire electrode. The contact tip-to-work distance is the wire extension distance plus the arc length. Basically, as the tip-to-work distance is increased, the resistance will be increased. Since heat generated is I2Rt, the welding current required to melt the wire will be decreased. Controlling tip-to-work distance is important. Long extensions result in excess weld metal being deposited with low arc heat. This can cause poor bead shape and low penetration. In addition, as the tip-to-work distance increases, the arc becomes less stable. It is very important that the wire extension is kept the same as possible during the welding operation [104].



The arc travel speed or welding speed is the linear rate that the arc moves along the workpiece. This parameter is usually expressed as inches or meters per minute. Three general statements can be made regarding the arc travel speed [104]:




	(1)

	
As the material thickness increases, the travel speed must be reduced.




	(2)

	
For a given material thickness and joint design, as the welding current is increased, so is the arc travel speed.




	(3)

	
Higher welding speeds are attainable by using the forehand welding technique.









Other parameters include the arc length, the angle of the electrode to the work, shielding gas flow rate, filler wire type, filler wire feeding rate, temperatures for pre-heat, inter-pass and post-weld heat treatment, and the thickness of the flux layer etc.




3.3.2. Recent Development of Arc Welding for Aluminium Castings


In Audi’s first generation of Audi Space Frame (ASF) Audi A8 and later Audi A2 Body-in-white (BIW) structures, cast aluminium nodes were used to connect aluminium extrusion profiles through MIG welding [87,105,106]. Around 70 m and 20 m of MIG welding was used in the A8 and A2, respectively [106].



Before arc welding, certain heat treatment can be used to lower the gas content of aluminium castings. Wang and Hu [107] and Wang [108] successfully welded the vacuum high-pressure die cast (VHPDC) alloy A356 T5 to wrought alloy AA6061 with metal inert gas (MIG) welding. Filler wire, ER4303 (5% Si) was used due to its composition similarity to A356. The shielding gas of Ar with a gas flow rate of 25 L/min, and the welding speed of 8.6 mm/s were used. The welded joint had a high strength, better than that of AA6061, resulting in joint failed at the AA6061 substrate during dog bone tensile tests. It was believed that the high strength was contributed by the low porosity content (0.41%) of the casting material from VHPDC and T5 heat treatment, the Mg2Si intermetallics formed, and the fine grain size in the fusion zone produced by the MIG welding. However, the T4 and T6 heat treatments of A356 introduced a higher porosity percentage, 0.63% and 0.6%, respectively. Because of this, when these castings were welded to AA6061 by MIG welding, the joints would fail at the A356 T4 and T6 substrate.



The influence of welding process parameters on aluminium casting joint quality has been widely studied. Hwang et al. [12] use gas tungsten arc welding (GTA) to weld squeeze-cast A356 alloy. Different filler wires, ER4043 (Al-5Si), ER5356 (Al–5Mg) and ER5556 (Al-5Mg) were tried. Increasing the shielding gas flow rate from 10 L/min to 20 L/min during welding could reduce the number and size of pores and the loss of magnesium content in the fusion zone, which in turn improved the mechanical properties of the weld. Higher shielding gas flow might suppress the evaporation of Mg and its associated pore formation. They showed that the influence of shielding gas flow rate on the weld porosity was much more significant than that of filler material. Similarly, Takhti et al. [109] investigated the microstructure and mechanical properties of the gas tungsten arc-welded cast A356 alloy with filler wires ER1100, ER4043, ER4047, and ER5356 under pulse frequencies of 1, 3, and 5 Hz. Results showed that the filler metal and pulse frequency affected the microstructure of the fusion zone considerably. The highest fraction of eutectic (44%) was formed with filler wire ER4047. The greatest impact toughness was achieved for the welds with filler wire ER4047, while the largest hardness (HV 90) was obtained with filler wire ER5356, as shown in Figure 13. They demonstrated that the primary α aluminium phase in the fusion zone becomes finer and roughly equiaxed when the pulse frequency increases from 1 to 5 Hz. Wiesner et al. [87] studied MIG welding of aluminium pressure die-cast parts. They found that a lower welding speed is effective in eliminating more gas pockets from the weld pool, which lowers the quantity of porosity in the weld bead. The AlSi alloys caused less porosity in pressure die cast part welds than the AlMg alloys. The reason for this result is that magnesium has a very high affinity for hydrogen, and the stored hydrogen in AlMg alloys is very high.



The thickness of aluminium castings that can be welded by arc welding may be limited, or welding from two sided is required. Govender et al. [102] presented that when TIG was used to weld 4 mm thick SSM HPDC aluminium alloy A356, it would cause partial melting and incomplete fusion of the weld root. The TIG welding process was found not well suited for welding the 4 mm thick A356, because its energy density was not high enough. However, for a thinner material it may be suitable. For thicker castings, another pass from the back side may be necessary.



Pulsed current gas tungsten arc (PCGTA) welding, developed in the 1950s, is a variation of GTA or TIG welding, which involves the pulsed high welding current at a selected regular frequency with lower base current. The high peak current is generally selected to give adequate penetration and bead contour, while the low base current is set at a level sufficient to maintain a stable arc. This permits arc energy to be used efficiently to melt local material and form a weld spot of controlled dimensions in a short time. The overall weld is a series of overlapping nuggets. This pulsed and base current configuration can limit the amount of heat wasted by conduction into the adjacent parent material as in normal constant current welding. In contrast to constant current welding, the fact that the heating energy required to melt the base material is supplied only during peak current pulses for a short time reduces the heat input, leading to a narrower HAZ. The technique has secured a niche for itself in specific applications, such as in the welding of root passes of tubes and in welding thin sheets, where precise control over penetration and heat input are required to avoid burn through [110]. The advantages of PCGTA include improved bead contour, greater tolerance to heat sink variations, lower heat input requirements, reduced residual stresses, and distortion etc. Metallurgically, PCGTA has been used to refine the grain size in the fusion zone and reduce the width of HAZ to improve joint strength [110]. Ratnakumar and Srinivasa Rao [111] found that when use gas tungsten arc welding to weld A356 Al-Si alloy the partially melted zone had the worst corrosion resistance and a pulsing technique was found to decrease the severity of corrosion damage in the partially melted zone.



Heat treatment can be used to reduce the porosity and improve the joint strength of arc welded aluminium castings. Hwang et al. [12] studied the qualities of GTA-welded squeeze-cast A356 alloy. They found that the T6 heat treatment of as-cast A356 alloys before welding could greatly reduce the amount of porosity and pore volume in the fusion zone. During the T6 heat treatment, the long soaking of the casting in a high temperature diffused out the soluted hydrogen. However, T6 heat treatment before welding did not increase the hardness of the joint compared with the welds in the as cast state, except for the Al-Mg filler wires (ER5356 and ER5556) there was some hardness increase in the fusion zone. On the other hand, T6 heat treatment (after welding) on the as cast welds increased the hardness across the whole welding zones. This influence of heat treatment on the joint hardness and strength is similar to that on the laser welded joints.



It has been shown that the tensile properties of the arc welded A356 alloys depend on the size and shape of the Si particles in the eutectic mixture [112]. Briefly, the fracture mechanism of the arc welded A356 alloys during mechanical tests includes the following three stages: particle fracture, microcrack formation, and linkage of microcracks [38]. It has been pointed out that due to the inhomogeneous plastic deformation, the internal stresses can be induced in the eutectic Si particles. When the internal stress developed in the particle reaches the fracture strength of the particle, fracture of the particle takes place. In the second stage, the adjacent microcracks merge and form larger microcracks. Final fracture of the alloy occurs when the amount of deformation reaches a critical value, and the alloy fails by rapid linkage of microcracks [38,109].





3.4. Laser Arc Hybrid Welding


Laser arc hybrid welding is the combination of laser welding and MIG or TIG welding, as shown in Figure 14. Laser arc hybrid welding, using the combination of a laser and an electrical arc, is designed to overcome problems commonly encountered during either laser or arc welding such as cracking, brittle phase formation and porosity. When placed in close contact with each other, the two heat sources interact each other to produce a single high intensity energy source. This synergistic interaction of the two heat sources has been shown to alleviate problems commonly encountered in each individual welding process [113]. The synergic effects of laser beam and eclectic arc in the same weld pool results in an increase of welding speed and penetration depth along with the enhancement of gap bridging capability and process stability [114]. As a result, the hybrid welding process has the individual advantages of both laser and arc welding processes. The deep penetration of laser arc hybrid welding makes it very suitable for efficient welding of thicker workpieces. Due to the replacing of partial laser power by the cheap arc power, laser arc hybrid welding requires less capital investment. Table 2 compared the capability and characteristics of arc welding, laser welding and laser-arc hybrid welding.



During hybrid welding, the presence of the laser induced plasma causes the arc resistance and radius to decrease, such that the arc undergoes a contraction in which its width is nearly the same size as the laser beam [113]. The existence of laser can also enhance the arc stabilisation. During laser-arc hybrid welding, the arc can be in front of the laser, aligned with the laser or behind the laser, and their distance plays a large role in the arc and laser induced plasma interactions. However, when the two beams are too further apart, it is not hybrid welding any more. Tandem welding occurs when the distance between the heat sources is significantly greater than the arc plasma radius, usually 5–8 mm, where the arc and laser act separately on the workpiece, and in this case, the interaction between the laser and arc is less significant. Research has shown that when the contracted arc rooting in close proximity of the keyhole, the penetration can be slightly increased. Comparison showed that laser-arc hybrid welds contain much lower levels of porosity in both size and number than laser welds. The reduced presence of porosity in hybrid welds has been largely attributed to the lower cooling rate of the liquid weld pool compared to that in laser welding. Research from Shi et al. [115] showed that laser-MAG hybrid welding demonstrated a gap bridging capability of up to 1.6 mm when welding 8 mm thick C-Mn steel.



Wiesner et al. [87] believed that laser-TIG welding is a technique that shows very specific advantages for aluminium alloy pressure die cast parts. They proved that by using laser-TIG hybrid welding, blow holes could be avoided and a low porosity can be achieved when welding AlSi11Mg aluminium casting, as shown in Figure 15. Volkswagen used laser-MIG hybrid welding to weld the aluminium castings, sheets and extrusions in their Phaeton model [116]. YAG-MIG hybrid welding was also used for the welding in the roof of the new Audi A8.



Katayama et al. [117] studied the welding parameters of YAG-MIG welding on the joint quality. It was demonstrated that high welding current, such as 240 A, of MIG can greatly reduce the porosity in the weld metal of the hybrid welded joints, and this was contributed by the high arc pressure acting on the surface of the melt pool that pushed the bubbles generated during welding out of the melt pool.




3.5. Electron Beam Welding


Electron Beam Welding (EBW) is a welding process that uses a focussed high-energy electron beam to melt and weld the workpieces together. During EBW, the electrons emitted from the filament (cathode) are accelerated by a high voltage in the range of 10–200 kV and converged (focused) by an electromagnetic coil and generate high heating energy to melt the workpieces when they strike them [118,119], as shown in Figure 16a. The heating is very localised, the bulk of the weld metal therefore remains cold and stable, and minimum distortion can be achieved. This results in a very narrow weld with a minimal heat affected zone. Weld depths of up to 200 mm can be produced [120,121]. Since the heat input is very localised it is possible to weld together previously heat-treated components [120]. Welding is essentially performed in a high vacuum (in the range from 10−3 to 10−6 mbar) to have a good beam characteristics [119]. In recent years, however, electron beam welding machines capable of welding even without a perfect vacuum (low-vacuum welding machine) or at atmosphere [122]. This low vacuum or atmosphere electron beam welding machines will certainly facilitate its applications in automotive and other industry for large parts.



The beam spot diameter of a typical electron beam welding machine is in the range of 0.1–0.8 mm, and the energy density of the electron beam at the focus is in the order of 104–107 W/mm2 (about 1000 times of that obtained with an arc) [119,123]. The heat introduced by the electron beam is so concentrated and the heat applied to the area around the weld is low, which causes very low thermal distortion. Controlling the output of the electron beam enables penetration adjustment, making this method applicable to a wide range of base materials, from thick to thin plates. Electron beam welding can also be used to weld metals with high melting points (such as tungsten) as well as active metals that may oxidize during welding (such as titanium) [118].



The process parameters of electron beam welding include accelerating voltage, beam current, focusing current, beam focal diameter, welding speed, focal distance, vacuum pressure, and preheating temperature etc. [123,124]. The schematic diagram of electron beam welding is shown in Figure 16b. The penetration depth and welding width can be controlled by the process parameters. The penetration depth can be increased by increasing the accelerating voltage or reducing the focal distance, as shown in Figure 16c [123]. A high vacuum environment is required for the electron beam to achieve a good focus, since the existing of atmosphere atoms will collide with the fast-moving electrons (up to 100 km/s) and make them scatter, as shown in Figure 17 [115]. When the vacuum is reduced from high to medium and to low, the penetration depth will be reduced.



The advantages of electron beam welding include [120]:




	
Low heat input and minimum distortion;



	
Narrow fusion zone (FZ) and narrow heat affected zone (HAZ);



	
Deep weld penetration from 0.05 mm to 200 mm in a single pass;



	
High welding speed;



	
No filler wires required;



	
Welding of all metals include metals with high thermal conductivity;



	
Welding of metals with dissimilar melting points;



	
Vacuum provides a clean and reproducible environment;



	
Good for oxygen greedy materials such as titanium, zirconium and niobium;



	
Very good reliability and reproducibility;



	
Cost-effective welding process for large production in automatic mode;



	
Parts can mostly be used in the as welded condition—no post-machining required.








The disadvantages of electron beam welding include:




	
Expensive as to equipment, set-up and maintenance;



	
Limited size of parts that can be welded due to the chamber size;



	
Longer cycle time than laser welding due to vacuuming time;



	
Skilled manpower is required;



	
X-rays and radiation are both present during the welding process.








Recent Development of Electron Beam Welding for Aluminium Castings


During vacuum electron beam welding of aluminium high pressure die castings, the presence of a high vacuum has a positive influence on the degassing behaviour of the melt pool [92,122], because vacuum is facilitating the escape of bubbles generated during welding. For EBW of aluminium castings, low gas content castings are preferred, and the surface contaminations should be taken care of. Surface cleaning is important not only for a low joint porosity but also a good fit-up. During electron beam welding, large melt area with the slower cooling rate is observed to increase the chance of gases’ escape from weld zone [125]. The large weld pool was generated by a high beam energy density and a slow welding speed.



There is not much research related to EBW of aluminium castings. Okubo and Takenaka [126] studied the joining of aluminium wrought alloy AA5052 and aluminium casting AC7A (by sand casting) by electron beam welding and TIG welding. They found that the mechanical properties of the electron beam welded joints were satisfactory. However, micro-solidification cracks are found in the weld metal, whereas micro-liquation cracks are found in the AC7A HAZ. Their results also showed that the tensile properties of the joints produced by TIG were virtually equivalent or slightly inferior to those of the electron beam welded joints. Drimal et al. [6] showed that when welding high pressure die casted aluminium alloy, AlSi10Mg(Fe), with electron beam welding, using higher welding speeds and multi-pass welding with beam oscillation and current pulsation can reduce the defects in the welds and achieve the required tightness by the heat exchangers.



Reisgen et al. [122] studied the influence of welding parameters of electron beam welding in atmosphere on the joint quality of aluminium die casting alloys. They found that to achieve less porosity, high welding speed (high power) was better for high hydrogen content Al casting, but low welding speed (low power) was recommended for low hydrogen content Al casting. The results also showed that addition of strontium would cause more weld pores, due to the reaction of strontium with humid to form hydroxide and hydrogen.





3.6. Mechanical Joining for Aluminium Castings


The three main mechanical joining methods for aluminium castings are self-piercing riveting (SPR), clinching, and flow drilled screw.



3.6.1. Self-Piercing Riveting


Self-Piercing Riveting (SPR) is a cold mechanical joining process used to join two or more sheets of materials by driving a rivet piercing through the top sheet or the top and middle sheets and partially piercing and locking into the bottom sheet to form a mechanical joint. During a SPR process, the spreading of the rivet skirt is guided by a suitable die, and the punched slug from the top sheet or the top and middle sheets is embedded into the rivet shank (cavity). The schematic diagram of SPR is shown in Figure 18. SPR originated in the 1960s but was only significantly developed in the past 25 years due to requirements from the automotive industry to join lightweight aluminium structures. The major developments of SPR since1990s include rivet geometry, rivet inserting mechanism, rivet feeding mechanism and automation [127].



The application areas of SPR include the automotive industry, the building industry [128,129], road signs [130], and white goods etc. The automotive industry has become the main application area of SPR and also the main driving force of SPR development.



SPR was first largely applied in the automotive industry by Audi in collaboration with Henrob in Audi’s A8 model in 1993 [131] and it has since been widely used by several automotive companies. Since then, SPR has been used in the all-aluminium Audi A8 and A2 models [132] and in Audi TT and other models [133]. SPR is the single main joining process used in many all-aluminium Jaguar Land Rover models, including XJ [134,135], XK [135], XE and XF [136,137], and Rang Rover, where between 2400 to 3800 self-piercing rivets were used in each vehicle. SPR is the main joining technology for the aluminium alloy structures used by BMW and Daimler [138], and it is also one of the main joining technologies used by Tesla for their aluminium intensive body-in-white structures. SPR has been used by Ford for many years. Recently, the application of SPR in Ford’s F150 pick-up truck, with 2200 to 2700 rivets used, is a significant move from using the technology on low volume luxury cars to high volume vehicle bodies [139,140].



Compared with some traditional joining technologies, SPR has some advantages, including [127]:




	
Clean and friendly process: no fume, no spark and low noise;



	
Ability to join similar and dissimilar materials;



	
No requirement for pre-drilled/punched holes and alignment;



	
No surface pre-treatment required;



	
Ability to join with lubricants and adhesives;



	
Low energy requirement;



	
Long tool life, >200,000 operations before replacement;



	
Easy for automation and process monitoring;



	
Short cycle time, 1–4 s;



	
Ability to achieve water tight joints;



	
As a cold process, no side effect on the heat treatment of the substrate materials;



	
High static and fatigue joint strengths.








However, SPR also has its disadvantages, including:




	
Two-side access required (although a single side access self-piercing riveting process was introduced by Liu et al. [141]);



	
A joint button left on one side;



	
Additional cost and weight from the rivets;



	
Possibility of galvanic corrosion between the steel rivets and the aluminium alloy substrate, unless sacrificial corrosion protective coatings are used on the rivet surface;



	
Not suitable for brittle materials, such as press hardened steel, when used on the die side;



	
Relatively high rivet insertion force required.








SPR Process Parameters


The main SPR process parameters include rivet, die, and setting force. These parameters will influence the joint quality and strength. Understanding these parameters is very important for SPR applications, such as selecting the right parameters for different material stacks.



Nowadays, Self-piercing rivets are normally semi-hollow and manufactured from metal wires by a multi-blow cold-forming process. The selection of suitable materials for rivet manufacturing is restricted by the ability of the materials to be cold-formed and heat-treated to a high hardness. Self-piercing rivets are normally made of high-strength steels, such as boron steels, and are heat-treated to various hardness levels depending on the application. Self-piercing rivets are normally available with different stem diameters and length. The selection of the rivet hardness is determined by the material stack to be joined. The selection of rivet length is determined by various factors, such as the material stack to be joined, the die to be used (different geometries and dimensions) and the rivet diameter and hardness. There are different rivet length selection guidelines recommended by different organizations and product manufacturers.



Dies used for SPR are usually made of tool steel. They can have different diameters and different cavity geometries. Dies can have a cavity with a flat bottom or with a tip in the middle (pipped die), and they can also have a nearly vertical sidewall or a tilted sidewall. The geometry of a die will influence the rivet setting force and flaring of the rivet tail. Die cavity diameters need to be larger than the rivet stem diameters, so that during the riveting process the rivet tail will have enough space to spread inside the die cavity. Dies with larger cavity diameters will produce joints with smaller interlock distances if all other parameters are the same, because larger die will give less constrain on rivet leg flare and the rivet legs will penetrate less into the bottom material, so the diameter of the die cavity cannot be too large. Generally speaking, a pip in the die can enhance rivet deformation and increase the interlock distance, but it will also introduce larger plastic deformation of the bottom sheet and will require a larger setting force. This means that a die with a pip will produce more severe cracks when a less ductile material is used as the bottom material, and this is the same for a deeper die.



During the SPR process, a relatively high force, ranging from 20 kN to 100 kN, is required to set a rivet into a material stack to form a joint through pushing, punching or other methods. The force needs to be well controlled, and this is closely related to rivet head height. If the force is too low, the rivet head may protrude out of the top flush surface that is not good for cosmetics. It may also facilitate corrosion due to the existence of a big gap, into which water may penetrate. In addition, a low setting-force may lead to a short interlock distance, resulting a low joint strength. If the force is too high, the indentation caused by the rivet head may be too large and the minimum remaining bottom material thickness may be too small. A large indentation may damage the top sheet and reduce the strength of the top sheet to resist the rivet from being pulled out. Today, it is widely agreed that the value of the setting force depends on the sheet material strength, the material and stack thickness, the rivet length, the rivet tip geometry, the rivet coating, the rivet hardness and the die geometry etc. More details of SPR can be found in a recent review paper [127].





3.6.2. Clinching


Clinching is a mechanical sheet metal joining process used to join two or more metal sheets without additional components, by using special tools to plastically deform the sheet material to form an interlock. The process is generally performed at room temperature, but in some special cases the sheets can be pre-heated to improve the material ductility and thereby avoid/reduce the formation of cracks during the process.



Clinching technology was proposed and patented by a German Thies L in 1897 [142,143,144]. However, it was not widely used in manufacturing until the late 19th century. It was first used to join the sheets of Audi car bodies in 1985 [145]. Clinching can be used to join sheet materials, especially aluminium alloys. Although the strength of joints by clinching is lower than that of joints by self-piercing riveting, no consumable like rivet is required. Recently, automotive lightweighting has led to the rapid development of clinching technology that can be used to join a variety of lightweight materials.



Clinching is suitable for ductile metal sheets from around 0.5 to 3 mm thick, up to a total joint thickness of about 6 mm. Clinching requires no consumables, such as rivets and filler wires, or pre-drilled holes and is performed in a single step, making it an inexpensive and simple process [146].



A typical clinching process cycle is shown in Figure 19. The sheets are initially clamped between the blankholder and the die assembly (stage 1). The punch is then forced onto the sheets, and locally pushes them into the die (stage 2). As the deformed sheets touch the bottom of the die, further downward movement of the punch forces the material to flow radially and form an interlock (stage 3). This material flow, made possible by the spring loaded segments of the die assembly, provides the mechanical interlock which holds the sheets tightly together. Finally, the punch is retracted (stage 4) [146].



The mechanical behaviour of the clinched joint is mainly determined by the undercut (interlock), the bottom thickness, and the neck thickness. The failure modes of the clinched joint are generally the button separation and the neck fracture. A small neck thickness may result in the neck fracture, and a small undercut may lead to the button separation [147].



Due to relatively low forces required (ranging from 5 to 50 kN depending on the material to be joined, type of tools and sheet thicknesses), clinching machines are normally relatively small and often portable. The tools typically consist of a punch and a die. Different clinching tools were employed in the experiments, including flat, round grooved, split (with 2–4 expandable sectors), and rectangular shear dies, as shown in Figure 20 [148]. Round tools produce round joints which show almost identical mechanical behaviours in all plane directions. On the other hand, for rectangular clinched joints, both sheets are intentionally sheared along the “long direction” in order to produce the interlock, and these joints can only sustain load in one direction. The choice of the tools is highly influenced by material ductility, loading direction and thickness of the sheets.
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Figure 19. Schematic diagram of clinching process. Reproduced from [149]. 






Figure 19. Schematic diagram of clinching process. Reproduced from [149].
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In addition, the selection of the clinching tools not only highly affects the joining strength and the absorbed energy of a clinched joint, but also influences the joining force. Rectangular tools, for example, require lower joining forces than round tools, and among the round clinching tools, split dies require the lowest joining force and produces the largest interlock [149].



Clinching is characterized by a series of advantages over competitive technologies:




	
Short cycle time (the joining time is less than a second);



	
Reduced cost and weight: the process does not involve additional elements such as screws, rivets, or adhesives;



	
No pre-holes are required;



	
Able to join similar or dissimilar materials including metals, polymers, wood, and composite materials;



	
Ease automation;



	
Eco-friendly: no pre-treatments with solvents and other harmful liquids required;



	
High fatigue strength;



	
Cleanness: the process does not produce sparks or fumes.








The disadvantages of clinching include:




	
Not suitable for brittle materials;



	
Relatively low joint strength;



	
Relatively high force required;



	
Two side access required;



	
A joint button left on one side.









3.6.3. Recent Development of SPR and Clinching for Aluminium Castings


As weight reduction is desired, more and more aluminium cast parts are being used in automotive vehicle structures. However, these cast parts are usually made from high strength aluminium alloys of the Al-Si (Mn, Mg) system, which have limited weldability. SPR and clinching are mechanical joining processes that require a large deformation. They are suitable and widely used for wrought aluminium alloys, mainly for automotive applications. However, when they are used for cast materials, due to their brittle nature, cast parts tend to crack during these joining processes.



The mechanical joinability of Al castings depends on their ductility, which is influenced by the microstructure [150,151]. Microstructure control during casting to achieve a high ductility is beneficial for SPR and clinching of aluminium castings. High solidification rate and grain refinement elements can be used to change the microstructure of cast aluminium. For Al-Si alloys, the shape of the eutectic Al-Si phase affects the ductility of the castings. The coarse Al-Si needles or platelets phases greatly reduce ductility. Refining the cast structure by adding trace elements, such as strontium, leads to an improvement in the morphology of the Si particles. In Al-Si cast alloys, the refinement results in a very fine-grained, partially fibrous formation of the Si crystals in the solidified eutectic, which increases the ductility by up to three times. Refining is usually only carried out with a Si content of 7%–13%. An improvement of the morphology can also be achieved by a higher solidification rate. Compared to other casting processes, the strength of sand-casting parts is lower due to the lower solidification rate. It is possible to improve the mechanical properties by the choice of sand, as the heat capacity can be increased, which in turn increases the solidification rate [152].



Neuser et al. [152] studied the effect of solidification rates during sand casting on the joinability of AlSi9 Cast Aluminium with 0.048% of Sr for grain refinement, by clinching. They used step-plate to produce different thickness (2, 2.2, 3, 3.5 and 4 mm) of castings. Due to the larger area-to-volume ratio, the thinner plates had a higher cooling rate than the thicker plates. The cooling rate for the 2 mm plate was 3.8 °C/s and that for the 4 mm plate was 1.4 °C/s. Consequently, the thinner plates had a higher strength but a lower elongation. The elongation for the 2 mm plate was 10% and the highest elongation of 14% was achieved for the 3 mm plate. The 3 mm plate should have the best joinability from cracking point of view due to the highest elongation, but when it was used as the bottom material in clinching the joint did not satisfy the quality criteria because of insufficient interlock.



Neuser et al. [153] also studied the influence of heat treatment on the joinability of aluminium casting alloy AlSi9 by clinching. They presented that soaking the castings at 380 °C for 3 h or more can increase the elongation up to 30%. Although crack-free joints could not be produced even with the improved elongation, the severity of cracking can be much reduced. However, when a different casting Al, AlSi10Mg was studied with the step-plate for different thickness and solidification rate, Neuser et al. [154] found that the thinnest 2 mm plate can achieve the highest strength and elongation due to the fast cooling rate and small secondary dendrite arm spacing. High quality joints can be clinched with the 2 mm casting in both as cast and T6 conditions, as shown in Figure 21. Their results showed that without heat treatment casting plates with thickness of 3 mm or more were not suitable for clinching due to severe cracking, but with the T6 heat treatment at 525 °C the elongation and the clinching performance of the casting can be improved.



Apart from changing the morphology of eutectic Si from its original coarse needle-like structure to a finer fibrous structure to improve cast aluminium’s mechanical properties, such as ductility and toughness, strontium can also be effectively used to reduce the solution treatment times in the T6 temper [155]. Zhang et al. [151] studied the influence of T6 heat treatment on the mechanical properties of low pressure die casted Al–7wt.%Si–0.3%Mg cast alloy. By adding 0.015% Sr, the T6 heat treatment can be shortened from a standard 6 h to 10 min at 540 or 550 °C, to achieve more than 90% of the maximum yield strength and more than 95% of the maximum UTS and the maximum average elongation to fracture normally gained in standard T6 heat treatment.



When self-piercing riveting (SPR) is used to joining cast aluminium as the top and middle layers, there is no problem, because these layers do not have a high elongation requirement. The main difficult is when the cast aluminium is used as the bottom layer, where cracks normally occur at the joint buttons.



Zhao et al. [150,156,157] studied the joining of high pressure die casting (HPDC) aluminium by SPR. DP780 or DP800 steel was used as the top layer and the commercial A380, W3 alloy from Ryobi Die Casting or the commercial Aural 5 (2 mm) was used as the bottom layer. Different heat treatments were used to change the microstructure of the Al castings and to increase their elongation. By adding certain amount of strontium (Sr) in W3 alloy, the silicon phase can transform from a plate-like morphology to a rosette-like morphology, resulting in an increase of ductility and an improvement of the rivetability of aluminium castings A380. They found that W3 alloy with 400 °C heat treatment resulted in the best joint button condition and the cracking fraction reduced about 61% compared to the as-cast condition, as shown in Figure 22. However, the heat treatment made the shear strength drop 18% [150]. Instead of heat treatment, when using a specially designed ring-groove die by Bollhoff, the cracking fraction was 13-fold smaller and the lap shear joint strength was 26% higher than the joint finished by the conventional flat die [156]. Zhao et al. [150] also demonstrated that when the depth of die was increased from 1.8 mm to 2.2 mm during SPR, the cracking issue of W3 bottom material got worse, and due to these more severe cracks the lap shear joint strength would normally get worse, as shown in Figure 23.



The cracking issue of casting aluminium alloys when joined with SPR or clinching is not only related to casting material’s ductility but also can be influence by process parameters. Similar to SPR of AC300 wrought aluminium alloy [158], our research showed that when the right rivet and die combinations were selected, cast aluminium can be joined by SPR with acceptable mild cracks at the joint buttons; however, when the wrong rivet and die were used, severe cracks were produced, which would reduce the static and dynamic strength of the joints, and cause NVH (noise, vibration and harshness) and corrosion issues, as shown in Figure 24. A shallow die with a tilted side wall was important for a smaller bending deformation (when the substrate is deformed into the die cavity) to achieve acceptable mild cracks at the joint button. Research from Jäckel et al. [159] also showed that when different kinds of die were used to join aluminium casting as the bottom material, different levels of cracks would be generated at the joint buttons.



Recently, a mechanical-solid hybrid joining process, called the friction self-piercing riveting (F-SPR) process, was proposed by Li et al. [160] to solve the joining problems of materials with a low ductility. In the F-SPR process, a semi-tubular rivet pierces into the workpiece with a high rotating speed. The rotating movement of the rivet produces a large amount of friction heat, which softens the materials and improves the ductility, thus forming a crack-free F-SPR joint. Yang et al. [161] compared the rivetability and joint strength of dissimilar AA6061-T6 and Al–Si7Mg cast aluminium by SPR and F-SPR. Their results showed that the thermal softening effect of friction heat in the F-SPR process could effectively improve the ductility of cast aluminium, avoid cracking and reduce the tooling force by 53%, compared to conventional SPR process. The severe plastic deformation and friction heat induced by rivet rotation resulted in refined equiaxed grains of aluminium near the rivets and solid-state bonding between aluminium sheets in the rivet cavity. The F-SPR joints are superior to SPR joints in both tensile-shear and cross-tension performance due to the avoidance of cracking, increase of mechanical interlocking, and solid-state bonding of interfaces. Especially, when Al–Si7Mg is placed on the lower layer, the peak tensile-shear and cross-tension loads of the F-SPR joints are 7.2% and 45.5% higher than the corresponding SPR joints, respectively.




3.6.4. Flow Drill Screw


Flow drill screw (FDS) is an innovative single-sided fastening solution for assembly into extruded/hydroformed profiles and difficult-to-reach locations. The flow drill screws are specially designed screws with a drill bit in the head. During a FDS process, the flow drill screw starts to drill into the workpieces in the following steps: 1. Warming up, 2. Penetration of the material, 3. Forming of the through draught, 4. Thread forming, 5. Full thread engagement, 6. Tightening, as shown in Figure 25. The friction between the flow drill screw and the workpiece creates heat that allows the fastener to not only penetrate the unprepared layers, but also to maximize thread engagement by creating deep extrusions. This results in very strong joints. FDS fasteners are produced from neutral (aluminium-only applications) or case-hardened carbon steel. Zinc-aluminium flake coatings on the screws are most commonly applied for corrosion protection and reduced assembly torque. A coating such as zinc-nickel may also be used in steel applications where a robust coating is preferred. FDS assembly requires high-speed automated drive systems that control and adjust speed, torque, axial load, and depth throughout the multi-stage installation process [162].



When selecting, or designing joint stacks, it is important to follow a thin-on-thick or soft-on-hard strategy, because FDS is a single-sided installation process and there is no back support during joining. Therefore, if the weaker material is on the bottom side of the joint, there is a risk of the material pushing away or deflecting. If this strategy cannot be accommodated by changing the layers or driving direction, a pilot hole can be added to the top layer [162].



The EJOT RSF20S can join two to four sheets of aluminium, magnesium, steel, and stainless steel together, with the thickest layers being in the middle and at the bottom. Maximum sheet metal depths are: aluminium, 6 mm; magnesium, 4.5 mm; steel, 2 mm; and stainless steel, 1.5 mm [163].



The advantages of flow drill screw process include:




	
One-sided accessibility;



	
Removable and high quality screw joint, without part preparations, such as pre-drilling or punching;



	
No tolerance problems with clearance or threaded holes;



	
No material waste and no swarf;



	
Use with various sheet surfaces;



	
High loosening torque and vibration resistance, no need for additional safety elements;



	
Easy removal and recycling;



	
Repeat assemblies are also possible with metric screws.








The disadvantages of FDS include:




	
Relatively long cycle time (2–6 s);



	
Added weight and cost from the screws;



	
Not suitable for painted, plastic coated, galvanized, or heat treated materials;



	
A sharp end protruded out on one side.








Although patented in 1990, the FDS screw wasn’t used for automotive assembly until 1996. The main reason is that the power tools at the time lacked the speed and power needed to install the fastener. In 1996, English automaker Lotus Cars began using a handheld tool with FDS screws to assemble the space frame for its Elise and Exige models. However, the Atlas Copco tool had limitations, especially in terms of cycle time and control [163]. By the end of the 1990s, Weber Schraubautomaten had developed its initial RSF20S screwdriving system for EJOT. Besides being automated, the system could install screws into thicker materials-specifically, steel greater than 1.2 mm and aluminium greater than 3 mm. Around 2000, the first robotic FDS system was installed for the Audi A4 rear wheel housing, where two sheet metals were joined. The RSF20S was further enhanced, and in 2005 it was used to join the rear bulkhead on the TT coupe. FDS has also been used in the Audi A2, A6, A8, and R8. Currently, the R8 body shell is assembled with 310 FDS screws, and the new A8 contains 740 FDS screws [163]. Miller et al. [164] studied the friction drilling of brittle Al casting A380, and their results proved that FDS is suitable for joining Al castings.



Over the past years, many other European automakers have begun using, or expanded their use of FDS. The manufacturers include [163,165]:




	
GM Opel, for the aluminum space frame in the Speedster.



	
Jaguar Land Rover, for the aluminium body in white in the XK, XJ, XF, XE and Range Rover.



	
Lotus Cars, for the aluminium chassis in Proton and Evora.



	
Volkswagen, for the cover of the entry step on the Cross Touran.



	
ThyssenKrupp, for body panels on the Lamborghini.



	
Fehrer Automotive and Alcoa, for body panels.



	
Porsche 911 and Boxter.



	
Ford F150, for body panels.








Other manufacturers using, testing, or evaluating the process and equipment are Nissan, Magna, Freightliner Trucks, GM, Acura, Mercedes-Benz, Daimler, Porsche, Fiat, and BMW.





3.7. Other Joining Methods


In order to avoid/reduce the brittle intermetallics formed at the dissimilar material interface during welding processes, Tayal et al. [166,167] studied the joining of A356 Al casting and Mg through compound casting, where molten Mg was poured into the mould with the A356 insert and joined together. The process parameters of compound casting, including pouring temperature, vacuum pressure, insert temperature, and surface roughness of insert could be optimized according to the hardness profile along the joint interface. The results showed that 3 different Al-Mg intermetallics, Mg2Al3, Mg17Al12 and Mg17Al12+δ eutectic phase, were formed at the interface, and the joints failed in brittle and partial ductile failure modes. Similarly, Liu et al. [168] investigated the joining of aluminium casting Al-7Si and gray iron to form bimetal composite through compound casting. They found that flux was important to activate the surface of gray iron and to improve the wetting and avoid re-oxidizing. In casting aluminium alloys, Fe is considered as a harmful element, since it forms the undesired intermetallic phases [169], like the β-AlFeSi phase, with a needle-like morphology that reduces ductility and toughness [170,171]. Mn can modify the harmful morphology of these phases to improve the mechanical properties [171]. A pre-dipping into the Al–7Si alloy bath with different levels of Mn at 993 K could effectively inhibit the formation of the detrimental needle-like phases (β-Al5FeSi) in the Al matrix transition layer and inversely facilitated the formation and growth of α-Al15(FexMn1−x)3Si2 phases and also the growth of the continuous metallurgical bonding layer [168]. Glück Nardi et al. [172] proposed a numerical model for compound casting simulation. The model considers the formation of intermetallic layers during the contact between a solid substrate and the melt through diffusion and reactions with subsequent solidification. It was implemented in the OpenFoam environment by adjusting the existing solvers. Bakke et al. [173] studied the bonding between A356 Al coasting and S235JR mild steel through compound casting with the assistance of hot-dipping Sn coating. The results showed that without preheating the mold or Sn-coated insert, a thin, crack-free, and continuous metallurgical bonding layer was achieved in the A356 aluminium/steel compound castings. The Sn coating greatly improved the wettability of A356 on the steel because liquid Sn penetrated and broke the aluminium oxide layer at the surface of the aluminium droplets.



Instead of metal, Schmid et al. [174] studied the joining of casting Al with carbon fibre reinforced polymer (CFRP) through hybrid high pressure die casting with a polyether ether ketone (PEEK) coating as the interlayer. The PEEK coating could isolate the carbon fibres from CFRP and Al to avoid corrosion due to the different electrochemical potentials. Their results showed that when the casting Al (AlSi10MnMg) layer thickness increased from 5 mm to 10 mm, the porosity inside the casting Al layer increased significantly due to the longer reaction time between the melt Al and PEEK layer and the outgassing issue. This increased porosity reduced the joint strength by 36%. Later research from the same group showed that the connection between PEEK and AlSi10MnMg is potentially via MgO [175]. Rohatgi et al. [176] also studied the joining of casting Al (AlSi10MnMg) and the short carbon fibre CFRP composite through over casting (high pressure die casting over the CFRP parts). The short carbon fibre CFRP comprised a 40% volume fraction of short carbon fibres in a thermoplastic polypthalamide (PPA) matrix. There was no coating on the CFRP parts. The melting temperature of the PPA matrix was about 300 °C and the pouring molten Al alloy temperature was 700 °C. This meant that the polymer was overheated to 400 °C. However, their results showed that although there was some melting and softening of the polymer matrix, there was no degassing from the decomposition of the polymer and an intimate, void-free joint formed between the casting Al and the CFRP. The reason that they believed was that the time of the polymer staying at a high temperature was short due to the high cooling rate, ~30 °C/s, through water quenching. However, the over casting process did degrade the polymer matrix and the strength of the CFRP composite, and during tensile tests, the overcast Al-CFRP joints failed on the CFRP next to Al casting.



Nami et al. [177] used transient liquid phase diffusion bonding to join gravity die casted Al-Mg2Si metal matrix composite. Saleh et al. [178] studied hot roll bonding of Mg casting AZ31 and AA1050. They found that the preheating temperature and reducing ratio were important for the bonding strength.



Shi et al. [179] studied the bonding of HPDC AlSi10MnMg by adhesive. They found that the residual lubricant residuals on the casting from the HPDC process were detrimental to the joint strength, and they found the pre-treatment to remove the lubricant residuals was important to have a sound bond between the castings. Adhesive bonding has also been used together with SPR for the joining of aluminium castings and casting to other materials [180].



Xie et al. [181] studied the joining of an ADC12 die casting alloy through a solid-state pulse electric-current bonding. Pulse electric-current bonding (PECB) process, which is one of pulse electric-current sintering (PECS) processes, is also called as spark plasma sintering (SPS) or plasma-activated sintering (PAS). In the PECB process, pulse electric current flows directly through the bonded materials. A very high heating efficiency is offered. A high-quality joint can be easily achieved at a lower temperature and in a shorter time than those in conventional bonding processes [182,183,184]. Xie et al. [181] used an insert-alloy powder containing 1 mass% Mg at the bonding interface. The results indicated that continuous oxide films originally covered on the aluminium alloy surface were broken and removed by the reduction reaction of Mg from the inserted alloy powders, which promoted metal–metal contacts, and thereby enhanced tensile strength when compared with the joints directly bonded by PECB without insert-alloy.





4. Current Issues of Cast Aluminium Welding


Currently, the main issues during welding of aluminium castings are hot cracking and weld porosity. It is important to understand these issues and take actions to improve them.



4.1. Hot Cracking


Hot cracking includes solidification cracking and liquation cracking. Solidification cracking is the formation of shrinkage cracks during the solidification of weld metal. Liquation cracking is caused by localized melting at grain or other boundaries combined with the thermal strains associated with welding. Solidification cracking can occur with all metals in the fusion zone, and liquation cracking can occur in the partially melted zone during welding [185,186,187,188,189]. During DC casting, hot cracks was found to nucleate at the bottom of the liquid metal pool [190]. Due to the large solidification range and the formation of low melting eutectic on grain boundaries, many aluminium alloys have a high hot cracking susceptibility [191].



There are different tests that can be used to evaluate susceptibility to solidification cracking, including the Houldcroft test, Varestraint test, the circular patch test, and Sigamajig test. The circular patch test for solidification cracking, the materials around a weld pool, and the macrographs and micrographs of solidification cracking and liquation cracking are shown in Figure 26. Aluminium alloys may be susceptible to both solidification cracking and liquation cracking during fusion welding [185].



For some aluminium alloys, there is a hot cracking susceptibility peak around certain element compositions. This hot cracking susceptibility can be represented as sensitive curves against element concentrations. The hot cracking susceptibility of aluminium wrought alloys has been widely studied, but there are few studies on aluminium cast alloys. Since hot cracking susceptibility is element related, it is believed that some of the knowledge on wrought alloys may give indications for cast alloys. Figure 27 shows the hot cracking susceptibility of aluminium alloys depending on the Si- and Mg-content. It can be seen that 6xxx series alloys have very high hot cracking susceptibility, 5xxx series alloys have less hot cracking susceptibility, and Al-Si casting alloys don’t have hot cracking issues because of their high Si content [90]. It can also be seen that if an aluminium alloy contains certain amount of Si [192] or Mg [193] and is located in the peak crack sensitive regions, then an additional amount of this element can be added, such as in a filler metal, to increase the concentration of that element, or filler wires without that element can be used to dilute the concentration of that element, to move the composition of the melt pool to a less sensitive zone. It has been demonstrated that increasing the magnesium content in aluminium alloys to more than 6% significantly decreased the formation of hot cracks [194,195]. An appropriate filler metal may also compensate for the loss of volatile alloying elements.



The high strength aluminium alloys, such as Al-Cu, Al-Mg, Al-Mg-Si, Al-Zn-Mg, etc., are more sensitive to solidification cracking during welding. In general, a high solidification/freezing range will cause a high susceptibility to hot cracking, and a high fraction of eutectic phase in the microstructure and a eutectic phase with sufficient wettability will result in a decreasing susceptibility to hot cracking [196]. Solidification cracking was observed to initiate near the fusion line, grow into the weld centre, and then propagate along the centreline of the weld when fibre laser welding of AA6013 was studied by Wang et al. [197].



Hot cracking susceptibility is dependent on a number of factors, such as alloying content, grain structures, solidification rate, and constraints, etc. Different methods can be used to reduce hot cracking during fusion welding. Solidification cracking can be reduced by adjusting the weld-metal composition, the grain structure, and the welding condition [189]. To diminish the probability of this type of cracking, excess material restraint should be avoided. For crack sensitive alloys, careful selection and control of process parameters, together with the use of an appropriate filler wire are essential for successful welding [198,199]. When welding aluminium alloys, it is desirable to have a weld-metal composition that is away from the peak of the crack sensitivity curve. Again, the knowledge of the hot cracking susceptibility of wrought alloys may be able to be applied to cast alloys.



To reach the desired weld metal composition, a filler metal of a proper composition can be used, and the welding parameters can be selected to achieve the desired element compositions in the weld pool [185]. Kah et al. [200] studied the hot cracking of 6xxx aluminium alloys during MIG and TIG welding, and their results showed that the use of different composition filler materials, ER4043 and ER5356, could suppress hot cracking. Savage et al. [201] studied the hot cracking susceptibility of AA3004 alloys with different microalloying elements through Varestraint tests, and their results showed that as the Fe:Si ratio of AA3004 reduced from 4.56 to 0.02, the hot cracking susceptibility increased. Kutsuna et al. [202] studied CO2 laser welding of 4 mm thick AA6063 plates at a power of 4 kW and speed of 3 m/min with 4043-WY (AlSi5) and 4047–WY (AlSi12) filler wires. As with autogenous welds, solidification cracks formed in the joints. The use of 4043 filler metal at a feed rate of 50 mm/min was found to reduce the degree of solidification cracking, but microcracks were still observed at the bottom of the weld. The Si concentration was found to be about 2% at the top of the welds and to about 1% at the bottom, which was still at the peak cracking sensitivity zone. The inhomogeneity of the silicon distribution was attributed to the rapid solidification, which prevented sufficient mixing of the filler metal and the base metal at the bottom of the weld pool. Increasing the wire feed rate to 100 mm/min and using 4047 filler wire containing higher silicon content resulted in a silicon concentration of 3%, which was above the cracking sensitive level at the bottom of the welds and prevented crack formation. Abbaschian et al. [203] studied the cracking susceptibility of different Al-Cu cast alloys during laser welding. Their results showed there was a peak cracking susceptibility when the Cu content in the alloy was around 2wt%, as shown in Figure 28. They also demonstrated that for a given composition the cracking susceptibility appeared as a λ-shape with increasing laser scanning speed and when the scanning speed was high enough cracking would be eliminated for three of the four alloys studied.



Although the hot cracking susceptibility of Al-Si alloys is lower than that of other Al-alloys such as Al-Zn, Al-Mg, or Al-Zn-Mg-(Cu), various amounts of alloying elements can affect the hot cracking susceptibility of Al-Si alloys. Bozorgi et al. [196] studied the influence of Mg and Cu on the hot cracking susceptibility in AlSi7MgCu-alloys. Five different AlSi7MgCu-alloys with varying Mg and Cu content were evaluated with three methods: theoretical terminal freezing range (TFR) (Gulliver-Scheil condition), semi-empirical cracking susceptibility coefficient (CSC) model (Gulliver-Scheil condition) and experimental hot cracking indexing (HCI) examination. Their results showed that Cu-content has a dominating influence on hot cracking susceptibility of AlSi7MgCu-alloys. A high Cu-content results in a large hot cracking susceptibility, and a high Mg-content results in a small hot cracking susceptibility.



Matsuda et al. [204] studied the effect of adding additional elements in 5356 (AlMg5) filler wires during GMA welding of 7N01, Al-4.5%Zn-1.2%Mg, high strength aluminium extrusion, on solidification crack susceptibility. They assumed that weld metal was a 50% dilution between 7N01 and 5356, and based on this, their synthesized weld metal was Al-2%Zn-2%Mg. The elements added were Ti + B, Ti, Zr, Fe, Mn, B, Si, Be, Ni, Cr, V, Mischmetal, and Cu, and the added amount was up to 0.5% (up to 0.06% for Ti-B). Experiments were conducted using the ring casting crack test, and crack length was used as an index to measure susceptibility. It was found that among the 13 added elements, Ti + B, Ti, and Zr were most beneficial on reducing the crack susceptibility, Fe, Mn, B, Si, and Be showed less beneficial effects, but Cu was detrimental. The optimal amounts were found to be greater than 0.05% for Ti-B, 0.14% for Ti, and 0.24% for Zr. It was observed that when several elements were added together, a small addition of Ti could increase the beneficial effect of Ti-B addition, but a small addition of Zr cancelled the beneficial effect of Ti-B.



In laser welding, solidification cracking can also be suppressed by using a dual beam laser system with a primary beam and a trailing beam (tandem dual beams). The thermal strains created by a primary laser beam can be relieved by the trailing beam [205,206]. By using this dual beam method, von Witzendorff et al. [205] butt welded 0.5 mm thick AA6082 aluminium alloys without the formation of hot cracking. Xie [207] reviewed dual beam laser welding, and the results showed that tandem dual laser beams can smooth the weld bead and reduce the weld porosity and solidification cracking. When Ramasamy and co-workers [208,209,210] studied CO2 and Nd-YAG laser beam welding of AA6111-T4, they found that the cracking issue was more pronounced at high welding speeds due to the high cooling rates. However, modelling results from Wang et al. [211] showed that reducing the welding velocity would increase hot cracking susceptibility during the side-by-side dual beam laser welding of AA6022-T4. This different conclusion on the influence of welding speed on solidification cracking may be caused by the different beam arrangement, single beam vs. side-by-side dual beam. Wang et al. [211] also demonstrated that increasing the laser power or increasing inter beam spacing would increase the possibility of the solidification cracking.



A well-known method to reduce or avoid hot cracking is grain refinement, which involves the transition from coarse columnar grains to smaller, more equiaxed grains [212]. A fine grain size causes better feeding and a uniform distribution of eutectic phases. Kou [189] suggested that a columnar grain structure may increase hot cracking susceptibility and should be avoided. Grain refining by inoculation and arc oscillation can reduce solidification cracking effectively because, with small grains, a crack has to change its direction frequently in order to propagate further. Dudas and Collins [213] produced grain refining and eliminated solidification cracking in an Al-Zn-Mg weld by adding small amounts of zirconium to the filler metal. Strontium and titanium are elements that can be used to refine the grain structures of aluminium alloys. Tang and Vollertsen [191] studied the influence of grain refinement on hot cracking in laser welding of aluminium. They controlled the grain structure of the weld metal by adding different amounts of titanium through a master alloy. It was demonstrated that the hot cracking susceptibility is determined by the combination effect of the duration of the mush zone, the capillary pressure, and the permeability of the dendritic network in the molten pool, and there was an optimised grain size with which the hot cracking susceptibility was minimum. They found that minimal hot cracking susceptibility was achieved with a grain size of 25 μm and the fraction of equiaxed grains of 100%. When the grain size is over 25 μm, the primary effects are the duration of the mush zone and the capillary pressure, which lead to a reduction of hot cracking susceptibility by grain refinement. When the grain size is below 25 μm and all the grains in the weld become equiaxed, the permeability will play a very important role in the occurrence of hot cracking, and further grain refinement will lead to an increase in hot cracking susceptibility. Loginova et al. [214] used Al-5Ti-1B filler metal during pulse laser welding of Al-4.7Mg-0.32Mn-0.21Sc-0.1Zr alloy. Columnar crystal zones and equiaxed crystal zones in the centre of the weld were found after welding without and with AlMg5 filler metal. Hot cracks and gas porosity appeared as defects in the weld. When Al-5Ti-1B was used as the filler wire, a fine grain structure with an average grain size in 4 ± 0.2 µm was found in the fusion zone without hot cracks or gas porosity. Kou and Le [215,216,217] used magnetic-arc oscillation to refine the grain and improve solidification cracking.



The crack may occur when the solidifying weld metal undergoes large tensile stress during its solidification [218]. For a crack to initiate and grow, tensile stress is essential. The tensile stress can be from solidification shrinkage and thermal contraction, and the metallurgical processes (coalescence of grains and formation of eutectic phases) during the solidification [191]. During solidification of aluminium alloys low melting point alloys and impurity segregates are rejected into grain boundaries by the solidifying dendrites through a micro-segregation mechanism. These rejected materials form a liquid film in the mushy zone. The state of grains separated by liquid film is semisolid, which tends to be low in both strength and ductility. The liquid film can be easily torn apart under tension. Hot cracking appears at the end of the solidification stage when the solidification shrinkage and thermal contraction exceed the critical strength of the liquid film and the afterfeeding of melt liquid is not adequate to heal this rupture. Welding conditions can be optimised to reduce solidification cracking. The welding conditions that generate less tension stress in the weld, such as reducing restraint, deliberately misaligning parts before welding (to reduce the final distortion and residual stress after weld solidifies), preheating, etc., will reduce solidification cracking.



Many theories and criteria have been developed on solidification cracking. The Feurer approach emphasizes the importance of liquid feeding in addition to the stress from solidification shrinkage. According to Feurer [219], cracking occurs if during solidification, the volume rate of feeding of the liquid in the inter-dendritic region is less than the volume rate of shrinkage of the solid being formed. This means that when the afterfeeding is not adequate hot cracking will happen due to solidification shrinkage. In the Clyne-Davies analysis [220], the time during which processes related to crack production may take place is considered, and hot-cracking tendencies are believed to be a function of alloy composition. Katgerman [221] believed that these two models needed to be combined, and a new model was proposed, in which hot-cracking tendencies were treated as a function of casting speed, ingot diameter, and alloy composition. Calculation from Liu and Kou [222] showed that with the increase of back diffusion the crack susceptibility was reduced for Al-Cu, Al-Zn, Al-Mg and Al-Sn binary systems. Liu et al. [223] studied the solidification cracking susceptibility of quaternary aluminium alloys, and they found that back diffusion was very important and it can reduce the crack susceptibility significantly.



A criterion was proposed by Kou [224] in 2015. The model focused on three factors at the grain boundary between two neighbouring columnar grains, where solidification cracking occurs. The first factor was the lateral separation of grains induced by tension to cause cracking. The second was the lateral growth of grains toward each other to bond together to resist cracking. The third was the liquid feeding along the grain boundary to resist cracking. If the lateral separation is larger than the lateral growth and the liquid feeding is not enough to heal the gaps, then solidification cracking will happen.



Tirand et al. [225] proposed a hot cracking criterion for welding of aluminium. According to this hot cracking criterion, the probability of solidification cracking is proportional to the length of the secondary dendrite and welding speed and inversely proportional to the interdendritic space. The increased dendrite length and reduced interdendritic spacing will make the repair of cracks by refilling them with liquid metal more difficult. The same is true with welding speed/solidification speed. Therefore, higher welding speeds increase the probability of solidification cracking. Sheikhi et al. [226] reported that it is possible to avoid solidification cracking during pulse laser welding of AA2024 aluminium alloy by carefully controlling the pulse ramp down shape to reduce the thermal load and solidification rate. Ola and Doern [227] also found that when using a laser arc hybrid welding system, the cooling rate was reduced, and the resistance to intergranular cracking was improved during the welding of AA7075-T651 alloy.



The liquation cracking susceptibility of the partial melt zone (PMZ) can be affected by the extent of liquation, the grain structure, the hot ductility, the weld-metal contraction, and the degree of restraint [189]. The greater the extent of liquation, the more likely it is that liquation cracking can occur. The extent of liquation in the PMZ depends on the tendency of the material to liquate and the level of heat input. Liquation cracking is not expected to be of prime concern in laser welding of Al alloys because of the low heat input and small HA and PMZ. The tendency of an aluminium alloy to liquate increases with increasing freezing temperature range and fraction of liquid during freezing [185]. To avoid liquation cracking, the weld-metal composition should be such that the weld metal solidifies after the partially melted zone does [185]. The tendency to liquate can also increase with increasing grain boundary segregation in the workpiece material. The higher the heat input, the greater the liquation, and the more likely liquation cracking can occur. The heat input depends on the welding process and parameters and the workpiece thickness. A base metal with coarser grains is more susceptible to liquation cracking, because the PMZ becomes less ductile when the grain size increases. In addition, the coarser the grains, the smaller the grain-boundary area, and consequently, the impurities or low-melting segregates are more concentrated at the grain boundary. It has been suggested that an alloy that recovers its ductility easily during cooling tends to be more crack resistant. The more the weld metal contracts, the more likely the PMZ will crack. The more severely the workpiece is restrained, the more likely liquation cracking will occur [185].




4.2. Porosity


Joint porosity is not an issue for mechanical joining or solid state joining, because these processes are not sensitive to the gas content in the cast materials. However, to join cast materials with fusion welding processes, such as arc welding and laser welding, joint porosity is a challenge. For laser welding, because the laser beam can deliver high energy to quickly melt and then solidify the material in the fusion zone, the trapped gas will not have time to escape to the surface of the melt pool, and when the keyhole is disrupted by the explosively expanded air, the keyhole will become instable and collapse, and the generated cavities won’t be filled by the molten material before it is solidified. As a result, pores or cavities can be easily generated inside the laser welded joints. For electron beam welding, when a vacuum is used, because of the degassing effect of the vacuum, the porosity is better than that of laser welding. For arc welding, due to its much lower energy density, the welding speed is much lower, and the molten pool is much larger, which leaves more time for the trapped gas to escape to the surface and some cavities caused by the explosively expanded air will be refilled by the molten materials. Among all fusion welding processes, laser welding is the most sensitive one to the gas content in the cast materials for joint porosity.



There are at least two possible causes for porosity formation during fusion welding of aluminium castings. One is the absorption and subsequent entrapment of the ambient gases during welding, and the other is the existing gas content in the base material. For laser and electron beam keyhole welding, there is another cause: the entrapment of gas bubbles due to imperfect collapse of the keyhole. Keyhole stability is dependent on the vapour pressure inside the keyhole as well as the surface tension of the liquid. When the surface tension becomes greater than the vapour pressure, the keyhole collapses, resulting in voids inside the weld [228]. For keyhole laser welding of cast aluminium, when the casting is melted, the sudden expansion of the trapped air or nitrogen inside can also cause keyhole tip instability, which will influence joint quality, welding penetration depth and porosity. Keyhole-induced macro-porosity, which results from the collapse of the keyhole, is a major problem limiting the laser and laser-arc hybrid weldability of aluminium alloys.



Depending on the composition of the gases near the weld pool, the molten aluminium alloy in the weld pool may absorb different amounts of ambient gases such as oxygen, nitrogen, and hydrogen. In principle, these gases may be released during subsequent cooling because of their reduced solubility at lower temperatures [229]. Hydrogen has almost no solubility in solid aluminium, but hydrogen dissolves very rapidly in molten aluminium. Hydrogen’s solubility in pure aluminium at melting temperature is about 20 times that in the solid state, as shown in Figure 29 [229,230,231,232]. Hydrogen can be from the moisture in the air, in the materials or other components, from salts and other treatment agents, from surrounding gases, etc., and it has been one of the primary causes of porosity in aluminium welds. The solubility of hydrogen in liquid aluminium is an exponential function of temperature, so it increases rapidly with small rises in melt temperatures. During laser welding, the temperature of the weld pool is very high, and hence the hydrogen content dissolved in the pool is much higher than that in arc welding [233]. High temperatures of the weld pool allow a large amount of hydrogen to be dissolved, and as the molten aluminium solidifies, the solubility of hydrogen is greatly reduced. Hydrogen that exceeds the effective solubility limit forms gas porosity if it cannot get out of the melt pool before solidification. For all fusion welding processes, the weld porosity increases with the hydrogen content of the base material.



Research from Haboudou et al. [234] showed that there were two kinds of porosity in Nd:YAG laser welding of AA5083 and A356 alloys. One was micro porosities in the range of 50–200 µm caused by the low hydrogen solubility in aluminium. The hydrogen solubility in aluminium was significantly different between the liquid (0.65 mL/100 g) and solid alloy (0.034 mL/100 g). Therefore, hydrogen was rejected and formed porosity during the solidification due to the reduced solubility. The other was larger pores in the range of 300–600 µm that can be attributed to keyhole collapse/closure, shrinking, and process instabilities. During keyhole mode welding, as the keyhole moves forward, the liquid metal on the rear wall moves in to fill the space left by the moving of the front wall of the keyhole. If the keyhole wall is unstable, the metal may fail to fill the cavity smoothly behind the fast-moving laser beam. As a result, the metal vapours and gases are entrapped at the root of the weld [229,235]. Therefore, establishing a stable keyhole is very important for obtaining a good quality weld and the right process parameters should be chosen to avoid keyhole instability and improve porosity. It is found that increasing the average power (and hence power density) during laser welding could increase keyhole stability [236]. This may be related to the keyhole instability in the conduction/keyhole mode transition zone, and the increase of laser power can move the laser into the stable keyhole mode.



The pore formation is a complex physical and chemical phenomenon. Micropores appear in the interdendritic space, at the locations of inclusions, impurities, and alloying elements. During solidification, bubbles do not have time to leave the weld pool and turn into pores, so larger weld pool and slow cooling are beneficial for low porosity. For high intensity beam welding processes, such as laser welding and electron beam welding, it has been proven that reducing the welding speed can reduce the porosity [237]. For arc welding, Wiesner et al. [87] demonstrated that a lower welding speed was also effective in reducing porosity during welding of aluminium castings, and it could eliminate more gas pockets from the weld pool, which lowered the quantity of pores in the weld bead. When the pore size is small, it will remain spherical, due to the surface tension force. When the pores grow in the inter dendritic space, the shape of pores will noticeably differ from spherical due to the non-simultaneous solidification of the base metal and inclusions [238].



Pores formed during the welding of aluminium are a well-known problem. For wrought aluminium alloys, the pores are formed mainly due to the introduction of hydrogen from aluminium oxide layer, surface lubricant, surface contaminants, moisture, etc. For cast aluminium, apart from the above-mentioned sources, pores can also be generated due to the explosive expansion of air or nitrogen within the casting cavities when the cast material is melted. For pressure die cast alloys, the containing air is at high pressure, and it will disturb the melt pool and generate even more bubbles when the cast alloy is melted in the weld pool. The tolerable hydrogen gas content in welds may depend on a number of factors, including the welding process, alloy composition, local solidification time, thermal gradients, the structure of welds and inclusion concentration.



Hydrogen was found to be the main gas in the pores formed during the fusion welding of aluminium and other alloys. Kutsuna and Yan [239] studied the porosity formed during laser welding of different aluminium alloys. They found that around 90% of the gas in the porosity was hydrogen in the welds of AA3003, AA6061, AA5052, and A6N01, and the rest was nitrogen when the welding was in conduction mode with the following parameters: laser power: 1.7 kW; welding speed: 5 mm/s; shielding gas: He 10 L/min. They also found that there was around 4% of He in the porosity of AA5083 and AA5182 welds. Kutsuna and Yan [233] also found that when aluminium alloys were laser welded in keyhole mode the hydrogen content in the porosity could be still between 60%–80%, but there was higher nitrogen content.



Removing the aluminium oxide layer can improve the joint quality of fusion welded aluminium alloys. Aluminium oxide melts at about 2050 °C which is much higher than the melting point of aluminium alloys. If the oxide is not removed or displaced, it will result in incomplete fusion. Aluminium is a very reactive metal with a high affinity for oxygen, so when it is exposed to air it will instantaneously form a thin oxide. To avoid the formation of a thick aluminium oxide layer, the welding should be conducted as soon as possible after oxide removing.



To a certain degree, cleaning the surface of aluminium can reduce the influence of aluminium oxide layer, surface lubricant, surface contaminants, and moisture on the porosity of welded joints. Laser surface cleaning was found to be very efficient in reducing porosity during laser welding of aluminium alloys [240]. Haboudou et al. [234] studied the influence of surface cleaning on the porosity of laser welded A356. They found that by using laser surface cleaning, the hydrogen content of A356 can be lowered and the porosity can be greatly reduced, as shown in Figure 30. Matsunawa et al. [241] reported that the hydrogen-induced porosity in laser welding of aluminium alloys can be reduced by surface cleaning. Their results showed that the hydrogen content in the base metal of the AA5052 aluminium alloy was reduced from 10.4% to 3.6% by wire brushing the metal surface. AlShaer et al. [242] studied laser welding of AC-170, and they found that the nanosecond pulsed Nd:YAG laser cleaning significantly reduced the porosity in the weld fusion zones.



Sr has been frequently used to refine the grain structures of aluminium castings. Many people believed that, with Sr modification, the amount of porosity and size of pores increased in the casting [37,243,244]. However, Dinnis et al. [245] demonstrated that the influence of Sr on porosity was related to the volume fraction of eutectic phases. Their results showed that no clear differences in the amount, distribution, and morphology of porosity were observed between Sr-free and Sr-containing alloys when they had no or very small eutectic volume fractions, but Sr modification significantly changed the amount, distribution, and morphology of porosity in alloys with a significant volume fraction of eutectic.



The porosity in fusion welding of aluminium alloys is also influenced by the content of low-melting elements, such as Mg. Kuo and Lin [246] found that due to Mg evaporation during laser welding, the porosity formed in AA5754 (2.9 wt.% Mg) joints was much higher than that in AA6022 (0.61 wt.% Mg) joints. Punkari et al. [247] studied the weldability of 1.6 mm thick AA1100, AA5754 (3.2 wt.% Mg), and AA5182 (4.6 wt.% Mg) alloy sheets through tandem dual beam laser welding. They found that the higher content of Mg in AA5754 and AA5182 greatly reduced their weldability when compared with AA1100. They believed that Mg additions created higher vaporisation rates and pressures in the keyhole that led to keyhole instabilities, porosity, and rough underbead surfaces.



In order to reduce or eliminate the pores and increase the joint quality, different investigations have been carried out on beam welding of wrought and cast aluminium. It was found that the following methods can reduce the porosity: the laser-hybrid process [113,117], laser welding with dual beams [91,207], electron beam welding under the application of multi-beam technology, electron beam welding with beam oscillation [248,249,250], laser beam welding with reduced ambient pressure [101,251], and laser beam welding with beam oscillation [7,252,253,254]. However, residual porosity remains at different scales depending on the procedure. Haboudou et al. [234] presented that when using dual laser beams with a distance between the spots of 0.45 mm, the porosity of welded A356 was reduced from 8% to 0.5% compared with single beam welding. The coaxial camera images revealed that keyhole collapse did not happen for dual laser beam welding, and the keyhole stability was improved. Pastor et al. [255,256] revealed that at certain welding speeds, the welding would be in the keyhole-to-conduction transition regime, which would lead to keyhole instability and macro-porosity. In the meantime, certain defocusing positions would also cause keyhole instability and macro-porosity. To reduce the porosity caused by keyhole collapse, the selection of the right welding speed and defocusing position is important.



An innovative approach to reducing porosity is to influence the weld pool by using an electromagnetic field. When an AC magnet is put above the weld pool, due to the change in magnet field, an eddy current is induced in the melt pool. In a molten aluminium pool where gas bubbles exist, due to the difference in electrical conductivities between gases and molten aluminium, Lorentz forces will be generated via an oscillating magnetic field to push the electrically well conductive aluminium melt away from the magnet down to the bottom of the melt pool, and in the meantime, an Archimedes buoyancy force will act in the lower electrically conductive gas bubbles to lift them to the surface of the melt pool [96,257]. Gravity is also trying to push the molten aluminium down. Based on this mechanism, an electromagnetic system has been used to displace the included gases to the top during a laser beam welding process. Schneider et al. [257] studied the influence of an oscillating magnetic field on laser welding of 6 mm thick AlMg3 plates with a Nd:YAG rod laser, and their results showed that the oscillating magnetic field can reduce the weld pores by up to 80% and reduce the weld surface roughness by around 50%. Fritzsche et al. [96] studied the influence of electromagnetic fields on porosity reduction in partial penetration laser beam welding of 6 mm thick aluminium die casting AlSi9MnMg. Their results showed that a magnetic field can reduce the weld pores by up to 76% and the weld surface roughness by around 75%.



It is not possible to obtain good weld quality by changing the welding parameters alone. Low gas content in aluminium castings is very important for good weld quality. The gas content of a cast material is related to the casting process. For some casting processes, such as high-quality vacuum pressure die casting and semi-solid metal casting, the gas content inside the cast is low; however, for some other casting processes, such as sand casting and conventional pressure die casting, the gas content is very high. With the aim of reducing the gas content in the aluminium alloy pressure die cast parts, it was necessary to improve the casting procedure, for example by using suitable degassing agents and by evacuating the shrinkage cavity. Normal hydrogen levels in molten Al vary from approximately 0.10 to 0.40 mL/100 g [258]. High-quality permanent mold automotive castings, e.g., wheels, pistons, and master cylinders, require a gas content of no more than 0.07 to 0.1 mL/100 g. Lower gas contents, less than 0.06 mL/100 g, are required in aerospace quality or investment mold castings [259]. Figure 31 shows the influence of die casting processes on the gas content in the cast aluminium and the gas porosity in laser welded joints [88]. It can be seen that the gas content for high-quality vacuum pressure die casting is the least and that for conventional pressure die casting without forced gas evacuation is the most. We can also see that when the cast material has less gas content, the laser-welded joints will have less porosity. Govender et al. [102] and Akhter et al. [94] from CSIR used TIG welding and laser welding to join semi-solid metal (SSM) cast aluminium, and their results showed that due to the very low gas content in the cast material, there was no or little problem of joint porosity. Research from Wiesner et al. [87] also showed that when welding two different types of aluminium casting, AlSi9Mg (Silafont 36) and AlMg5Si2Mn (Magsimal 59), with different gas content by MIG, the casting with less gas content had less porosity, as shown in Figure 32.



Porosity formed during welding of materials can result in loss of mechanical strength and creep, fatigue, and corrosion failures [260,261]. Reducing the porosity in the base metal of aluminium castings can increase their weldability by fusion welding and increase weld strength. Govender et al. [102] showed that due to the low porosity levels in semi-solid metal (SSM) high pressure die castings (HPDC), the weldability of SSM HPDCs could be much improved compared to conventional HPDCs.



The influence of porosity on the mechanical properties of aluminium welds has been studied by different authors [93,262,263,264]. Porosity is not significantly affecting the elastic properties of the material but is definitely affecting the plastic behaviour of the material [263]. Porosity only slightly reduces the yield strength of aluminium welds. Many authors demonstrated that porosity had a large detrimental effect on ultimate tensile strength (UTS) and fatigue strength [93,262,263,264]. The study of Shore and MacCauley [263] showed that when AA7039 material was MIG welded using AA5039 alloy wires, the tensile strength declined linearly with increasing porosity area fraction at the weld bead zone. Rudy and Rupert [262] also found that when TIG welding AA2014-T6 and AA2219-T87, the tensile strength and fatigue strength were reduced linearly with the loss of sound metal weld area (porosity area). They also found that the influence of porosity on the longitudinal tensile strength (loading direction is parallel with the welding direction) was less detrimental than that on the transverse tensile strength (loading direction is vertical to the welding direction). When Ashton et al. [264] welded the AA5086 material using 5356 alloy wire by MIG welding, they found that the tensile strength started to reduce linearly with the increase in porosity area fraction when the porosity area fraction was more than 1%. However, when Tsushima et al. [93] used Nd:YAG laser welding to weld Al–Si–Mg–Mn group alloy die castings, they found that the static tensile strength of laser weld metal hardly declined until the porosity area fraction reached approximately 8% and the dynamic tensile strength hardly declined until the porosity area fraction reached approximately 10%; however, for values greater than this, the tensile strength declined linearly with increasing weld bead porosity. They believe that the reason why the porosity area fraction at which the tensile strength started to decline in this study was greater than that in previous studies was because the effects of plastic restraint resulting from the difference between the weld bead strength and the HAZ strength became significant.





5. Summary and Outlook


Due to the requirements of lightweighting and manufacturing process simplification in the automotive industry, more and more aluminium castings are used in automotive structures. However, due to their natural features, such as porosity, poor surface quality, a tendency toward hot cracking, and low ductility, the joining of these materials is a challenge.



There are many different casting processes for cast aluminium, such as sand casting, shell mould casting, pressure die casting, lost foam casting, permanent mould casting, investment casting, centrifugal casting, squeezing casting, semi-solid casting, continuous casting, etc. The aluminium castings from different casting processes have different gas content, surface finish, and mechanical properties, which will give them different joinability by fusion welding and mechanical joining, so to achieve a good joint of cast aluminium, selecting the right casting process to make the cast parts is equally important as choosing the right joining method and the right joining process parameters.



Different grades of aluminium castings have different mechanical properties, different cracking susceptibility, and different joint porosity issues. As a result, they will have different joinability. Among the high-strength aluminium alloys, Al-Si alloys are less sensitive to solidification cracking, and Al-Cu, Al-Mg, Al-Mg-Si, Al-Zn-Mg, etc., are more sensitive to solidification cracking during welding. In general, a high solidification/freezing range will cause high susceptibility to hot cracking, and a high fraction of eutectic phase in the microstructure and a eutectic phase with sufficient wettability will result in a decreasing susceptibility to hot cracking. Even with the same grade of castings, when they are made by different casting processes, their gas content and joinability will be different. Castings made by high-quality HPDC, squeeze casting, and SSM casting will have a much lower gas content.



There are many joining technologies that can be used to join aluminium castings, such as friction stir welding, laser welding, arc welding, electron beam welding, laser arc hybrid welding, self-piercing riveting, clinching, flow drill screw, etc.



Friction stir welding (FSW) is proven suitable for welding aluminium castings because it is a solid-state welding process and is less sensitive than other welding techniques as to the gas content of the aluminium cast parts. However, FSW is only suitable for parts with simple welding lines, such as linear or circular; parts must be clamped rigidly, and a backing plate will be required for parts that are not stiff enough. Generally speaking, the aluminium castings for fusion welding need to have a low gas content, and in particular, a low hydrogen content. The air pockets and hydrogen contents in cast aluminium parts will cause porosity in the weld bead. Due to the large weld pool and slower welding speed, arc welding processes are less sensitive to gas content, and in this case, the parameters for degassing are very important. Electron beam welding is the least sensitive fusion welding process to gas content due to the degassing effect of vacuum, but the size of the parts that can be welded can be limited. Due to the outgassing, high heating and cooling rates, and complex weld fluid flow, laser welding is the most sensitive to gas content, and for this reason, aluminium castings for laser welding need to have a very low gas content to avoid a high porosity in the welded joints. Hybrid welding, with a combination of laser beam welding and TIG or MIG welding, can be beneficial to the welding of aluminium castings. Some innovative process variants, such as electron beam welding, using a multiple-process technique or hybrid laser welding can configure the molten baths to encourage degassing and minimise the undesired formation of inhomogeneous pores in the joint area. With these processes, it is promising to achieve joints with low porosity.



Mechanical joining methods, such as SPR and clinching, are not as sensitive to gas content as fusion welding processes, but the aluminium castings need to be ductile enough to not generate severe cracks during the joining process. Sometimes, heat treatment of the aluminium castings to make them more ductile is essential. In the meantime, process optimisation can be used to reduce the number and severity of the cracks generated.



As to fusion welding and friction stir welding of aluminium castings, if the casting is suitable for heat treatment, then heat treatment after welding or a combination of pre- and post-welding heat treatments will be more efficient in improving joint mechanical properties than heat treatment before welding. The welding process can cancel out the effect of heat treatment if it is done before welding. For mechanical joining processes such as SPR and clinching, because sufficient ductility is required from the aluminium castings to avoid severe cracking, heat treatments to improve ductility will need to be conducted before the joining.



Hot cracking susceptibility is dependent on a number of factors, such as alloying content, grain structures, solidification rate, constrains, etc. Different methods can be used to reduce hot cracking during fusion welding, such as using proper filler wires, adding grain refining elements, reducing welding speed, methods to reduce residual stress, methods to reduce solidification rate, etc. To diminish the probability of this type of cracking, excess material restraint should be avoided. For crack-sensitive alloys, careful selection and control of process parameters, together with the use of an appropriate filler wire, are essential for successful welding. When welding aluminium alloys, it is desirable to have a weld-metal composition that is away from the peak of the crack sensitivity curve. Dual beam laser welding, electron beam welding, and laser arc hybrid welding are beneficial for reducing solidification cracks.



Porosity formed during welding of materials can result in loss of mechanical strength, creep, fatigue, and corrosion failures. There are three potential causes for porosity formation during fusion welding of aluminium castings. One is the absorption and subsequent entrapment of the ambient gases during welding; the other is the existing gas content in the base material; and the third is the entrapment of gas bubbles due to the imperfect collapse of the keyhole during keyhole welding. Hydrogen is the main contributor to porosity and the main gas content in the pores, due to the significantly different solubility of hydrogen in liquid and solid aluminium. The sources of hydrogen include aluminium oxide layer, surface lubricant, surface contaminants, moisture, etc. Cleaning the surface of parts before welding can reduce the source of hydrogen and the resulting porosity. Optimising the welding parameters can reduce the joint porosity of aluminium castings, but the most efficient way is to improve the casting process to reduce the gas content of cast parts. It is found that the following methods can reduce the welding porosity of aluminium casting: laser arc hybrid welding, dual beam laser welding, electron beam welding, beam oscillation, electromagnetic field degassing, etc. Increasing the size of the weld pool and reducing the solidification rate will give more time for the gas bubbles to move out of the weld pool, which is beneficial for reducing weld porosity. It needs to be careful when using Sr to refine the grain structures of aluminium castings. It had been reported that, for certain compositions of aluminium castings, adding Sr could increase the porosity.



With the increased number of applications of aluminium castings in the automotive sector, it is believed that more research will be conducted on the joining of aluminium castings, both to themselves and to other materials, to improve cracking and porosity issues. In the meantime, new joining technologies will be developed, and current joining processes will be upgraded with automation, process monitoring, and new technologies to improve joint quality and make these joining methods more efficient, reliable, and cost-effective. Furthermore, more digital technologies, such as machine learning and artificial intelligence, will be applied to the joining technologies to predict and optimize process parameters, improve process efficiency and joint quality, and assist process modelling.
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Figure 2. Friction stir welding, (a) a schematic diagram of friction stir welding [43], (b) shoulder shape and end face features [43], (c) different probe designs [43], and (d) a typical macrograph showing various microstructural zones [42]. Reproduced with permission from [42], Elsevier, 2005. Reproduced with permission from [43], Taylor and Francis, 2012. 
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Figure 3. Hardness profiles of FSWed aluminium alloys (a) AA5083 and (b) AA7075-T6. Reproduced with permission from [49], Taylor and Francis, 2009. 
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Figure 4. Range of optimum FSW conditions for different axial forces for 4 mm thick ADC12 Al–Si casting alloy welded with 15 mm diameter shoulder and 5 mm diameter and 3.9 mm long threaded pin. Reproduced with permission from [62], Elsevier, 2006. 
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Figure 5. The joint strength in (a) transverse, and (b) longitudinal directions with various welding speeds. Reproduced with permission from [66], Elsevier, 2003. 
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Figure 6. Schematic diagram of a remote laser welding system (source: Orion Automation, accessed on 1 October 2022). (https://www.industrysearch.com.au/panasonic-robot-welding-systems-robot-laser-welding/p/149654). 
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Figure 7. The three modes of laser welding (accessed 20 April 2023). Reproduced with permission from [76], AMADA WELD TECH Inc., 2016. 
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Figure 8. Relative absorption of different materials to different lasers (source: Akela Laser, accessed on 1 October 2022) [77]. 
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Figure 9. 3D reconstructed transparent images of porosity distribution in all the aluminum alloy samples welded at various ambient pressures. Reproduced with permission from [97], Elsevier, 2020. 
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Figure 10. Micro-hardness of SSM A356 across the weld for as cast, pre HT and post HT samples, FZ (fusion zone), HAZ (heat affected zone) and BM (base metal). Reproduced with permission from [95], Elsevier, 2007. 
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Figure 11. Yield strength (YS), ultimate tensile strength (UTS) and elongation of unwelded and welded samples in as cast, pre-HT and post-HT conditions. Reproduced with permission from [95], Elsevier, 2007. 
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Figure 12. Schematic diagram of an arc welding system. 
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Figure 13. Influence of filler wires on the mechanical properties, (a) microhardness at pulse frequency of 5 Hz, (b) impact energy. Reproduced with permission from [109], Elsevier, 2015. 
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Figure 14. Schematic diagram of laser arc hybrid welding (source: Lincoln Electric) and the weld bead patterns for MIG/MAG welding, laser welding and hybrid welding. Reproduced with permission from [114], Elsevier, 2018. 
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Figure 15. Cross-section of a laser–TIG weld bead on a 4 mm thick AlSi11Mg plate. Reproduced with permission from [87], Taylor and Francis, 2005. 
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Figure 16. Electron beam welding, (a) Principle of electron beam welding (source: Keyence) [118], (b) Schematic diagram of electron beam welding, D, penetration depth, d, beam focal diameter and v, weld velocity, and (c) Different weld penetration and welding width with different parameters, (i) acceleration voltage 150 kV, focal distance 350 mm, (ii) acceleration voltage 60 kV, focal distance 350 mm, (iii) acceleration voltage 150 kV, focal distance 1200 mm, and (iv) acceleration voltage 60 kV, focal distance 1200 mm, reproduced from [123]. 
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Figure 17. Influence of ambient pressure on beam focus. Reproduced from [115]. 
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Figure 18. Schematic diagram of SPR. Reproduced from [127]. 
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Figure 20. Macrograph of clinching tools: (a) round split; (b) round grooved; (c) round flat; and (d) rectangular. Reproduced with permission from [148], Elsevier, 2016. 
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Figure 21. Cross sections of clinched joints with AlSi10Mg at the die side in, (a) as-cast and (b) T6 condition. Reproduced from [154]. 
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Figure 22. SPR joint buttons, (a), A380, (b), W3 as casted, (c), AA6061, (d), W3, 250 °C heat treated, (e), W3, 350 °C heat treated, (f), W3, 400 °C heat treated. Modified from [150] with permission from Springer Nature, 2020. 
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Figure 23. The lap shear strength comparison of SPR joints for the dies with different depths at various heat treatment conditions. Reproduced with permission from [150], Springer Nature, 2020. 
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Figure 24. Joint buttons (a,c) and cross-sections (b,d) of a wrought and casting aluminium stack SPR joint: 1.5 mm AA5754 + 2.5 mm AA5754 + 3 mm Magsimal-59 with severe cracks (a,b) and mild cracks (c,d). 






Figure 24. Joint buttons (a,c) and cross-sections (b,d) of a wrought and casting aluminium stack SPR joint: 1.5 mm AA5754 + 2.5 mm AA5754 + 3 mm Magsimal-59 with severe cracks (a,b) and mild cracks (c,d).



[image: Coatings 13 00958 g024]







[image: Coatings 13 00958 g025 550] 





Figure 25. Schematic diagram of flow drill screw process (source: EJOT, accessed on 20 April 2023). (https://www.ejot.co.uk/Industrial-Fasteners/Applications/General-Fabrications/Castings/FDS%C2%AE/p/VBT_FDS). 
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Figure 26. (a) Circular patch test for solidification cracking and schematic diagram of materials around a weld pool; Macrographs showing: (b) solidification cracking; (c) liquation cracking; Micrographs showing: (d) solidification cracking; (e) liquation cracking. Modified from [185] with permission from Springer Nature, 2003. 
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Figure 27. Hot crack sensitivity of aluminium alloys dependent on Si- and Mg-content. Reproduced with permission from [90], Elsevier, 2017. 
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Figure 28. Cracking susceptibility of different Al-Cu cast alloys as a function of laser scanning speed [200]. Copyright CC-BY, 2003. 
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Figure 29. Calculated hydrogen solubility in aluminium. Reproduced with permission from [229], Taylor and Francis, 1999. 
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Figure 30. X-ray inspections followed by image analysis of laser-welded beads show the influence of surface preparation in A356. Reproduced with permission from [234], Elsevier, 2003. 
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Figure 31. Influence of die casting processes on the gas content in the cast aluminium and the gas porosity in laser welded joints. Reproduced with permission from [88], EAA, 2015. 
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Figure 32. Porosity in MIG weld beads of two different pressure die-cast plates (2 mm thick). On the left, AlSi9Mg (Silafont 36), and on the right, AlMg5Si2Mn (Magsimal 59). The gas contents are indicated as a percentage. Reproduced with permission from [87], Taylor and Francis, 2005. 
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Table 2. Comparison of arc, laser and hybrid welding processes. Reproduced with permission from [113], Taylor and Francis, 2009.
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	Arc Welding
	Laser Welding
	Hybrid Welding





	Gap Bridging
	Wide fusion zone

Use of filler metal

Good gap bridging
	Narrow fusion zone

Poor gap bridging
	Wide fusion zone

Good gap bridging



	Residual Stress and Distortion
	High heat input per unit length

High residual stress and distortion
	Low heat input per unit length

Low residual stress and distortion
	Low heat input per unit length

Low residual stress and distortion



	Productivity
	Low welding speed

Low productivity
	High welding speed

High productivity
	Relatively high welding speed

Low productivity



	Cracking Propensity
	High propensity for solidification cracking
	Formation of brittle phases

Increased propensity for cracking
	Reduced amounts of residual stress

Low propensity for cracking



	Cooling Rate
	Low cooling rate

Prevents brittle phase formation
	High cooling rates

Relatively high amounts of porosity
	Relatively low cooling rate

Reduced amounts of porosity



	Weld Penetration
	Relatively shallow fusion zone

Reduced penetration

Multipass welding
	High energy density

Deep weld pool

Single pass welding of thick sections
	Relatively deep weld pool

Single pass welding of thick sections



	Arc Stability
	Reduced arc stability at higher welding speeds leads to humping
	Keyhole stability
	Interaction between laser and arc stabilises the arc
















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file56.jpg
®

Blecs inner piece
PIeC® (cleuiaF paich)

(©)

weld ’%&"Q
<

& ®

gap”

(©)

cracking

‘/}nagnined

partially melted zone (s
melted grains re-soliqitied)

partially melted
grains

rially





media/file4.png





media/file8.jpg
LTSS

7 2
7
7.

Punch retracting

Punching Interlock forming

Clamping





media/file64.jpg
wt% H

10°

10°

10*

10°

10° k=

107

5

P, =0.6 atm

Py, =0.2 atm

; ;
00 1000 1500
Temperature, K





media/file48.jpg





media/file27.png
Hardness, Hv

| 60
—e— As Cast —a— Pre HT —— Post HT

0

‘L--L “.hl.-‘h ".-I.-l ¥ A ‘
3V, s A AL
100 | =

1, .
AT

80 - h
I

60

FZ

| HAZ ‘ BM T6

BM T6 HAZ

40

20

] ) )

0 3 6 9 12
Position (mm)

-





media/file43.png
Blank holder

,,.-—‘%p o G S
_—+-Punch
\\Rivet 1

:

e 'y—
®

Clamping Piercing Flaring Releasing






media/file12.jpg
® @ w0 w0 » 9w
P ek L .






media/file14.jpg
Rotation speed (rpm)

2000

1750

1500

1250

1000

750

500

250

FSW, ADC12, 4mm thickness, Stir-in-plate

R T T T T

| & Boundary of sound joi|
] Abnormal 6.9KkN

| 2 Nstirring san |_|
. D
@, - - 118kN|
7

2 — 14.2kN|
= !

Insufficient heat input

250 500 750 1000 1250 1500

Welding speed (mm/min)





media/file35.png
Hybrid Laser GMAW Welding Process
(Laser Leading Arc)

Direction of Travel





media/file20.jpg
Conduction welding Transition “keyhole” Penetration / “keyhole™
welding welding

VARRY,

WY/






media/file53.png
e .
.






media/file5.png





media/file19.png
Optical fiber Laser source

Laser scanning head Chiller Teaching pendant

- |

X Safety &
Manipulator == ¢ communication
interface | ; interface

—-______:-__,





media/file58.jpg
related sensitivy —=—

3 & 5§ 8 7 5 % 10
alloy content in weight -% ——e=—

A/ AMgSi (6xxx)
¥&( AlMg (5xxx]
3 Alsi-cast





media/file45.png
c¢) Round Flat d) Rectangulai* Shear S mm.





media/file6.png





media/file62.png
acking Susceptibility (1/mm)

Ci

0.01

(a). Al - 0.5 wi% Cu

0.008

0.006

O 1200 W
< 1300 W
M 1400 W

10
Laser Scanning Speed (mn/s)

I.Ill!
100

Cracking Susceptibility (1/mm)

0.04

0.03

0.02

0.01

(b). Al - 1 wt% Cu

O 1200 W
<1300 W
M 1400 W

Laser Scanning Speed (mm/s)





media/file54.jpg





nav.xhtml


  coatings-13-00958


  
    		
      coatings-13-00958
    


  




  





media/file71.png





media/file70.jpg





media/file11.png
Shoulder outer surface

Downward force IE'

Shoulder eml surface

Tool rotation

P
i
Cylindrical Conical Flat Concave Convex
Shoulder e
Py
Pin End surface /'\
feature'? e Feaimed
Serolls Ridges Enurling  Grooves  Concentric circles
Cvlindrical -
-
outer -
surface ' ~ =
Smwoth Fluted C \Imd-:: with Mats Threaded rlm shed and Muted o linder Threaded and Mat ¢y hinder
o linder e hinder

olinder

End R

surface Vi

Circle Threesided  Four saded ‘ . {Jmllqmn Hexagonal Circle
gular

Trangle Square or

Threesided  Four sided

PO oot e
Tapered | "
outer
——
shape -
Smooth Flued Taper with s Threaded Threaded and fluted

il B

4 7 3 ) /r -
@
@ E:ll;::qmn Hexagonal Circle 1:;::‘;‘ :.c...;:]

Trnangle b'qmm o
paralkclogram

End O
surface

Circle  Threesided  Four sided

AOOO O @ ¥ 0 AR

.

o

Triangle SAUACOr Quingquan  Hexagonal

parallclogr gular
Jam

Threaded and Mat
_A_

ABG®O

Triangle SAUATCOr Quinquang Hexagonal

parallclogr ylar

Advancing





media/file67.png
X-ray inspections % porosity
- L * » . ® '@ ® @ e e
B RN O v e
SiC gr 800 8.5 mm 10
pOllShEd .t 8 Sadt =& am *s . ® .0 O @
Sand-blasted 15
.. & 8 & &
Laser 9
cleaned ab Boo «c e S 4@ ats SV B * & * @






media/file41.png





media/file2.png
Reinforcement Side Member

Tank Cover Frame

Transmission Housing

(ylinder Heads =
Cargé Floor
Reinforcement
Engine Block

” I'ﬁ ., Frame Rail

Shock Tower





media/file37.png





media/file66.jpg
As degreased

SIC gr 800
polished

Sand-blasted

Laser
cleaned

x-ray inspections.

% porosity

16

10

15






media/file46.jpg
punchside:  HCTS90X (1.5 mm) punch side:  HCTS90X (1.5 mm)
die side: AISi10Mg: (2.0 mm) AISi10Mg-T6 (2.0 mm)

macro cracks





media/file10.jpg
Retreating Advancing






media/file40.jpg
500 torr 250 torr





media/file1.jpg





media/file16.jpg
Tensile strength (MPa)
8 8 8

st e

I e——

s B orbase me

vs.
)

Wekting speed (nmmi)

Welding speed (memimin)






media/file22.jpg
Absorption Fiber laser

v
0.30

co,
0.25 laser
02 Mlld steel

0.15
0.10
0.05
0.00

Stalnless steel

01 02 03 05 1 2 4 6 810 20
Wavelength A (pm)





media/file69.png
High-Q-Cast®

Conventional vacuum
pressure die-casting

Pressure die-casting without
forced evacuation

Residual gas content in the
cast component (qualitative)

H. [l H.0

CH: co. HHN.






media/file55.png





media/file25.png
0.150

Volume (mm?3)
101 kPa I

50 kPa I 10 kPa I






media/file52.jpg





media/file26.jpg
Hardness, Hv

160

—+— As Cast

——Pre HT

—+—PostHT

140
120
100

Mty

801

60
40

BM T6

HAZ

FZ

HAZ

BM T6

20

6

9

Position (mm)

12

15





media/file65.png
wt% H

10°

F
1U$§?
107 ;_ P,,, = 1.0 atm
- P, = 0.6 atm
10° =
= P, =0.2atm
10°
107
10°® L o v v by

500 1000 1500
Temperature, K





media/file57.png
()

hole
O%gce:é nner piece
* (c;rcu atp patch)
gap~ '

'hquaUOn
cracking

wagniﬁed

partially melted zone (Partlally
melted grains re-solidifi

fusion j

magnified boundary ﬂ\

% 9,’4

partially melted mushy 3
grains zone <






media/file34.jpg
MIG/MAG

‘Hybrid Laser GMAW Welding Process
QLaser Leading Ar)
FocsedLaserBeam

Gas e

 Torch

Keyhole LASER
Inert Shielding Gas.
Work- Electric Arc.
g Molten Pool

HYBRID

<t
Direction of Travel





media/file60.jpg
). AL 05 wi Cu GLAI- 1 wi% Cu

oo . 00
T
N Staw [
Zoo miow | o
H £ oo
HE £ omy
g g
2 oon £ om
£ } ¢
Som £ oo
I — - - o
0 b o i I o

LcrScamin Sy () LaserScsaiog Specd ()





media/file13.png
Vickers Hardness, HVZ2.5

~—5083-0
90 & 5083-H321
85
80
75
70
65 Il 2 Il 5 . 1 5 [l i & 3 2 | g 2 g 5 i
-30 -20 -10 0 10 20

Distance from weld centreline, mm

Vickers Hardness. HV2.5

180

140
120

100 |

—&— as welded

—&— b days

-30

20  -10 0 10 20
Distance from weld centre line, mm

30

40





media/file31.png
.

Gas cylinder

g
=
T =

.-"II

L IIl"\-.-

o

A
A

o

&

|

Wire feeding system

Power source Welding torch

Work return |
clamp |'|I |
|

Cooling system
Work piece





media/file39.png
Cathode

(filament) \

Grid \\

Anode \\“:l
Convergence coil \J @_

N\

High-voltage
power supply

Vacuum
chamber

(weld chamber)

-
Loo-

_— Deflecting coil

Electron
beam

Base

material

— =

Air exhaust






media/file18.jpg
Opical fiber Lasersource

Laserscanning head Chiller Teaching pendant






media/file9.png
5SS 7//
7 \
et f/

Interlock forming Punch retracting

Punching

Clamping





media/file42.jpg
Blank holder

-
.. |
A A
yRtiais ‘
¢ M
Clamping Piercing Flaring Releasing





media/file23.png
Absorptmn Fiber laser
0 30 Direct-diode laser, N /// .

CO,
0.25 Cu laser
e Mild steel

0.15¢
0.10}

0.05
0.00

L |

1

Stainless steel

0.1

0.2 0.3 0.5

1

2 4 6 810 20
Wavelength A (pm)





media/file50.jpg
8000 -

1.8 mm|
7000 [J2.0mm|
2.2mm

5000 -

Maximum Load (N)
g 8
g 8
rarT

2000 |

1000 -

AC 200HT 250HT 300HT 350HT 400HT





media/file36.jpg





media/file15.png
Rotation speed (rpm)

FSW, ADC12, 4mm thickness, Stir-in-plate

2000 = | | | | |
>
1750 __E' T Boundary of sound joint|
@ o Abnormal | sw=seseee G.0kN
D tirrin
ry N 9 -+ =+ 93kN
1500 Y -
@ - = = 11.8kN
1250 —E 14.2kN| —
1000 — —
750 — _

Insufficient heat input
500

250

| | | | |
0 250 500 750 1000 1250 1500

Welding speed (mm/min)





media/file28.jpg
400

300

200

YS & UTS (MPa)

100

40

B YS BUTS 0% Elongation|

30

©
8

wonesuolq 9,

s

+ o

Ascast  Ascast,welded  Te

Té+ welded As cast welded+T6





media/file49.png





media/file32.jpg
Vickers Fardness (HV)

7

G

T3 4
Pulse frequency/Hz






media/file59.png
related sensitivy ——=—

N | 747 AIMgSi (6xxx)
¢  AIMg(5xxx)

| 3 AlSi-cast

B & ¢ |8 Bl 10
alloy content in weight -%






media/file24.jpg





media/file29.png
YS & UTS (MPa)

400

@YS BUTS O% Elongation

40

- 30

300

100

As cast

1
[-J
-

1
-

| B D

As cast, welded T6

Té6+ welded As cast welded+T6

UOIBSUO[ 94,





media/file63.png
Cracking Susceptibility (1/mm)

0.1

0.08

0.06

0.04'F

0.02

(¢). Al - 2 wt% Cu

1 L1 1 v aaal 1 PR T T B O

1

1 10
Laser Scanning Speed (mm/s)

100

Cracking Susceptibility (1/mm)

0.03

0.025

0.02

(d). Al - 3 wt% Cu

O 1200 W
<1300 W
M 1400 W

llll- 1 1 l.llll

10
Laser Scanning Speed (mm/s)

100





media/file7.png
Pt





media/file33.png
Vickers hardness (HV)

a N
i)[}qJ Weld zone PMZ: HAZ ' Base metal
Lo +» — ER5356
80 B 18 — ER4047
704 : vx— ERT100
60T

- EE R R EER R Ew W
L L L T T

'l i

0 2 4

&

o

Distance from weld pool center/mm

Impact energy/)

s — ER4047
+ — ER4043
« — ERI1100
» — ERS5356

2 3 4 5
Pulse frequency/Hz






media/file68.jpg
High-Q-Cast*

Conventional vacuum
pressure die-casting

Pressure die-casting without
forced evacuation

Residual gas conte

cast component (qualitative)

v o

CH co. N






media/file44.jpg
»ﬂs. b) Round Grooved " et

c) Round Flat 5 mm |} d) Rectangula®Shear Simm,





media/file47.png
punch side: HCTS590X {1.5 mm) punch side: HCT590X (1.5 mm)
die side: AlSiI1I0Mg-F (2.0 mm) die side: AlISi1OMg-T6 {2.0 mm)

macro cracks






media/file38.jpg
Cathode

e High-oltage

(flament) i power supply
crid
Anode

comepreec NI

|
0 L oefiecting coi
=

Electron
Vacuun | beam
chamber |

(weld chamber)

[l

=

Air exhaust






media/file61.jpg
(A1 2w Cu 003 (@)A1 3w Cu
o] 5o
[Shmw || v
mow |20 LW

R
Tons
]
% om
S oo0s
o - B
w s » )

e Bossntag A il

Lascr Scanning Spocd (mans)





media/file0.png





media/file17.png
Tensile strength (MPa)

200

180 -

[ U.T.S
160 |- ._E
140 ./ (146MPa) U.T.S. of base metal
120 |

r
100 |
80 |- (70 MPa) Y.S. of base metal

... @ 9 . Y
60 |- Y.S.
40 |- (a)

1 1 L L L L | P : L : i i L L P | L i
100 150 200 250

Welding speed (mm/min)

Tensile strength (MPa)

200
' .
180 |- .“‘E. o
i U.T.S
160 |
qap [T e
(146MPa) U.T.S. of base metal
120 |
100
o—®— .
80 | (70 MPa) Y.S. of base metal
60 |- Y.S.
40 |- (b)
1 i I L L " L J L i i " 1 i 1
100 150 200 250

Welding speed (mm/min)






media/file30.jpg
Gas cylinder

i
i

T

B3

ll

Wire feeding system

Power source Welding torch

Work return |
damp f |

Cooling system






media/file51.png
Maximum Load (N)

8000 -

- | ]1.8 mm

7000 - —
[ ]2.2mm

6000 -

5000 -

4000 -

3000 -

2000 -

1000 -

AC 200HT 250HT 300HT 350HT 400HT





media/file21.png
Conduction welding Transition "keyhole” Penetration / “keyhole”

welding welding
2 I Ji P N

Y
AN N \ ¥ .
' tﬁi;j”/ w \\" H






