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Demands for Car Weight Reduction 

 

Automotive manufacturers (OEM) in the world are now compelled with a sense of urgency to develop and 

practice the technologies for reducing the weight of a car body. This is because the car-body weight reduction is 

rated as the key solution to the following inconsistent issues (Figure 1): while the fuel-economy regulation to 

restrict carbon emissions for global environmental protection has become stricter internationally, the stringent 

safety measures to car accidents and the development of computerization as well as installation of the batteries 

for electric and hybrid vehicles are required, by which a car body may rather become heavier. 

 

 
Figure 1: Latest requirements urge car-body weight reduction 

 

 

Advanced Materials, Multi-Material Design and Associated Problems 

 

The basic alternative strategies for reducing the weight of a car body are as follows (Figure 2): (a) Use a 

higher strength material having the similar density to decrease the plate thickness needed; and (b) Use a lighter 

material with smaller density. The typical case of (a) is the change to higher strength steel, e.g. from mild steel 

to high-strength steel (HSS) and further to advanced high-strength steel (AHSS) or ultra-high-strength steel 

(UHSS). The main example of (b) is the shift of material to aluminum alloy or to carbon-fiber reinforced 

plastics (CFRP). In the case of aluminum alloy, not only the 5000 and 6000 types of 250~300MPa classes, but 

also the 7000 type of 400MPa or higher classes comparable to the strength of general steel materials are used 

gradually. These materials are used for the most appropriate applications in consideration of material's 

formability, corrosion resistivity, rigidity and costs in addition to tensile strength and weight. When 

manufacturing auto parts, the joining process for materials is indispensable in many cases, in which the joint 

can be assembled not only with similar-type materials but also in some cases with dissimilar-type materials such 

as an HSS sheet to an aluminum alloy sheet. However, such a new material that can contribute to the weight 

reduction is prone to have the problem of inferior weldability. Hence, it has persistently been desired to develop 

such a joining method that features higher strength, superior reliability, better productivity and lower costs, 

regardless of similar- or dissimilar-material joints. 
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Figure 2: Car-body weight reduction by replacement of materials 

 

Trends of and Joining Techniques for AHSS or UHSS Sheets 

 

Steel is currently the main material used overwhelmingly for car bodies because it features high strength and 

low price and excels in formability and joining capability. To overcome its drawback of relatively large density 

for contributing to the car-body weight reduction, the efforts have been promoted to decrease the plate thickness 

needed through the practice of higher strength steel sheets. Figure 3 shows the relationship between tensile 

strength and elongation for various types of steel, from which it is clear that higher strength is accompanied 

with a demerit of lower elongation in general. In recent years, however, developed was the HSS sheets having 

the high formability together with increased tensile strength and elongation by preventing the formation of a full 

martensite microstructure. For the future, there is the plan, commonly called “Generation 3,” to promote the 

practice of the HSS sheets characterized by super-high formability, whose strength and formability will be 

heightened to the class of TS·EL=30,000. 

 
Figure 3: A trend for higher-strength steel sheets 

 

 

Weldability of AHSS or UHSS Sheets 

 

However, these newly developed steel sheets are characterized generally by high carbon content and carbon 

equivalent (Ceq.), thereby degrading the weldability. Figure 4 shows the tensile shear strength (TSS) and cross 

tension strength (CTS) of resistance spot welded joints as a function of the tensile strength and carbon 

equivalent of steel. Particularly it is considered problematic that once the peel strength index of CTS reaches the 

peak value, it decreases thereafter with an increase in tensile strength and carbon equivalent. It is reported that 

this degradation problem with the weldability in resistance spot welding (RSW) can be improved to a certain 

extent by the following electric current controls (Figure 5): (1) the tempering current for tempering the weld by 

reheating, (2) postweld current, (3) pulsed current, (4) multi-step current, and (5) down-slope control. Still, even 

when such a high-performance RSW process is used, it is becoming difficult to obtain a high peel strength for 

the next-generation high-formability HSS sheets. 
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In addition, the LME cracking is another problem of deterioration of the weldability of higher strength steel 

sheets. LME or Liquid Metal Embrittlement causes a kind of crack, specifically in the RSW of a galvanized 

steel sheet; this cracking can be attributed to the intergranular embitterment led by the zinc infiltration into the 

grain boundaries of the weld and nearby base metal area (Figure 6). The LME cracking is known to occur more 

remarkably as the carbon equivalent of steel sheet increases. The LME cracking is believed to be restrainable by 

executing correctly the accurate, simultaneous controls of current and pressure; still, this is a very difficult 

problem in the practice, including the quality assurance.  

 

 
Arc Spot Welding Suitable for AHSS or UHSS Sheets 

 

Car bodies have traditionally been welded properly for part by part as follows: the suspension parts and 

ladder frames are arc welded, and the body frames and panels are welded by RSW. However, RSW uses the 

electrode gun of C and X types and hence cannot be applied unless the welding joint allows the gun to access 

from both face and back sides.  
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Figure 4: Resistance-spot-welded joint strengths vs. tensile strength/carbon equivalent of steel sheet 

Figure 5: Various current controls in resistance spot welding 
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Figure 6: Typical LME cracking in the resistance spot welds of galvanized high-strength steel sheets 

and its generation mechanism 



Therefore, where the accessibility is difficult, the arc welding process such as spot welding or arc spot 

welding (ASW) is employed on a car body, too. The arc welding process is advantageous in one-side-access 

welding. In the days ahead, as the application ratio of AHSS sheets will increase, it will become possible to 

apply arc welding actively instead of RSW even for the assembly of car bodies from the viewpoints of excellent 

accessibility as well as the weld joint strength and reliability. 

  

The causes of the low peel strength of the resistance spot welded joints of AHSS sheets are the hardening and 

embrittlement of the high-carbon steel weld as a result of rapidly cooled solidification. Therefore, this can cause 

the limitation in the application of RSW, though the varieties of current controls were engineered to improve 

this behavior as shown in Figure 5. By contrast, the heat input in arc welding is inevitably larger than in RSW, 

thus the cooling rate of the weld decreases, and thereby the formation of an excessively hardened structure can 

be restricted (Figure 7).  

 

Consequently, the fracture mode of the arc welded joint becomes ductile and thus its deformability can be 

improved. Moreover, the properties of the arc weld metal can be controlled far more freely than that of the 

resistance spot weld because arc welding uses welding consumables (welding wires) besides steel sheets. By 

utilizing this advantage of the arc welding process in the use of a suitable welding wire according to the strength 

and chemistry of the steel sheet, it is possible to form the weld metal with optimized strength, ductility and 

toughness as well as the appropriate penetration shape to control the fracture propagation direction in the 

welded joint. Due to these advantages of the ASW process, the peel strength of arc-spot welded joints exhibited 

higher data than that of resistance spot welded joints in the welding of AHSS sheets. 

 
 

 

Figure 8 shows the results of the cross-tension test of the similar-metal joints by RSW and ASW with 1.2-mm 

thick steel sheets of 590, 980 and 1180 strength classes. In the case of RSW, the CTS decreases similarly to the 

above description when the steel sheet strength and carbon equivalent become higher, and even in ASW, the 

CTS is not so high when the combined welding wire is inappropriate. In contrast to this, when the welding wire 

of MG-S120T developed for AHSS sheets was combined, the superior joint strength was obtained even with the 

steel sheet containing a relatively high amount of carbon. Furthermore, it is reported that with the steel sheet of 

Generation 3 whose carbon content exceeds 0.3%, the joint strength is more likely to decrease, but the use of a 

nickel alloy welding wire provides a high joint strength. [3] 

Fracture pass at CTS test Measurement points of hardness 

Figure 7: Cross-sectional macrographs of high-carbon steel welds with the fracture propagation directions 

and hardness distributions: resistance spot weld (left) vs. arc-spot weld (right) 
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About the LME cracking caused by the weldability degradation of higher strength steel, the ASW process is 

free from this phenomenon due to its mechanism and thus is definitely advantageous over the RSW process. 

That is, the LME cracking occurs when all the following four prerequisites are fulfilled: (a) zinc, (b) high 

temperature, (c) high carbon equivalent and high impurity, and (d) tensile stress (Figure 9). Regarding the factor 

of tensile stress, the RSW process applies a markedly high pressure on the welding area by using the electrodes, 

thereby causing inevitably high-tensile stresses; by contrast, the ASW process uses no pressure in its joining 

mechanism and hence never fulfills the four requisites. Therefore, the LME cracking cannot occur in ASW.  

 
 

 Improvements to the Arc-Spot Welding Process 

 

The ASW process can be inferior to the RSW process for several matters; particularly, the spatters and arc ray 

are especially undesirable. Nevertheless, the spattering in the electric current range used for ASW can almost be 

controlled in the combined use of a recent digitalized welding power source, high-frequency processing control 

of current and voltage, and the wire feed control by a highly accurate motor; as a result, the bad image of arc 

welding in the past has drastically been changed.[4,5] Figure 10(a) shows the spatters flying in the air and 

adhered on the steel sheet during ASW by using a conventional versatile arc-welding power source. By contrast, 

Figure 10(b) shows the similar aspects of spatter in ASW by the latest low-spatter welding equipment. 

Obviously, in the use of the latest equipment, the spatter generation is very little, and almost no spatter particle 

is adhered on the steel sheet.  
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Figure 8: Comparison of cross tension strength between arc-spot welded joint and 

resistance-spot welded joint 
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Figure 9: Relation between prerequisites to LME crack occurrence and welding processes 
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In addition, the inferior capability of responding a root gap or the opening between the steel sheets to be 

joined can be another problem with the ASW process as compared to the RSW process. Even when an 

assembled part contains a wide root gap owing to the poor-accuracy pressing machine used, there will be no 

problem with RSW because a sufficiently strong force is applied during its process to make the gap zero. In 

contrast to this, the steel sheets to be welded are not pressed generally in the arc welding process, and thus a 

wide root gap cannot be filled with a weld metal even if a welding wire is much melted for filling the gap; thus, 

this may cause a welding defect. To improve this problem in ASW, the pressing shield-gas nozzle shown in 

Figure 11 has been developed, with which a root gap can be lessened to a certain extent by using the pressing 

force of the welding robot through the nozzle. Because this nozzle can transfer the pressure onto the base metal 

not onto the weld, it does not affect the LME cracking mentioned above. This nozzle also has the effect of partly 

shading the arc ray that is one of the problems with arc welding. In this way, the drawbacks of the arc welding 

process have been lessened through the technical advancement in the ASW equipment. 

Figure 10: Comparison of spatter generation between conventional welding equipment and the latest one 

 

 

 

 

 

 

 

 

 

 

 

Figure 11: The shield gas nozzle dedicated to ASW 

 

 

Trend of Dissimilar-Metal Joining Technologies Associated with Multi-Material Designs 

 

As discussed in Chapter 2 above, the material-shift from steel to lighter materials such as aluminum alloy and 

CFRP, or the multi-material design with a variety of materials by selecting the right material for the right 

application, can be another effective means for the car-body weight reduction. The conventional main joining 

methods, typically such welding processes as RSW, arc welding, and laser welding cannot be applied to almost 

all the welding joints made of the combinations of dissimilar metals.  

 

(a) Conventional technology (b) Current & wire feed control technology 

 

 



This is because the welded joint will easily be fractured due to the extremely brittle intermetallic compounds 

created by mixing the two dissimilar metals in the molten state. Therefore, the industry-government-academia 

research organizations all over the world have been developing new dissimilar-metal joining methods. A lot of 

such technologies that have already been put into practice in the automotive industry belong mainly to the 

category of mechanical joining method that creates the joint by using the “clinching” and “engaging” 

mechanisms, in which the dissimilar materials to be joined are controlled not to interfuse each other in a molten 

state. The typical joining processes in this category can be cited as follows: SPR (Self Piercing Rivet), 

Mechanical Clinch, FDS (Flow Drill Screw), ImpAcT, REW (Resistance Element Welding), and FEW (Friction 

Element Welding). 

 

Influence of Steel Strength Higher on Dissimilar-Metal Joining Technologies 

 

In the multi-material design strategy that uses a variety of materials by selecting the right material for the 

right application, many of the basic materials are steel the tensile strength of which has been heightened 

progressively. In many of the traditional mechanical joining methods, the steel materials to be joined are 

required to be plastically deformed or pierced, hence, the use of higher-strength steel may occasionally make it 

difficult to apply such mechanical processes. Figure 12 shows an arrangement of the existing dissimilar-metal 

joining methods by applicable strength of steel sheet. The SPR is the most famous and widely used 

dissimilar-metal joining method but is unfeasible for high-tensile steel. The FDS is used widely next to SPR and 

features one-side accessibility, and it is believed to be applicable up to 590~780MPa-class steel sheets for 

through-thickness piercing. Meanwhile, as discussed in Chapter 3, the strength of steel sheet has been 

heightened so much that the joining method is needed even for the dissimilar-metal joint combined with 

1-GPa-or-higher class steel sheet (AHSS, UHSS, and PHS). 

 

To respond to this requirement, the following specific technologies have been developed for the mechanical 

joining methods to intend to exert higher performances: SSR (Special Semitubular Rivet) which was developed 

in order to make SPR applicable to a higher-strength steel sheet and ImpAcT in which a nail-like element is 

driven in at a high speed. On the other hand, taking into account the limitations of the mechanical joining, the 

hybrid joining process has been developed by combining a mechanical joining process and a welding 

mechanism, which requires no plastic deformation or piercing of a steel sheet. The typical dissimilar-metal 

joining methods that belong to this category are REW and FEW. The REW process utilizes RSW, and the FEW 

processes employs the mechanism of pressure welding. Besides, proposed is the joining method that combines 

SPR and RSW. These dissimilar-metal joining methods for HSS and AHSS have already been proposed and are 

being put into practice but not yet deployed today because the individual methods are supposed to have 

respective problems.  



 
 

Issues of Dissimilar-Metal Joining Technologies 

 

The existing dissimilar-metal joining technologies are desired to be improved for some issues other than the 

difficulties mentioned above on the applicability to HSS sheets. These issues are summarized in Table 1.  

 

(1) Better applicability to high-strength steel sheets 

(2) Consistency in high joint strength (Tensile shear strength, Peel strength) 

(3) Lowering the costs (Equipment installation costs, Running costs) 

(4) Higher applicability to part’s shape variations (One-side access, Lower height of weld 

joint protrusion ) 

Table 1: Needs for dissimilar-metal joining methods 

 

Many of the existing mechanical joining processes are equipped with a high-pressure generating mechanism, 

and thus the joining tool becomes so heavy, and it must necessarily be supported at the forefront of a large-scale 

articulated robot. Therefore, the costs for one set of the entire joining equipment can reach tens of millions of 

yen. When the performance of an existing RSW robot or arc welding robot is insufficient, the investment costs 

for equipment installation will cause a big burden.  

Next, as to the applicability to a variety of part shapes, many of the dissimilar-metal joining methods require 

the access from both the face side and backside of the joining components for clamping in the same way as in 

the general RSW process, and hence, if the part shape does not allow the joining tool to access, the process 

cannot be applied. By contrast, the dissimilar-metal joining method that allows the one-side access is 

advantageous because of the unlimited applicability, but the one-side access is permitted by some joining 

methods only such as FDS and ImpAcT. On the other hand, the applicability of FDS to HSS sheets is low, and 

the ImpAcT is believed to have problems of the large noise in operation and of the high tendency to distortion in 

sheet metals. Moreover, it is another problem with both joining methods that they cause a sharp projection with 

a long and large size. 

 

 

 

 

 

 

Figure: 12 Steel sheet’s tensile-strength levels vs. suitable dissimilar-metal joining methods 
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New Dissimilar-Metal Joining Method; Element Arc-Spot Welding Process 

 

In order to solve the above-discussed problems, the Element Arc-Spot Welding (EASW) process was 

developed as a new dissimilar-metal joining method. The EASW process is the joining process developed for 

dissimilar metal joints by improving the ASW process for similar metal joints the features of which were 

discussed in Chapter 3. Its joining mechanism and process are shown in Figure 13. EASW can be practiced in 

some procedures as discussed later, but the most basic procedure will be explained in this paragraph. The upper 

plate of aluminum alloy and the lower plate of steel are used, and the upper plate is furnished with a preliminary 

processed hole (pre-hole) prepared by a particular means beforehand. More specifically, the pre-hole can be 

processed by the following methods for typical materials: a sheet material, by die punching meanwhile the 

external shape is formed in the blanking process; an extruded material, by drilling; and a die-cast material, by 

mold designing. In this procedure, the flanged steel rivet (as referred to as element), which has a hollow center 

and the insert with the outer diameter acceptable to the pre-hole, is first inserted into the pre-hole. Afterwards, 

the molten filler metal is deposited by arc welding in the hollow part of the element. That is, the element and the 

lower steel sheet are firmly welded by ASW from one side. Finally, the upper aluminum-alloy sheet will be 

engaged with the lower steel sheet to form the dissimilar-metal joint. In this case, it is desirable to control the 

welding conditions so that the weld metal extrudes slightly from the backside of the steel sheet. The face side 

and backside appearance of the joint are shown in Figure 14. This joining procedure is shown with photographs 

in Figure 15.  

 

Though EASW is the joining method that generates a high temperature because it uses an arc welding process, 

the aluminum-alloy sheet never be melted, and thus intermetallic compound cannot be created. The element can 

freely be designed for optimized properties according to the sheet thickness and the joint strength requirements. 

The time required for the welding operation can markedly be influenced by the sheet thickness, but it will 

roughly be approx. 0.5~1.5 seconds. Furthermore, the joining process can be applied regardless of the working 

positions, including the horizontal and overhead positions as shown in Figure 16.  
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Figure 13: EASW process and mechanism 
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Figure 15: Photographed EASW process 



 
Features of EASW 

 

As discussed in Chapter 3, the ASW process can exert a high joint strength even in the welding of 

inferior-weldability materials such as HSS and AHSS sheets by selecting the optimum welding wire for a 

particular steel sheet. In the case of a dissimilar-metal joint that consists of such an HSS sheet for one side of 

the components, the EASW process that utilizes ASW for its basic joining mechanism can demonstrate the high 

joint strength comparable to that obtained with the similar-metal joint. For an example of experiment data, 

Figure 17 shows the tensile shear test results of the spot joints made by a variety of existing dissimilar-metal 

joining methods and the EASW process in the use of a 2.0-mm thick aluminum alloy sheet of A6K21 and a 

1.4-mm thick 980MPa class HSS sheet of the dual-phase structure design. In this experiment, the EASW 

process was compared with the following dissimilar-metal joining methods: SPR, Tuk Rivet, FDS, ImpAcT, and 

FEW. The joining conditions and rivet sizes were in conformity with the recommendations of the manufacturers. 

However, 980MPa steel sheet could not be joined by SPR and FDS because through-thickness piercing was 

difficult on this sheet. This is why the figure exhibits the joint strength data of 590MPa class HSS sheet joints 

for reference. In comparison with the joining methods whose fastening force entirely depends on the frictional 

resistance or clinching mechanism, EASW and FEW demonstrate the highest strength of approx. 10kN because 

these processes include the welding by metallic bonding in their joining mechanism.  

 
The fracture pattern of the EASW joint ruptured in the tensile shear test varied depending on the base metal 

grade and thickness. Figure 18 shows the typical fracture profiles of the relatively larger dissimilar-metal joint 

of steel sheet to aluminum alloy sheet with a thickness of 2.0mm just like the experiment mentioned above. The 

aluminum alloy grade is A6061, and the steel grade is the galvanealed, high-formability AHSS sheet of 

1180MPa class with a plate thickness of 1.4mm.  

Overhead Flat Horizontal 

Figure 16: Photographed cross-sectional welds in the flat, horizontal and overhead positions in EASW 
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Figure 17: Comparison between various joining methods in terms of the tensile shear strength of 

dissimilar-metal joints with HSS sheets (incl. 980MPa class). 
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The tensile shear strength (TSS) of this dissimilar-metal joint resulted in 12.1kN. The aluminum alloy sheet is 

plastically deformed around the pre-hole but is not the final rupture location. The fractured location is the 

interface between the base metal and the weld metal in the steel sheet, which was detached from the steel sheet 

as illustrated in Figure 19. This fracture pattern is almost the same as that in the steel-to-steel ASW. 

 

 
Next, Figure 20 shows the cross-tension test results of the joints with the same sheet assembly as that shown 

in Figure 17 in relation to a variety of joining methods. As similar to the results of tensile shear test, the FEW 

and EASW processes which employ the welding together in their mechanisms exhibit higher strengths, and 

EASW in particular demonstrates the highest strength. This is probably because the differences between 

pressure welding and arc welding in terms of the soundness of joint interface, weld metal quality and heat input 

affected the peel strength characteristics, though both pressure and arc welding processes are classified into the 

common category of welding. 
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Figure 18: Typical appearance of the EASW joint fractured by tensile shear test 
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Figure 19: Typical schematic fracture pattern of the EASW joint after tensile shear test 



 
In the same way, as in the results of tensile shear test, the fracture pattern of the EASW joint ruptured by 

cross tension test varied depending on the grade and thickness of the base metal. Figure 21 shows the typical 

fracture profiles of the joint ruptured in the cross-tension test under the same condition as shown in Figure 18. 

The cross-tension strength (CTS) of this dissimilar-metal joint resulted in 8.6kN. As similar to the results of the 

tensile shear test, the fracture location is the interface between the base metal and the weld metal in the steel 

sheet which was detached from the steel sheet as illustrated in Figure 22. This fracture pattern is almost the 

same as that of the steel-to-steel joint by ASW.  

 
EASW is suitable for the dissimilar-metal joint with an AHSS/UHSS sheet for one side component, the 

typical application of which is discussed below for the joint of a hot stamping steel sheet (PHS) to an aluminum 

alloy sheet. The most typical PHS sheet designated generally as 22MnB5 (with a thickness of 1.6mm) was 

combined with an aluminum alloy sheet of A6061 (with a thickness of 1.6mm). The PHS sheet was heightened 

to a tensile strength of 1470MPa class by the specific heat treatment. In this experiment, the effect of the 

element size for EASW was also investigated by using two inner diameters of 5mm and 6mm.  

0 

2 

4 

6 

8 

1 0 

C
ro

ss
 T

en
si

o
n
 S

tr
en

g
th

 (
k

N
) 

SPR Tuk 

Rivet 

Element Arc Spot 
with pre-hole &  

special welding wire 

ImpAcT 
Ejoweld 

CFF 

FDS FEW 
Rivtac 

R 

590DP 
Steel 
data 

590DP 
Steel 
data 

980 
Steel- 
Out of 
joint 

980 
Steel- 
Out of 
joint 

Figure 20: Comparison between various joining methods in terms of the cross-tension strength of 

dissimilar-metal joints with HSS sheets (incl. 980MPa class) 
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Figure 21: Typical appearance of the EASW joint fractured in the cross tension test 
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Figure 22: Typical schematic fracture pattern of the EASW joint after cross tension test 



The results of the tensile shear test and cross tension test are shown in Table 2. Regardless of the element size, 

both TSS and CTS are sufficiently high, and TSS comparatively well relates to the inner diameter or the weld 

metal cross-sectional diameter, but CTS is not so affected by the element size within the testing range. The 

appearances of the ruptured specimens are shown in Figure 23. The rupture locations and aspects are similar to 

those illustrated in Figures 19 and 22 in the previous paragraphs.  

 

 

Dissimilar-metal 

combination 

Element’s inner 

dia. 

(mm) 

Tensile shear strength 

(TSS, kN) 

Cross tension strength 

(CTS, kN) 

Aluminum alloy: 

A6061, 2.0mm / 

Steel sheet:  

PHS (22MnB5), 1.6mm 

5.0 10.7 9.5 

6.0 14.8 9.7 

Table 2: Results of tensile shear test and cross tension test of the PHS to A6061 joints by EASW  

 

 
As shown above, EASW is suitable for the dissimilar-metal joint of AHSS/UHSS sheet to aluminum alloy 

sheet and demonstrates a high joint strength; on the other hand, its arc causes the higher heat input into the 

joining part when compared to such mechanical joining processes as the clinching process of course and to 

other welding processes that use such heat sources as electrical resistance, friction and laser. Therefore, the 

Vickers hardness distribution of the cross-section of the weld was investigated in order to clarify whether or not 

the weld and its circumstances are metallurgically changed by the heat effect. The hardness measurement results 

are shown in Figure 24. In this experiment, the combination of materials used was the same as those shown in 

Figures 18 and 21; i.e. a high-formability, galvanealed UHSS sheet of 1180MPa class with a thickness of 

1.4mm and an A6061 aluminum alloy sheet with a thickness of 2.0mm. The parameters affecting the heat input 

were as follows: welding current of 180A, arc voltage of 18V, and welding time of 1.5 seconds. As obvious in 

Figure 24(right), there is no hardness change at all in the upper sheet of aluminum alloy, and the hardness 

measurements suggest that the heat input did not cause metallurgical deterioration. 

PHS (22MnB5) 1.6mm 

A6061 2.0mm 

welding wire  

(AWS A5.18 ER80S-G) 
(1470MPa class) 

Tensile shear test Cross tension test 

Figure 23: Appearances of the EASW joints of PHS sheet to A6061 sheet after 

tensile shear test and cross tension test 



 
The reasons why the arc welding, in spite of high heat input, did not affect the metallurgical properties of the 

aluminum alloy sheet can probably be explained by referring to the following two possible phenomena: 

(a) The arc and the aluminum alloy sheet were separated by the element, and thus the arc heat could not 

directly be conducted to the aluminum sheet.  

(b) Due to the large thermal conductivity of aluminum alloy, some quantity of arc heat was promptly diffused 

in the direction across the sheet width, and thus the temperature of the aluminum sheet could not reach 

the temperature range where a structural change could occur. 

As obvious in Figure 24(left), the degree of hardening by the heat effect to the lower sheet of UHSS was not 

so high that the hardness in the heat-affected zone next to the weld metal was slightly increased over that of the 

non-heat-affected zone. The reason why the hardness of the heat-affected zone did not increase that much was 

probably because the cooling rate was relatively small due to the high-heat input in the arc welding. In the area 

that is 2~3 millimeters away from the interface between the weld metal and the base metal, the softened points 

are observed. However, because this part is different from the rupture locations in the tensile shear test and cross 

tension test, the softened part probably did not affect the joint strength. 

The hardness of the weld metal is around 350Hv, which is not excessively high as in an embrittled structure. 

This is owing to the appropriate chemistry design of the welding wire. These preferable properties observed in 

the cross-section of the joint have presumably established the high joint strengths. 

 

Extensive Scope of Applications 

 

The cross-sectional shapes of the joints made by the joining methods such as SPR, Tuk Rivet, Clinch, FEW, 

and REW are roughly flat, but such methods require to apply pressure on the joint from both face and back sides 

by using the C-type tool. Therefore, it is difficult to use them on the closed structure (e.g. a boxy cross-section 

part) that cannot allow the tool to access the joint (Figure 25(a)). By contrast, FDS and ImpAcT allow the tool 

to access a joint from one side, and hence the good applicability of these methods to a closed structure is a 

remarkable advantage over the other methods. On the other hand, due to the long, sharp projection remained in 

the joint, it is difficult to apply them to the open structure (sheet-to-sheet joint) where such a projection may 

cause a safety problem for instance (Figure 25(b)). Hence, when the components to be joined are comprised of 

both closed and open structures, several joining methods must selectively be used.  
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Figure 24: Cross-sectional hardness distributions of the UHSS-to-aluminum alloy joint by EASW 



In contrast to this, the EASW process can be applied to the joints regardless of an open or closed structure 

because the joint cross section becomes almost flat in spite of a one-side-access joining process (Figure 26). 

This is why the EASW process can be applied more widely as compared to the conventional dissimilar-metal 

joining methods and can be beneficial in cost savings because the parts containing both open and closed 

structures may be joined by one set of equipment. 

Figure 27 shows schematically some possible practical parts that contain multiple joints, and Figure 28 

presents an appearance of the joins of a trial production part. 
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Figure 26: Wider applicable range for EASW 
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Figure 25: Limited applications for conventional dissimilar-metal joining methods 
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Figure 27: Schematics of practical joints 

applicable for EASW 
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Figure 28: Example of EASW joints of 

steel sheet to aluminum alloy sheet 

(Trial work) 



Applicable to Triple-Sheet Joints 

 

In the joint design with combined dissimilar materials, a joint can contain not only two sheets but also three 

or more sheets. Although sufficient data is not available yet to discuss the possible number of sheets and the 

optimum plate-thickness conditions, Figure 29 demonstrates an example of the triple-sheet joint consisting of 

aluminum sheet and doubled steel sheets where EASW was applied. For this triple-sheet joint, only the top 

sheet of aluminum alloy is required to be processed for the pre-hole, but the middle and bottom steel sheets 

need no such processing because the arc can melt through these steel sheets.   

 
 

Applicable to Proximate Joints  

 

The applicability to proximate joints is the advantage of EASW over the comparable joining method of REW; 

i.e., since the REW process uses RSW, the general joint-to-joint space limitation to prevent a shunt current in 

RSW is also valid in REW. The shunt current, as illustrated in Figure 30(a), can flow preferentially due to a 

smaller electric resistance through the welded joint adjacent to the joint to be welded; as a result, the resistance 

heat becomes insufficient in the joint to be welded, thereby causing a failed or improper weld joint. Therefore, 

RSW is believed to be inapplicable to closely-spaced joint unless the space from the welded joint to the joint to 

be welded is sufficient. 

In contrast, the EASW process uses arc welding in which the shunt current phenomenon cannot take place 

because of its mechanism; therefore, closely-spaced joints can be installed in a stress-concentrated part (Figure 

30(b)). For the other mechanical joining methods that need no electric current, there is no limitation on the 

joint-to-joint distance.  

 
 

No Risk to the LME Cracking 

 

As one of the advantages over REW, EASW is insensitive to the LME cracking. As discussed in Section 3.2, 

the RSW of a galvanized HSS sheet is prone to cause the LME cracking, while the ASW process has, as a merit, 

no risk to the LME cracking due to its mechanism. This feature can be exerted even in dissimilar-metal joints.  

 

 

Element flange 0.8mm 

A6061 1.0mm 

980MPa class steel 0.8mm 

980MPa class steel 0.8mm 

Figure 29: Example of triple-sheet dissimilar-metal joint by EASW  
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(b) EASW (Element Arc-Spot Welding) 



As shown in Figure 31, in the cases of the double-sheet joint with an aluminum alloy sheet and a galvanized 

steel sheet and of the triple-sheet joint with one aluminum alloy sheet and two galvanized-steel sheets, for 

instance, the LME cracking may occur from the lower steel sheet or the interface between the two steel sheets 

in REW. By contrast, the LME cracking cannot occur in either type of the joints by EASW.  

 
 

Applicable to Adhesive-Applied Joints  

 

For dissimilar-metal joints, not only the securement of joint strength but also the prevention of electrolytic 

corrosion (stray current corrosion, galvanic corrosion) is important. Electrolytic corrosion can be referred to as 

the following phenomenon: when aluminum alloy and steel for instance are kept in immediate contact with 

each other, a less-noble-potential metal of aluminum and a noble-potential metal of steel set up an 

electrochemical relation, and thereby the less noble metal will be corroded remarkably by the mechanism 

illustrated in Figure 32. The most effective measure to prevent electrolytic corrosion is to keep out the 

contacting area from a wet environment, the practical measures for which are the coating of adhesive to the lap 

before joining and further the electrodeposition coating and sealing after joining (Figure 33). The coating and 

sealing with adhesives are expected not only to prevent electrolytic corrosion but also to increase the strength 

and rigidity of the joint. 

After coating a structural adhesive around the joining area on the faying surfaces of the materials to be joined, 

EASW can be applied to the joint. The adhesive will vaporize if it is exposed to an arc heat of high temperature, 

but when the amount of the adhesive is little, there will be almost no problem. Nevertheless, if the amount of 

the adhesive coating is so excessive that it clogs the pre-hole, it will vaporize in high volume at a time, and 

thereby the molten pool will be blown off, failing to form a sound joint. This is why the coating procedure and 

quantity should carefully be determined to avoid as much as possible the entry of the adhesive coating into the 

pre-hole. Figure 34 shows an example of the EASW joint combined with the structural adhesive coating. 
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Figure 31: Comparison between REW and EASW in terms of LME-crack susceptibility 

of the dissimilar-metal joints combined with galvanized HSS sheet 
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Capable of Easy-to-Use Manual Dissimilar-Metal Joining  

 

Most of the dissimilar-metal joining methods except the adhesive joining need to apply strong pressure, and 

thus the joining tools are large-scaled. Hence, it is hard to hold the joining tool by hand in general. Meanwhile, 

any of the cars that contain dissimilar-metal joints may necessarily need repair when damaged by an accident. 

In that case, simple repair will usually be carried out at a local repair shop, not at an automotive manufacturer 

(OEM). There is almost no case in which a car repair shop is equipped with a large-scale robot mounted with 

the joining tool, and so, the joining repair work may be conducted manually by a shop worker (Figure 35). For 

the standard car bodies made of steel structures, repairs have been carried out by handy TIG/MAG arc welding 

in most cases. Even for a car made of the multi-material structure with combined dissimilar metals, repairs can 

be conducted manually by EASW with an existing arc welding machine without modification, where the 

element should manually be set one by one, and then the casting arc welding can be executed, while visually 

checking by personal eyes process. In this way, EASW is suited also for the repair of dissimilar-metal parts. 

 
 

Automated EASW Systems  

 

In order to employ the EASW process in the production line of a factory, its automatization is essential for 

the joining process in the use of a robot. The automatization of EASW will be taken in the next development 

step in this research in the future, but still, two possible plans will be introduced here in the following 

paragraphs, though the intended purpose of this report is to introduce the process principles and advantages.  
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Figure 32: Electrolytic corrosion mechanism 
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Figure 33: Preventive measures against electrolytic 

corrosion of EASW joint 
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Figure 35: Repair welding on a car body 



First, the development of a 2-Robot-2-Step system, that separates its functions into the insertion of the 

element and the later arc welding, will be easier because the basic technologies are relatively well available 

(Figure 36). In this system, the processing of the pre-hole and insertion of the element can be done at the same 

time. As already practiced in the REW process, the first unit of the robots works with the tools for punching and 

clinching itself on the sheet with the element feeder. The second unit of the robots works for general arc 

welding to cast in the element.  

 

The first robot must comparatively be large-sized because it mounts the pressing tool, but the second robot 

can be specified to be an inexpensive, small type without modification for arc welding. The 1st and 2nd steps of 

the process can also be conducted separately by different factories or companies. This system, however, has 

such a drawback that the first-step robot cannot exert the one-side access which is one of the outstanding merits 

of the EASW process. 

 
By contrast, it will be more difficult to develop a 1-Robot-1-Step system that can work for high-efficient 

joining by using one compact robot. For this system, the joining sheets must be furnished with the pre-holes in 

advance separately by the appropriate means as stated in Section 4.4. The robot of this system should be 

mounted with all the functions of feeding the element, positional correction, insertion of the element, pressing 

the base metal, and arc welding (Figure 37). The element insertion process is considered highly difficult in 

general because the positional deviation may inevitably be occurred between the pre-holes. Though it is 

extremely easy for person's eyes to insert the elements into the holes, the high-accuracy sensor is necessary for 

the robot.  

 

Meanwhile, as led by the growth of in-vehicle sensors, the advancement in the sensor technology is amazing 

in recent years, and thus the high-performance sensors have also been employed in the field of robot-mounted 

sensors. Accordingly, the high-accuracy fitting technique is already usable, by which it is possible to insert 

surely the elements into the pre-holes. The function of pressing the base metal is to reduce the root gap between 

the base metal components, but the pressure is not so strong unlike that in the RSW process because the EASW 

process does not necessarily require the root gap to be zero for joining the components.  

Robot-1 Robot-2 
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Figure 36: Basic concept of 2-Robot-2-Step automatic EASW system 



 
Conclusions 

 

The authors have developed the Arc-Spot Welding (ASW) process suitable for joining the similar-metal joint 

of high-strength steel (HSS) or advanced high-strength steel (AHSS, UHSS) as well as the Element Arc-Spot 

Welding (EASW) process for joining the dissimilar-metal joint of an HSS or AHSS sheet to an aluminum alloy 

sheet in the combined use of ASW. The features common to these joining processes are summarized in the 

following.  

 

1) The one-side access capability allows applying to both closed and open structures, thereby widening 

the scope of applications. 

2) The cross-sectional shape of a joint is comparatively flat without a sharp projection. 

3) There is no possibility of causing the occurrence of LME crack even on a galvanized HSS sheet. 

4) High joint strength can be obtained in both tensile shear strength and cross tension strength.  

5) These processes are suitable for the joints of the contemporary and next-generation HSS sheets 

(AHSS, UHSS, and PHS) the weldability of which is generally deemed to be inferior due to the high 

carbon equivalent. 

6) These processes can be automated by using a comparatively inexpensive, small arc welding robot.  

7) These processes are suitable also for the manual repair joining at repair shops.  

 

It is scheduled to work on the development of the practical equipment combined with the EASW process in 

cooperation with robot manufacturers, equipment makers, and system integrators for the future.  
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