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Abstract 

Sound dissimilar welding of heat-treatable A7075-T6 aluminum and mild steel is 

extremely difficult due to the formation of interfacial cracks. The present study aims to 

attempt linear friction welding (LFW) of high-strength A7075-T6 Al alloy and mild steel 

to obtain sound joints with the highest strength ever by controlling the quality 

deteriorating phenomena that previous studies have faced. In this study, LFW joints were 

fabricated under two different applied pressures of 100 MPa and 300 MPa at forging 

speed of 5 mm/s, along with various forging speeds ranging from 5 mm/s, 10 mm/s, to 20 

mm/s under pressure of 300 MPa, and the joint microstructure, mechanical properties and 

interface macrostructure were investigated. Furthermore, thermal dependence behaviors 

of both alloys were systematically investigated to optimize the processing parameters, 

especially applied pressure during LFW. At lower forging speeds of 5 mm/s and 10 mm/s, 

the weld defects and un-bonded regions were observed near the center of the weld 

accompanying to unevenness of butt surface due to the relatively thick intermetallic 

compound (IMC) formed in the interface which greatly influenced the joint strength. In 

contrast, at higher forging speed of 20 mm/s, weld defects at the joint interface were 

effectively suppressed by promoting the simultaneous and uniform interfacial 

deformation of both alloys thanks for the extremely thin IMC during LFW. Consequently, 

a highly efficient joint with 100 % efficiency was successfully obtained at higher forging 

speed of 20 mm/s and despite the occurrence of softening towards A7075, the fabricated 
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joint displayed a base metal fracture towards the steel side. 

Keywords: Linear friction welding, dissimilar welding, 7075-T6 Al alloy, steel, 

microstructure, mechanical properties 

1. Introduction 

Considerable efforts have recently been made worldwide to reduce the amount of 

CO2 emissions to the atmosphere. One of the most effective ways to suppress CO2 

emission is the weight reduction of vehicles, and joining dissimilar materials has been 

accepted as one of the most representative methods for weight reduction. Therefore, the 

demand for dissimilar joints of steel and aluminum is rapidly increasing especially for 

transportation industries such as automotive, aerospace, aviation, railway, and 

shipbuilding for weight reduction, improved fuel efficiency, environmental concern, 

energy saving and cost saving [1–6]. Steels and aluminum alloys represent the highly 

preferred dissimilar couple of alloys within the automotive sector [7,8]. Among various 

Al-alloys, heat-treatable A7xxx series aluminum alloys are of significant interest in 

transportation industries due to their natural ageing characteristics and high strength-to-

weight ratio [9]. Furthermore, A7075 is renowned for its remarkable toughness and 

excellent fatigue resistance [10]. Therefore, fabricating a sound dissimilar joint between 

A7075 and steel would offer significant advantages in producing robust and cost-effective 

structural components. Welding these alloys, however, is associated with a range of weld 

defects, including hot cracking and porosity. Among these, hot cracking is the most 

critical issue that can substantially influence joint strength and, consequently, overall 

structural safety [11]. This would make conventional fusion welding, which is 

accompanied with high heat input and comprises melting of parent material, an inefficient 
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technique to join these alloys. The principal issues of conventional fusion welding 

methods for joining steel to aluminum are the occurrence of solidification cracking, 

porosity, and formation of brittle intermetallic compound (IMC) layer, which with 

increasing thickness, increases crack susceptibility and remarkably deteriorates the 

performance of the produced joints. Therefore, the mechanical properties of steel and 

aluminum weld are sensitive to IMC layer thickness and faying surface defects. Yang et 

al. [12] investigated the control of interfacial layer uniformity to weld A6061-T6 with 301 

stainless steel using hybrid laser-metal inert gas technique. It was reported that interfacial 

layer with a most uniform thickness of ~ 5.2 𝜇 m could be obtained and the joint 

exhibited relatively low tensile strength of ~70% of the Al base metal. On the other hand, 

efforts were made to join steel with Al alloys using resistance spot welding (RSW) [13], 

and magnetic-assisted resistance spot welding (MA-RSW) [14]. It was revealed that 

welds made with an external magnetic field exhibited enhanced strength compared to 

welds made with no external magnetic field. However, significantly thick IMC layers of 

~9.14 𝜇m and ~6.59 𝜇m were observed at steel-aluminum joining interface in RSW 

and MA-RSW, respectively, containing pore defects at both RSW and MA-RSW nuggets 

along the IMC/Al weld nugget interface. 

On the other hand, multiple attempts such the utilization of frictional welding 

methods, such as friction stir welding and rotary friction welding method, and the 

incorporation of joining interlayers have been made to achieve base metal fracture. 

Numerous investigations on those friction welding methods of steel with aluminum alloys, 

primarily through intermetallic compound (IMC) formation, have shown that the 

thickness of the IMC layer significantly influences the strength of such dissimilar joints. 

Herbst et al. [15] carried out investigation on friction welds between 20MnCr5 steel and 
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AW6082 aluminum alloy by changing the IMC layer thickness through solution annealing 

and aging and reported a reduction in joint strength with the increase of mean IMC 

thickness. Also, Tanaka et al. [16] conducted several experiments on dissimilar A7075-

T6 and mild steel FSWed joints to investigate and analyze the relationship between joint 

strength and IMC layer thickness. It was reported that the joint strength increased 

exponentially with the reduction of IMC layer thickness. Additionally, despite the 

formation of an extremely thin IMC layer, it was nearly impossible to obtain a joint that 

exhibited a base metal fracture [16]. On the other hand, multiple attempts such a 

utilization of alternative friction welding methods, such as rotary friction welding method, 

and the incorporation of joining interlayers have been made to achieve base metal fracture. 

Kawai et al. [17] performed friction welding of low carbon steel (S25C) with different 

series of Al alloys (i.e., 2xxx, 5xxx, 6xxx, and 7xxx) using rotary friction welding method 

and reported that dissimilar joints of A7075-T6 with S25C revealed poor friction 

weldability with a maximum joint efficiency ranging from 20 - 40 %. Thick brittle IMCs 

of Al-Cu-Fe were found to be formed at the weld interface, causing poor friction 

weldability. Kimura et al. [18] introduced an interlayer of pure aluminum of A1070 type 

between the base materials to fabricate joints without the formation of IMC layer at the 

interface; however, joint strength was far below that of the steel base metal strength. 

Additionally, interfacial deformation predominantly occurred on the A7075 side only, 

while low-carbon steel (LCS) side exhibited minimal or negligible interfacial deformation. 

In friction welding technology, in addition to the thickness of the IMC layer at the weld 

interface, the plastic deformation behavior of each material around the joint greatly 

influences the joint strength. Kimura et al. [19] examined the possibility of obtaining a 

sound dissimilar joint between A7075-T6 and low carbon steel (LCS) using rotary friction 
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welding method and investigated the effect of friction welding conditions on the tensile 

strength of fabricated joints. Although using identical parameters for joint fabrication, the 

joint strength exhibited scattering and obtaining a sound joint was extremely difficult, 

primarily because the generation of cracks in the A7075-T6 flash attributed to the poor 

plastic deformation ability of A7075. These findings suggested that in order to obtain a 

strong dissimilar joint between A7075-T6 and steel successfully, it is effective not only 

to reduce the thickness of IMC layer but also to suppress crack formation by generating 

uniform deformation around the critical weld interface.  

Linear friction welding (LFW) is a frictional solid-state joining method in which a 

joint is fabricated through the relative motion of two components under a high contact 

load. It means, there is no melting of the parent material. So common problems associated 

with fusion welding such as solidification cracking and porosity are avoided. The first 

patent of LFW process was applied in 1929 [20]. Although this patent was associated with 

a vague description, the patent tailored for LFW equipment was officially licensed in 

1969 [21]. Following the manufacturing of specialized LFW equipment at The Welding 

Institute (TWI) in the early 1980s, the development of the LFW technique advanced 

primarily with a focus on its application in aerospace, particularly with titanium and 

nickel alloys [22–24]. The LFW process possesses numerous appealing features such as 

no welding tool is required for the welding of materials, this characteristic is very useful 

for the welding of high-melting point materials such as steel, while the wide applicability 

of friction stir welding (FSW) is still limited by the tool durability for these materials.  

Extremely short welding time of less than 1 s, as the weld can be achieved within a 

fraction of second, it could be very beneficial to manufacturing industries for mass 

production and cost saving. The ability to achieve high reproducibility with high 
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dimensional accuracy of the joint. Furthermore, while the wide applicability of 

conventional rotary friction welding is still limited to round-shaped specimens, it is 

adaptable for use with non-axially symmetrical objects as well. Besides, LFW is a self-

cleaning welding process. All the process impurities or oxides which could be present at 

the weld interface are expelled with the generated flash outside the weld interface. Thus, 

the preparation of the welding joint is minimal and LFW can be done in open air, no gas 

shield is required. LFW stands out as a highly automatable and consistently repeatable 

process. This is attributed to its sole reliance on a mechanical heat source, ensuring that 

all energy input is meticulously controlled through motion and loads. Certainly, through 

the welding of near-net-shape parts, LFW enables significant mass savings, a decrease in 

machining costs, and consequently, substantial overall cost savings.  

Using LFW method, the interfacial deformation characteristic of welding alloys can 

be uniquely controlled by controlling the applied pressure during welding [25]. This 

characteristic is expected to be also very effective to obtain sound dissimilar welding, 

such as between various titanium alloys [26,27], steel and aluminum alloys. LFW 

involves expelling the interfacial material in the form of flash. Typically, when dissimilar 

materials are joined by LFW or other friction welding methods, only the material with 

lower strength preferentially deforms at the joining temperature and is ejected as flash 

whereas, no interfacial deformation occurs on the faying surface of high-strength material 

[28,29]. As a result, oxides and rugged surfaces may remain at the bonding interface due 

to the absence of simultaneous and uniform interfacial deformation of materials during 

welding which can adversely affect the joint properties. On the other hand, simultaneous 

deformation of both base metals, by adjusting the applied pressure corresponding to 

temperature where the base metal strengths are equal, can be obtained and sound joint 
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between dissimilar materials can be achieved during LFW as reported by Fujii [25]. 

Additionally, Lim et al. [30] controlled the deformation behavior of AA5052 and S45C 

steel using pressure-controlled joule heat forge welding (PCJW), which is a solid-phase 

welding method by heat generation and upset near the butt interface as in LFW, and 

reported that simultaneous and uniform interfacial deformation of both materials during 

welding is of utmost importance in order to enhance joint strength of dissimilar welds. 

Therefore, in the present study, as further investigation, the primary emphasis was placed 

on promoting the simultaneous interfacial deformation of both steel and A7075 during 

LFW to obtain sound joint. Hence, to achieve simultaneous interfacial deformation of 

both alloys, forging speed was varied keeping the applied pressure constant at 300 MPa 

during LFW. 

The present study aims to attempt linear friction welding of high-strength A7075-T6 

Al and mild steel in order to produce a sound dissimilar joint. In addition to optimizing 

the applied pressure based on the temperature dependence in strength of mild steel and 

A7075 Al alloy, the effect of forging speed on joint strength and uniform deformation and 

weld defects formation at the joint interface have been clarified. Unlike to conventional 

LFW, where frictional heating of the material and flash ejection are distinguished by 

increasing the applied pressure between the burn-off phase and the forging phase. In this 

study, the control of welding thermal history based on the balance between temperature-

dependent material strength and flash ejection rate is realized by using constant applied 

pressure. Moreover, the influence of variable forging speed on steel and aluminum weld 

was investigated which was never reported before during LFW. 

2. Experimental procedure 

2.1 Test materials 
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 Precipitation strengthened high strength JIS A7075-T6 Al alloy (hereinafter 

referred to as A7075) and JIS SPHC mild steel (hereinafter referred to as steel) specimens 

with dimensions of 67 mmL x 20 mmW x 5 mmT were used as base metals (BMs) to 

produce a linear friction welding (LFW) joint. Table 1 shows the chemical compositions 

(wt. %) and ultimate tensile strength (UTS) of the base metals. The 5 mm x 20 mm face 

was used as the friction surface, and A7075 was provided reciprocation motion during 

LFW. The faying surfaces of both materials were cleaned using acetone and ethanol. 

Table 1. Chemical compositions (wt. %) and UTS of the base metals selected in this study. 

Material Si Fe Cu Mn Mg Cr Zn Ti Al UTS 

(MPa) 

A7075-T6 0.08 0.19 1.5 0.04 2.2 0.19 5.8 0.03 bal. 589 

Material C Si Mn P S Fe    UTS 

(MPa) 

Mild steel 0.05 0.005 0.24 0.015 0.007 bal.    347 

 Thermal dependences of ultimate tensile strength (UTS) of the mild steel and 

A7075 were evaluated by a high-temperature tensile test. High-temperature tensile tests 

were conducted from room temperature to 350℃  and 600℃  for A7075 and steel, 

respectively, using tensile testing machine (AGS-X 10 kN, SHIMADZU) with 

comparatively small size tensile specimens of 5 mm gauge length, 2 mm gauge thickness 

and 2 mm gauge width.  

2.2 Process parameters 

 The specimens were linear friction welded using LFW equipment (Model 

Number; 8AT2020A00, TOYO KOGYO) under the different applied pressures of 100 

MPa and 300 MPa, determined based on the results of the evaluation of the temperature 
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dependence of the UTS of the base metals shown in later chapters, at the constant forging 

speed of 5 mm/s (the forging speed is the pressing speed of materials along the length 

during LFW process), with constant upset and oscillation frequency of 5 mm and 50 Hz, 

respectively. The LFW was further conducted keeping the applied pressure constant at 

300 MPa with different forging speeds of 5 mm/s, 10 mm/s, and 20 mm/s. Additionally, 

upset and oscillation frequencies were kept constant at 5 mm and 50 Hz, respectively. It 

is worth mentioning that for each welding condition, three replicates were produced in 

order to confirm the repeatability and consistency of the LFW joint. LFW method 

typically comprises four phases, as illustrated in schematic Fig. 1. Initially, both materials 

brought in contact with each other. In the conditioning phase, oscillation motion starts, 

generating frictional heat due to the relative motion of two components under high contact 

force. The generated frictional heat and force at the interface of two components causes 

materials to plasticize and deform at the interface. Due to the synergistic effect of applied 

load and specimen movement, most of the plasticized material is expelled away as flash 

from the weld interface region during the burn-off phase and forge phase. Therefore, the 

removal of surface oxides and other impurities from weld interface along with plasticize 

materials permits metal-to-metal contact with fresh surfaces of specimens and allows a 

joint to form. In conventional LFW, frictional heating of the material and flash ejection 

are distinguished by increasing the applied pressure between the burn-off phase and the 

forging phase [31]; however, in this study, the control of welding thermal history based 

on the balance between temperature-dependent material strength and flash ejection rate 

is realized by using constant applied pressure.  
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Fig. 1 Schematic illustration of four different stages of LFW process and dimensions of 

the used specimens. 

2.3 Microstructure and mechanical characterization 

 To evaluate the joint strength of the produced welds, tensile test specimens were 

prepared across the joint interface using electric discharge machine (EDM; Sodick 

AG360L) with a gauge section of 2 mm thick, 3 mm wide and 20 mm long. Tensile testing 

was conducted at room temperature with a cross-head speed of 1 mm/min using a tensile 

test machine (AGS-X 10 kN, SHIMADZU). Furthermore, from the obtained joints, 

longitudinal cross-sectional specimens containing complete weld interfaces were cut 

using EDM machine and mechanically polished with abrasive papers up to 4000 grit, 

followed by 1 𝜇m diamond suspension. A field emission scanning electron microscope 

(FE-SEM; JSM-7001FA, JEOL) was employed to observe the morphology of the joints 

interface. Additionally, thin foil specimens, with a thickness of 0.1 𝜇𝑚, were sectioned 

from selected regions of the joints interface using a focused ion beam machine (FIB; JIB-

4500, JEOL) in order to characterize the intermetallic compounds (IMCs) formed using 
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a transmission electron microscopy (TEM; JEM-2100F, JEOL). Moreover, the obtained 

cross-section specimens were subjected to Vickers hardness testing at a load of 0.98 N 

with a dwell time of 15 s using a hardness tester (FM-800, FUTURE-TECH).  

3. Results and discussion 

3.1 Temperature dependence of base metals and relation between applied pressure  

 Fig. 2 shows the temperature dependence behavior of UTS of mild steel and 

A7075 evaluated by high-temperature tensile test. A7075 is composed of Al-Zn-Mg-Cu 

system, and its strength is mainly controlled by the presence of strengthening precipitates 

[32]. In addition, the melting point is about 660°C (933K), and the material softens 

rapidly at about 200°C. In contrast, mild steel is not strengthened by precipitates, so there 

is almost no reduction in strength at temperatures below 400°C. As a result, the UTS of 

mild steel and A7075 are reversed at room temperature and high temperature, and the 

curves expressing the temperature dependence of UTS have an intersection point around 

220°C-300 MPa. In the case of 100 MPa applied pressure, according to the temperature 

dependence, A7075 started to deform when the interface temperature exceeded ~320℃ 

because the strength of A7075 dropped below the applied pressure (100 MPa). On the 

other hand, corresponding to ~ 320℃  strength of steel is maintained quite high as 

compared to A7075. Therefore, to facilitate deformation towards steel side at this 

temperature (~320℃), the minimum required applied pressure is ~290 MPa which is 

moderately higher than 100 MPa. As a result, only A7075 is ejected as flash without 

interfacial deformation on steel side during burn-off and forge phases. In the case of 300 

MPa applied pressure, mild steel and A7075 are expected to deform simultaneously when 

the temperature reached to ~220°C. Therefore, the applied pressure of 300 MPa was 
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selected as the optimum one in this study, and the applied pressure of 100 MPa was for 

comparison. 

 

Fig. 2 (a) Thermal dependence behavior of ultimate tensile strength of mild steel and 

A7075, and the schematic illustrations of relationship between applied pressure and 

materials deformation during LFW at (b) 300 MPa, (c) 100 MPa applied pressure. 

3.2 Forging speed and its relation between welding time 

Fig. 3 shows the graphs of applied forging speed, upset stroke, and required 

welding time during the LFW of the joints fabricated at different forging speeds of 5 mm/s, 

10 mm/s, and 20 mm/s with constant objective applied pressure of 300 MPa. Upset and 

oscillation frequency were kept constant at 5 mm and 50 Hz, respectively. The welding 

was completed as soon as the designated upset of 5 mm was achieved as shown in Fig. 
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3b, after achieving the targeted upset the forging speed rapidly fell to zero, Fig. 3a. The 

required welding time rapidly decreased as the forging speed increased, Fig. 3c. It is 

observed that the required welding time is lowest at a forging speed of 20 mm/s. 

Additionally, the weld completion time of 20 mm/s joint is just 0.4 s, whereas the time 

taken for the joints fabricated at 10 mm/s and 5 mm/s forging speed was observed to be 

0.76 s and 1.18 s, respectively. Recently, significant conclusions have been provided to 

obtain sound welding of A7075 alloys by utilizing the highest possible welding speed in 

order to reduce the welding time [33], as the faster the welding speed, the less time the 

weld is in hot cracking range [33,34].  
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Fig. 3 (a) Relationship between applied forging speed and required welding time, (b) 

relationship between upset stroke and time required to complete the upset stroke at 

different forging speeds of 5 mm/s, 10mm/s, and 20 mm/s, (c) corresponding required 

welding time at respective forging speed. 

Moreover, it is noteworthy that shortly after the completion of the A7075/steel 

joining, a noticeable discontinuous cracking sound can be heard, particularly under 

certain specific joining conditions. This cracking sound is attributed to the thermal 

contraction experienced during the solid-state cooling of A7075. A7XXX has been 

recognized as one of the aluminum alloy series most susceptible to thermal residual 

stresses [35]. While this cracking sound can be noticeably heard in the weld fabricated at 

5 mm/s and 10 mm/s forging speed. In contrast, it was effectively suppressed in joint 
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fabricated at higher forging speed of 20 mm/s. 

3.3 Joint appearance 

 Fig. 4(a-d) shows the joint appearance of the welds obtained at different applied 

pressure of 100 MPa with 5 mm/s forging speed, and 300 MPa with forging speeds 

ranging from 5 mm/s, 10 mm/s, and 20 mm/s at constant upset and constant oscillation 

frequency of 5 mm and 50 Hz, respectively. A7075 consistently displayed significant 

interfacial deformation during weld fabrication process. The extent of deformation 

towards steel side is shown by the blue dotted lines in Fig. 4(a-d). It is noteworthy that 

the weld fabricated at an applied pressure of 100 MPa exhibited almost no interfacial 

deformation towards the faying surface of steel. In contrast, A7075 experienced severe 

interfacial deformation during welding as shown in Fig. 4a. This finding was attributed 

to the fact of the notable difference in strength between mild steel and A7075 as shown 

in Fig. 2, similar observations were reported by Matsuda et al. [36] during LFW of 304 

stainless steel with A6063 and A5083 Al alloys. Because steel showed no interfacial 

deformation during welding, it is possible that oxides and rugged surfaces may have 

persisted at the joining interface. On the other hand, at 300 MPa applied pressure, the 

deformation mode near the faying surface of mild steel was changed with the increased 

forging speed. At a forging speed of 5 mm/s and 10 mm/s, steel exhibited gradient 

deformation in which the deflection gradually decreases with increasing distance from 

the joint interface as shown in Fig. 4b and 4c. In contrast, A7075 again exhibits severe 

interfacial deformation almost same with 100 MPa case. It is noteworthy that at 20 mm/s 

forging speed, steel experienced severe deformation that resulted in a uniform ejection of 

flash perpendicular to the upset direction of specific range of material in the vicinity of 
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the butt interface simultaneously with A7075 without gradual deflection, Fig. 4d. 

 

Fig. 4  Appearance of longitudinal cross sections of the joints fabricated at an applied 

pressure of (a)100 MPa and 5 mm/s forging speed, (b) 300 MPa and 5 mm/s forging speed, 

(c) 300 MPa and 10 mm/s forging speed, (d) 300 MPa and 20 mm/s forging speed. 

3.4 Joint tensile strength 

Tensile tests were conducted to evaluate the tensile strength of the obtained joints. 

The testing direction was perpendicular to the direction of weld line and the tests were 
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performed at a cross-head speed of 1 mm/min. The tensile specimens were taken as shown 

in the schematic Fig. 5c after removing flash.  

 

Fig. 5 (a) Tensile strength of the obtained joints, (b) fractured tensile specimen of the weld 

fabricated at different forging speeds and applied pressure, (c) schematic and location of 

tensile test specimen. 

The joint obtained at 100 MPa exhibited a joint strength of ~92 MPa. The much 

lower strength at an applied pressure of 100 MPa can be attributed to the absence of 

interfacial deformation towards faying surface of steel during welding which leads to 

partial joining of weld interface. Whereas the joint fabricated at an applied pressure of 

300 MPa with forging speeds of 5 mm/s and 10 mm/s showed a bit improvement in the 

joint strength and exhibited a tensile strength of ~109.2 MPa and 170.7 MPa as shown 

in Fig. 5a. However, the weld strength is still far below than that of the steel BM (347 

MPa). Fig. 5b shows the fractured tensile specimens. The fracture location and weld 
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interfaces are denoted by dotted double-sided red and blue arrows, respectively. The joints 

fabricated at lower forging speeds of 5 mm/s and 10 mm/s exhibited an interfacial fracture. 

In contrast, the weld produced at a forging speed of 20 mm/s revealed an average tensile 

strength of ~347.1 MPa with base metal fracture towards the steel side. Additionally, 

tensile tests were performed to confirm the joint strength near the peripherical location of 

the weld produced at a forging speed of 20 mm/s using relatively smaller tensile 

specimens with gauge length, width, and thickness of 6 mm, 2 mm, and 2 mm, 

respectively. The weld revealed an average joint strength of ~347 MPa and the fracture 

was located in the base metal region of steel, which is comparable and consistent with the 

joint strength at the weld center. 

Fig. 6 shows the joint efficiency of precipitation-strengthened A7075 and steel 

weld achieved so far employing direct rotary friction welding method and using pure Al 

as an interlayer material [17–19,37,38]. The current research is indicated by the red-dotted 

lines in Fig. 6. The weld joints obtained previously suffer from poor joint efficiency and 

several joint defects such as interface cracking that reached to the weld interface [19]. In 

the current study, the tensile strength of the joint obtained by using LFW method was 

equal to the mild steel base metal, which exhibited 100 % joint efficiency with respect to 

steel. It is indeed surprising to achieve such a highly efficient dissimilar joint between 

steel and A7075. To the best of author's knowledge, this is the first time to achieve 100 % 

joint efficiency of steel and A7075 dissimilar joint employing LFW method and 

exhibiting a base metal fracture towards steel side. 
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Fig. 6  Joint efficiency of dissimilar A7075/steel weld achieved so far using other 

pressure-controlled solid-state welding method (Rotary Friction Welding). Joint 

efficiency obtained in the current research is indicated by red-dotted rectangle. 

3.5 Microhardness distribution 

 Fig. 7 shows the Vickers hardness distribution, as a function of distance from the 

weld center line, of the joints obtained at constant applied pressure of 300 MPa with 

different forging speeds of 5 mm/s, 10 mm/s, and 20 mm/s. The lowest hardness values 

in each joint were consistently observed towards the steel side, which coincides with the 

fracture location of the 20 mm/s joint that exhibited the highest strength in the tensile test. 

Regardless of the forging speed employed, all joints exhibited a notable increase in 

microhardness near the joint interface towards steel side. The peak hardness value of 

~211 Hv was observed at a forging speed of 20 mm/s near the joint interface towards 

steel side.  
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Fig. 7  Microhardness distribution across the interfaces of the joints fabricated at an 

applied pressure of 300 MPa and different forging speeds of 5 mm/s, 10 mm/s, and 20 

mm/s. 

 On the other hand, the A7075 base metal (BM) was in T6 heat-treated condition. 

It is well known that by T6 heat treatment of A7075 aluminum alloys, artificially new 

precipitates form in the microstructure, thereby enhancing strength. However, softening 

occurred towards the A7075, which can be attributed to the dissolution of strengthening 

precipitates due to high welding temperature during LFW process. Notably, average 

hardness value in the softened region was slightly improved at higher forging speed of 20 

mm/s compared to 5 mm/s and 10 mm/s. Therefore, it is potentially a positive sign to 

partially suppress the softened region at comparatively high forging speed when 

considering welding A7075 with other types of high-strength steel alloys. It is worth 

noting that despite the occurrence of softening towards A7075, in case of the joint 

fabricated at 300 MPa applied pressure with 20 mm/s forging speed, the fracture was 

located in the steel base metal because the lowest microhardness in softened region was 



21 

 

always maintained above the base metal hardness of steel. This can be attributed to the 

remained precipitates in softening zone and reprecipitation during cooling process.  

3.6 Joint interface macrostructure analysis 

 Fig. 8(a-h) shows the SEM images of the cross-section of fabricated joint 

interfaces. The presence of any weld defects and un-bonded areas were identified. Fig. 8a 

shows the joint interface fabricated at lower forging speed of 5 mm/s with an applied 

pressure of 100 MPa. The un-bonded joint interface is indicated by red arrows in Fig. 8a. 

Several un-bonded spots were identified throughout the weld interface including towards 

the edge portion of the weld as shown in Fig. 8e. Furthermore, Fig. 8(b-d) depicts the 

interface of the joints fabricated at an applied pressure of 300 MPa with different forging 

speeds of 5 mm/s, 10 mm/s, and 20 mm/s, respectively. Despite slight deformation of the 

steel side in appearance as shown in Fig. 4b, the butt surfaces are greatly deformed and 

show uneven shapes, voids and un-bonded areas. These defects, as shown in the red dotted 

rectangle in Fig 8b, are presumably caused by the unevenness of the faying surfaces. 

Additionally, un-bonded areas were observed at the edge portion of the joint, indicated 

by a red dotted ellipse. In Fig. 8g, the interface line of steel/A7075 weld is indicated by 

the white arrows. Further, increasing the forging speed to 10 mm/s (Fig. 8c), the joint 

defects were significantly suppressed. The joint was obtained well bonded near the edge 

of the weld. However, the voids were observed near the center of the weld accompanying 

to unevenness of butt surface, as shown by the red solid rectangle in Fig. 8h. These un-

bonded regions would have greatly reduced joint strength. Further increasing the forging 

speed to 20 mm/s resulted in complete suppression of voids and cracks leading to a sound 

dissimilar joint without any interfacial defects as shown in Fig. 8d.  
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Fig. 8 SEM images of the weld interface of the joints fabricated at 100 MPa and 300 MPa 

applied pressure with different forging speeds of 5 mm/s, 10 mm/s, and 20 mm/s. 

Additionally, it is noted that the weld interface fabricated at a comparatively high forging 

speed of 20 mm/s appears to be quite flat without any uneven segments. This difference 

in the flatness of the joint interface at low and high forging speeds can be correlated with 

the difference in the deformation mode on the steel side, as shown in Fig. 4, i.e., gradual 

deformation mode versus uniform flash ejection mode. In the uniform flash ejection mode, 

the steel and Al alloy deform in parallel directions as flash, which is thought to result in 

the formation of a flat interface. In the gradual deformation mode, the deformation on the 
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steel side is insufficient and uneven with the deformation on the Al side, leading to the 

formation of interface irregularities and un-bonded areas. The reasons why the forging 

speed affects the interface deformation mode will be discussed in section 3.7. The 

presence of un-bonded areas observed in low applied pressure or low forging speed 

conditions is considered to be the main reason for the significant decrease in tensile 

strength of the welding interface. Thus, it is clear that the formation of a flat joint interface 

with uniform flash ejection mode is effective for obtaining sound dissimilar steel/Al LFW 

joints.  

3.7 TEM analysis of the interface and mechanism for improving bonding strength 

by increasing forging speed 

 The mechanism for improving the bonding strength by increasing forging speed 

is discussed in this section. Fig. 9 shows the TEM images and corresponding TEM-EDS 

line analysis of the interfaces of joints fabricated at an applied pressure of 300 MPa and 

different forging speeds of 5 mm/s, 10 mm/s, and 20 mm/s with the constant upset of 5 

mm and constant oscillation frequency of 50 Hz. The formed IMC layers are bordered 

with solid white lines at all the joint interfaces, as shown in Fig. 9-a-i, b-i, and c-i. At the 

lowest forging speed of 5 mm/s, the IMC layer was observed to be thick and irregular in 

thickness (Fig. 9-a-i). This irregularity in thickness of the IMC layer is thought to 

correlate with the inhomogeneous deformation of steel that causes unevenness of the 

bonded interface indicated in Fig. 8b. In contrast, relatively uniform layers of IMCs were 

identified throughout the joint cross-section at forging speeds of 10 mm/s and 20 mm/s 

as shown in Fig. 9-b-i, and 9-c-i, respectively. Additionally, the average IMC layer 

thickness was reduced from 132.3 nm to 105.7 nm as the forging speed was increased 

from 5 mm/s to 10 mm/s as indicated in Fig. 9-a-ii and 9-b-ii, respectively. With a further 
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increase of forging speed to 20 mm/s, an extremely thin layer of IMC with an average 

thickness of 34.7 nm was observed at the joint interface, Fig. 9-c-ii. It is worth noting that 

IMC layer experienced a reduction in thickness with the increase in forging speed during 

LFW. This reduction in IMC layer thickness with increased forging speed can be 

attributed to the fact that higher forging speed resulted in lower welding heat input due to 

shorter weld completion time. This is a similar effect of welding speed and heat addition 

on IMC thickness, which was reported previously during FSW [39,40]. Namely, at a 

forging speed of 20 mm/s during LFW, the interfacial reaction takes place comparatively 

for a shorter time leading to a relatively thin IMC layer than 5 mm/s and 10 mm/s forging 

speeds. Yamagishi [41] obtained sound rapid dissimilar joining between SUS304 and 

A5083 using extremely short welding time of less than 0.1 s utilizing spot forge welding 

method. These results suggest that the high forging speed of 20 mm/s significantly 

reduced the IMC layer thickness due to the extremely short weld duration of 0.4 s and, 

thus resulting in the excellent tensile strength of the LFWed joint between mild steel and 

A7075.  

 Fig. 9-a-iii, b-iii, and c-iii illustrate the detailed distribution of Cu, Zn, and Mg 

across the interfaces of weld produced at a forging speed of 5 mm/s, 10 mm/s, and 20 

mm/s, respectively. The concentration of Zn at all the interfaces was observed to increase 

on moving from the initiation of IMC layer towards A7075 side and revealed peak 

concentration over 6 at. %, at IMC/A7075 interface, in the joints produced at 5 mm/s and 

10 mm/s forging speed. Whereas in the case of joint produced at 20 mm/s, peak 

concentration of Zn at the IMC/A7075 interface was comparatively reduced and observed 

to be 4.8 at. %. On the other hand, Mg was only observed in the IMCs of the joints 

produced at 5 mm/s and 10 mm/s forging speed. Furthermore, similar to Mg and Zn, Cu 
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also concentrated at the A7075/IMC interface with peak Cu concentration ranging from 

6.4-8.5 at % in all the joint interfaces which is much higher than Cu concentration in 

A7075 base metal. It is noteworthy that the interface of the specimen fabricated at forging 

speed of 20 mm/s exhibits much lower concentration of Cu and Mg as compared with 

those of specimens fabricated at forging speed of 5 and 10 mm/s. 

  

Fig. 9 TEM micrographs and EDS line scan results across the interfaces of joints 

fabricated at 300 MPa applied pressure and different forging speeds of 5 mm/s, 10 mm/s, 

and 20 mm/s. 
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 Liu and Fang [42] conducted a study focusing on the behavior of Zn, Mg, and 

Cu atoms and calculated the environment-sensitive embedding energies of these elements 

within the matrix and at the grain boundaries of an A7XXX alloy. The Cu atoms exhibited 

the highest environment-sensitive embedding energies, followed by Mg, while Zn atoms 

had the lowest. Notably, an inverse relationship exists between an element's solubility and 

environment-sensitive embedding energy. Consequently, Cu displayed the lowest 

solubility within the aluminum matrix compared to Mg and Zn atoms [43]. On the other 

hand, according to Al-Cu binary phase diagram the solubility of Cu in Al increases with 

temperature [44]. Also, peak temperature in LFW joint during welding exist at the weld 

interface [45]. Therefore, it is thought that relatively elevated temperature near the 

interface contributed to the segregation of Cu at the joints interface. Cu was identified as 

having the most detrimental effect on the hot cracking sensitivity of Al alloys during 

welding [46,47]. Additionally, albeit to a lesser extent, presence of Mg was identified at 

the interface in the weld produced at 5 mm/s and 10 mm/s forging speeds. The suppression 

of segregation of these elements, which has a positive effect against hot cracking 

sensitivity of Al alloys owing to the short welding time, may also contribute to the higher 

strength of the weld interface. Recently, almost similar effect of high welding speed, on 

element segregation, weld cracking, and IMC thickness was observed during FSW [34]. 

The suppression of hot cracking by increasing the forging speed is in good accordance 

with the fact that the sound of crack was clearly heard when the forging speed was 5 and 

10 mm/s, but was scarcely heard at the forging speed of 20 mm/s. A significant reduction 

was observed in the IMC layer thickness with increase in the forging speed from 5 mm/s 

to 20 mm/s. The highest IMC thickness was observed at the joint interface fabricated at 

lowest forging speed of 5 mm/s, followed by 10 mm/s and 20 mm/s, respectively. These 
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results suggest that the high forging speed of 20 mm/s significantly reduced the IMC layer 

thickness and concentration of Cu and Mg at the interface due to the extremely short weld 

duration of 0.4 s and promoted the simultaneous interfacial deformation of both alloys 

during LFW without the formation of the voids and cracks at the joint interface, as 

discussed above, thus resulting in the excellent tensile strength of the LFWed joint 

between steel and A7075.  

3.8 TEM analysis of Al alloy and mechanism for the suppression of HAZ softening 

by increasing forging speed 

 Since the formation of precipitates plays an important role in the strength of 

A7075, examination of precipitates is needed in terms of their shape, size and distribution 

density in the interface region of Al side. Therefore, transmission electron microscope 

(TEM) analysis was conducted to gain further insights into hardness distribution and the 

occurrence of the softening region towards A7075. Fig. 10(a-c) shows the TEM images 

of the A7075 BM and the softening area of the weld fabricated at a forging speed of 20 

mm/s and at an applied pressure of 300 MPa. Fig. 10a shows the presence of spherical 

precipitates in A7075 BM as indicated by the black arrows. Based on TEM observation, 

the precipitates were uniformly distributed, on the order of 60-90 nm in size, throughout 

the matrix. The magnified image of red dotted region (b) in Fig. 10a is shown in Fig. 10b, 

and it revealed a uniform distribution of another very fine precipitates throughout the 

matrix. Additionally, a narrow precipitate-free zone (PFZ), approximately 30 nm wide, 

was identified along the grain boundaries. Furthermore, Fig. 10c illustrates the TEM 

image of the softened region of the obtained weld, located 2 mm away from the weld 

center. In this region, TEM investigation revealed the complete dissolution of very fine 

precipitates due to the elevated temperatures during LFW. Moreover, the distribution of 
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spherical precipitates, similar to those in the BM, was also observed in the matrix along 

with rod-shaped precipitates, as indicated by red arrows in Fig. 10c. The existence of rod-

shaped precipitates indicates that the precipitates within the base metal had undergone 

partial dissolution due to high temperature during LFW, followed by reprecipitation 

during cooling, a phenomenon consistent with prior research findings [48]. It was thought 

that the cooling rate was such that the coarser precipitates could nucleate and grow, but 

the finer ones could not nucleate [49]. In other words, in the range of joining conditions 

used in this study, the softening in HAZ of A7075 is suppressed by decrease of heat input. 

This is consistent with the noticeable suppression of HAZ softening of the joint at a 

forging speed of 20 mm/s, where the required welding time is short and the heat input is 

small, as shown in Fig. 3. 

 

Fig. 10 TEM micrographs of (a) A7075 BM, (b) Magnified image of red dotted square in 

(a), (c) softening zone of weld fabricated at an applied pressure and forging speed of 300 

MPa and 20 mm/s, respectively. 



29 

 

4. Conclusion 

 Sound dissimilar LFW joint between A7075 and mild steel was successfully obtained 

based on the optimization of applied pressure and forging speed. The influence of the 

forging speeds on mechanical properties and joint interfacial macrographs was 

investigated. The obtained results are concluded as follows. 

(1) An applied pressure of 100 MPa and 5 mm/s forging speed was found effective to 

facilitate interfacial deformation towards A7075 only, whereas no interfacial 

deformation towards the faying surface of steel was identified during welding due to 

the huge difference in the strength between mild steel and A7075.  

(2) When the pressure was applied 300 MPa, corresponding to common point of 

intersection of the strength of both alloys, faying surface of steel experienced gradient 

deformation at lower forging speed. The obtained welds exhibited poor joint strength 

due to the occurrence of several weld defects and un-bonded regions at the joint 

interface. 

(3) Higher forging speed of 20 mm/s was found effective to completely suppress the joint 

defects by promoting simultaneous interfacial deformation of both alloys during 

welding, which led to a sound joint without any interfacial un-bonded areas. 

(4) IMC layer was observed to be reduced with the increase in forging speed. At an 

applied forging speed of 20 mm/s, extremely thin layer of IMC, with an average 

thickness of 34.7 nm, was identified at the joint interface. Furthermore, the 

enrichment of Cu and Mg in the interface was also suppressed. Higher forging speed 

reduced the required welding time and duration of heat, which eventually reduced 

the heat input during welding. Therefore, the simultaneous interface plastic 

deformation of both alloys without the formation of voids and cracks became 
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possible. 

(5) Weld fabricated at an applied pressure of 300 MPa and 20 mm/s forging speed 

revealed excellent joint strength exhibiting 100 % joint efficiency with respect to 

steel. The fracture was located in the base metal region of steel.  
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