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Abstract：The galvanized steel with thickness of 2 mm was joined to 6061 with thickness of 2 mm 

by laser fusion brazing process. The filler wire was AlSi5 and wire feed speeds were 2.8, 3.0, and 

3.2 m/min, respectively. Microstructure and mechanical properties of the joints were investigated. 

The Zn-rich zone formed in the area of the seam toe of was analyzed by means of optical 

microscope, scanning electron microscope and energy dispersive spectroscopy. Meanwhile, the 

Fe2Al5Zn0.4phase、Fe(Al, Si)0.5 and Fe(Al, Si)0.7 was found at the galvanized steel/brazed metal 

interface along the weld seam. According to tensile test, the strength of the joints were 31.6 MPa 

(wire feed speed is 2.8 m/min), 61.4 MPa (3.0 m/min) and 70.4 MPa (3.5 m/min), the failure 

occurred in interfacial layer at the bottom of the joint. 
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1 Introduction 

In auto industries, shipbuilding and aircraft construction, lightweight aluminum alloy and 

steel hybrid structure can significantly reduce fuel consumption and decrease air pollution 

[1].Aluminum alloy has many virtues, such as its low density, good corrosion resistance, excellent 

workability and machinability [2]. Therefore, steel–steel components have been replaced by 

aluminum-steel hybrid structures. A great of researches on joining aluminum to steel have been 

carried on to satisfy the necessities of many industrial applications. However, the differences of 

thermal conductivity, coefficient of linear expansion, between aluminum and steel bring 

difficulties by fusion welding. Because the density of aluminum is smaller than steel, thus, liquid 
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aluminum can float on the surface of steel in fusion welding process which has difficulty in 

forming reliable joints [3]. In the fusion welding process, the main problems are the generation of 

pores, cracks, and thermal stresses which severely affect the properties of the welded joints. If the 

welding process under the improper protection, aluminum is easy to be oxidized which lead to 

generate Al2O3 with high melting point which lead to slag in weld, incomplete fusion and other 

defects [4]. Many approaches have been made to join aluminum to steel in recent years [5]. Such 

as friction welding, explosion welding [6], resistance welding [7], and ultrasonic welding [8], have 

been taken, but these processes are suitable for certain weld joint types, so their application was 

limited.  

Cold metal transfer (CMT) was also used to join aluminum to steel in recently [9–12]. But, 

because of its low heat input, CMT was available to join thin plates and the strength of the joints 

are limited. Recently, laser brazing has been explored as an innovative joining method to join 

sheets of dissimilar materials [13]. This method takes benefit of the variance in melting point of 

base materials. In case of Aluminum/steel dissimilar metal joining, laser beam melts the filler wire 

and aluminum sheet locally; the molten metal flows, spreads and wets the steel sheet forming a 

leak-proof brazed joint [14]. Laser weld-brazing offers industrially acceptable benefits such as 

high production rate, flexibility in operation and automation and hence, is a preferred process for 

dissimilar metal (aluminum-steel) joining [14]. Laser welding has many virtues, such as high 

welding speed, high energy density, small heat-affected zones, low distortion, and high levels of 

automation. In addition, laser welding can effectively control the growth of brittle Fe-Al 

intermetallic compounds, offers great potential for further development [15]. P. Peyre et al. [16] 

used laser-induced reactive wetting to join an aluminum alloy to steel and found there were pores 

by zinc vaporization in the fusion zone and presence of cracks due to Zn local segregation. It was 

also found that the formation of low melting point Al–Zn compounds at inter-dendritic spaces 

increase cracking susceptibility inside aluminum melt pool. Laser fusion-brazing with filler metal 

was used to join aluminum to steel.  

Laser fusion-brazing combines the advantages of fusion welding and brazing by utilizing 

fusion welding on the aluminum side and brazing on the steel side [17]. Because the filler and 

aluminum were melted but steel was not leading to low heat input that could effectively decrease 

the formation of intermetallic phases and reduce the thermal stress in the joint [18]. M. Gatzen et 



al. [19]used laser brazing and welding and found that thin zinc layers can have an effect on the 

heat transfer during bead-on-plate brazing could be a significant transfer of latent heat to melt and 

evaporate the zinc-coating. Thicker coatings could therefore result in higher amounts of 

evaporating zinc, which in turn result in quicker removal of heat from the aluminum melt. A great 

amount of laser fusion welding results show that the zinc coating layer can act as flux to enhance 

wetting behavior and increase the joint strength [20]. In the laser welding–brazing of dissimilar 

metals, the weld formation, IMC (intermetallic compound) component and IMC morphology had 

great influence on the final mechanical properties [21]. Yuan et al. [22] proposed that smaller 

wetting ratio (the ratio between wetting length and angle) and newly formed porosity would 

reduce the bonding strength of the laser welded–brazed Al/steel joint. However, the approach on 

the fracture behavior of zinc-rich zone in aluminum with galvanized steel by laser fusion-brazing 

is not enough to understand.  

The purpose of this study is to analyze the fracture behavior of zinc-rich zone in joint of the 

6061 aluminum and zinc coated steel. The laser fusion brazing experiments with the AlSi5 filler, 

the laser welding of aluminum to non-galvanized steel and laser welding of aluminum to 

galvanized steel are performed carefully. 

 

2 Experimental procedures 

2.1 Materials and filler metals 

Materials used are 6061 aluminum alloy (T6) and galvanized steel plates of 2.0mm thickness. 

The thickness of Zn coating on the steel is 30 μm. The filler metal is AlSi5 with a diameter of 1.2 

mm. The chemical compositions of base materials and filler metals are shown in Table 1. 

2.2 Laser welding-brazing process 

The laser source is a fiber laser machine of IPG5000. The diameter of fiber of laser is 200 μm 

and the diameter of laser beam spot on the plate is 0.4 mm. The KUKA robot was used to grasp 

the laser head. Though the welding torch to feed the wire, the laser beam vertically transmitted on 

the wire and the work piece surface which can be seen in Fig. 1 and Fig. 2. All plates were cut into 

the size of 150 mm × 50 mm × 2 mm, the surface was cleaned by abrasive paper and acetone 

before brazing. A laser fusion-brazing was used and the welding parameters were selected as 

3000W with the defocusing amount was - 2 mm, the welding speed is 7 mm/s, the wire feeding 

speed is chosen as 2.8 m/min (sample A) , 3.0 m/min (sample B) and 3.5 m/min (sample C) 



separately. 

2.3Analysis methods 

After welding, metallographic specimens of typical cross-section of the welds were cut and 

then the specimens were polished by metallographic sandpapers of 150, 400, 600, 800, 1000, 1200 

SiC grades. The solution（4 mL HNO3 + 96 mL CH3CH2OH, (5 mL HF + 95 mL H2O) were used 

to etch the aluminum side and galvanized steel side of the metallographic specimens to reveal the 

general microstructure of the joints. The metallographic specimens were observed by optical 

microscope (OM), scanning electron microscope (SEM) and energy dispersive spectroscopy 

(EDS). X-ray diffraction was used for phase analysis. The tensile specimens were cut from each 

weld to evaluate the mechanical property of the joints. The microhardness test was carried out 

with a load of 0.5 N and loading time of 10 s. In the tensile test, a load velocity of 2mm/min was 

employed.  

 

3 Results and discussion 

3.1 Macrostructure and appearance of joints 

Fig.3 shows appearances of the joints between aluminum and galvanized steel sheets made 

by different wire feeding speeds. The surface of welding seam was not smooth and satiation. 

There are some sink and slag. The zinc vapor leads to the sink in the surface of the weld seam. 

Due to the melted metal which is close to the base metal of aluminum and galvanized steel 

solidified firstly, there were some oxides on the surface of the weld seam, therefore, a line can be 

seen on the surface of the seam when the solidification was finished. For sample A, there are a lot 

of sags on the surface of the welding seam. The volatilization of the galvanized layer makes the 

wetting performance of the liquid aluminum on steel worse. For sample B, the wire feeding speed 

is higher so that there are more filling metals in the welding seam. 

Fig.4 shows a typical cross-section of the joints. Higher wire feeding speed (Sample B) 

resulted in the increase of the contact angle between the steel and the weld metal. Meanwhile, the 

weld height of sample B is higher than sample A. This is mainly because that the wire feeding 

speed of sample A is small so that there are more heat input on the base metals. In addition, a 

special white zone at the tip of the weld seam can be found (designated by white arrows in Fig.4).  

3.2 Fusion zone 

The fusion zone is melted by filler metal and some aluminum alloy under the irradiation of 



laser beam. It can be known from Fig.5 (a) that the microstructure of the fusion zone is made up of 

gray celled crystals and black matter distributed along grain boundaries. For aluminum-silicon 

alloy, there are mainly some phases including α-Al solid solution and aluminum-silicon eutectic 

alloy in the room temperature. As shown in Fig (b), the white net part is the α-Al solid solution. 

The α-Al solid solution is firstly formed during the process of cooling and solidification. When the 

temperature reaches 577 degrees, the Al-Si eutectic phases precipitated from the grain boundary of 

α-Al. This is mainly because that the solid solubility of zinc in aluminum is greater than that of 

silicon in aluminum. Al-Zn eutectic structures may precipitated on the grain boundaries of α-Al 

when temperature decreases to 381 ℃. Table 2 shows EDS analysis of different points in fusion 

zone. EDS analysis of the melted zone shows that the main components are Al and Si, and it can 

be judged that the microstructure of the melted zone is α-Al and the Al-Si eutectic structure. 

3.3 Intermetallic compound layer  

The zinc coating on the galvanized steel surface was seriously volatilized due to the laser 

irradiation. The interaction between laser and metals can be divided into three stages which can be 

seen in Fig. 6. Firstly, the molten aluminum was spread on the surface of the solid steel. Then the 

iron atoms dissolved in the molten aluminum. At last, the iron atoms which dissolved in the 

molten metals diffused to the aluminum. These stages have an important influence on the 

microstructure and properties of weld joints. The spread of liquid aluminum can effectively 

promote the dissolution and diffusion of iron atoms. The speed of forming intermetallic compound 

between aluminum and steel is fast. Diffusion process is dominated by reaction diffusion. The 

diffused atoms of Al and steel react with each other and form the FeAl supersaturated solid 

solution because that the diffusion coefficient of aluminum in the grain boundaries is much larger 

than that of other parts. When the components of supersaturated solid solution reach a certain 

degree, the Fe2Al5 phase nuclei formed firstly. The crystal structure of the Fe2Al5 phase is a 

trapezoid type, and there are more atomic vacancies along the C axis. As the diffusion process 

continued, the dense FeAl3 phase formed sequently. It shows that there is still a need to clarify the 

morphology and the growth kinetics of the intermetallic phases that form when Fe is in contact 

with liquid Al, both experimentally and theoretically [23]. The addition of Si to Al, which is 

known to decelerate reaction layer growth in interdiffusion experiments with Al melts, was found 

to accelerate the reaction layer growth in solid/semi-solid interdiffusion experiments [24]. So the 



amount of Si can be used to control the thickness of IMC layer [25].  

The Al atoms in the weld seam are interacted with the Fe atoms in the galvanized steel of the 

base material to form Fe-Al intermetallic compounds. It can be found that an intermetallic 

compound layer formed in the interface of brazing aluminum alloy and galvanized steel shown in 

Fig. 7. It is uneven near the aluminum side, indicating that the intermediate material grows on the 

edge of aluminum. The thickness of the intermetallic compound layer changes not only with the 

location but also with the varying wire feed speed. The thickness of the intermetallic metallic 

compounds (IMCs) in the center is greater than that on the edge of the seam. The Sample A, the 

maximum thickness of the IMC is about 2 - 4 μm, it is 8 - 10 μm for Sample B and it is 8 – 12 μm 

for sample C. The IMC formed at the interface between galvanized steel and brazed metal exhibits 

different shapes, the side near the steel appears smoother, and the side near the aluminum appears 

irregular and rough. It can be seen that two different phases are formed at the interface. 

Fig. 8 represents the SEM image of IMC layer of welds and chemical composition obtained 

by AlSi5 filler wire with wire feed speed 3.0 m/min. In the central zone of weld, there were almost 

no zinc elements due to the evaporation in the process of welding. Many approaches indicated that 

the compounds of IMC were Fe2Al5 and FeAl3. Fig. 9 shows the X-ray diffraction pattern of the 

reaction layer shows. Fe2Al5Zn0.4 phase、Fe3(Al,Si)0.5 phase、Fe3(Al,Si)0.7 phase were formed at the 

interface of galvanized steel and brazed metal interface. Fe2Al5Zn0.4 phase was formed at the 

interface of steel and brazed metal which could be explained that Fe atoms were substituted by Zn 

atoms in the liquid aluminum in the formation of the IMCs. Due to the influence of unmelted iron, 

the slow diffusion speed of aluminum and iron atoms through the interface restricts the growth of 

intermetallic compounds. Distance of diffusion of Al and Fe atoms in the IMCs and growth time 

of IMCs can be expressed by [26] as follows: 

                          tx D                                       (1)                    

Where χ (µm) is the thickness of IMC layer, D (µm2s-1) is the growth rate and t (s) is the growth 

time. The growth rate constant is related to temperature and can be expressed by Arrhenius 

relation. It can be concluded that the larger the thickness of intermetallic compound, the higher 

brazing temperature and longer brazing time are required. 

3.4 Zn –rich zone at weld tip 

At the beginning of welding, the zinc coating was melted by liquid aluminum because the 



melting point of aluminum is higher than that of zinc. Then, a part of liquid zinc atoms are 

dissolved in the molten aluminum to form an Al-Zn liquid solution; other zinc atoms are pushed to 

the tip area of weld seam which leads to accumulate of zinc element and form the Zn-rich zone. 

Because the melting point of zinc is lower than aluminum, once the Zn gets into contact with the 

cold steel sheet, it rapidly solidified. Therefore, the concentration of zinc decreases sequentially in 

the direction of steel-brazing material and aluminum-brazing material. Fig. 10 shows the different 

morphology of the zinc-rich zone at different wire feed speeds. The presence of zinc not only 

reduces the surface tension of the molten solder, but also releases the mixing energy in the molten 

zone and promotes the spreading of the solder on the steel surface. 

Higher wire feed speed may have a negative impact on wettability, because too fast wire feed 

speed will cause a large amount of zinc to evaporate, thereby reducing the wettability of the solder 

on the steel plate [27]. It should be noted that changes in the wire feed rate will cause changes in 

the heat input generated by laser brazing. The zinc coating on steel has different evaporation 

behavior at different wire feed speeds (the boiling point of zinc is about 907 ° C). Figure 10 shows 

the two wire feed rates and the different wetting angles for the two morphologies in the zinc-rich 

region because the cooling rate is different at different locations of the joint. The tissue 

morphology of the zinc-rich region of sample A (Figure 10c) is a cell dendritic structure, and the 

tissue morphology of the zinc-rich region of sample B is also a cell dendritic structure, but it is 

solidified into different microstructures due to different cooling rates. The structure is smaller. In 

the area with low Zn content, Zn appears at the grain boundaries of Al, and holes can be seen in 

Fig. 11 (a). The reason for these holes may be due to the escape of inert gas from the solder during 

the melting process. 

Figure 11 shows the microstructure and element distribution of the zinc-rich zone at the weld 

toe of the joint analyzed by EPMA. The results show that the distribution of elements in the 

zinc-rich zone at the welding toe is Al, Si, Zn. The element at the edge of the welding toe is 

mainly zinc. In the entire area of the zinc-rich zone, iron is much less than other elements, because 

the heat input at the welding toe is lower than the heat input at the middle of the fusion zone. The 

Fe element is difficult to diffuse from the center of the weld to the toe. Figure 12 shows that there 

is also a zinc concentration at the middle junction of the weld. It can be known that this position 

between aluminum and steel is also a stress concentration area. The gap between the steel plate 



and the aluminum plate is the main cause of stress concentration, and molten zinc is also easily 

concentrated in this area. 

3.5 Mechanical properties 

3.5.1 Hardness measurements 

The microhardness of the welded joint section is shown in Figure 13. Figure 13 shows that 

the hardness of the interface between the filler metal and steel is higher than the hardness of the 

interface between the filler metal and aluminum alloy. The existence of the IMC layer causes this 

phenomenon. The hardness of the IMC layer can reach 425HV, which is much higher than 70HV 

in the weld zone and 110HV in steel. 

3.5.2 Tensile test result 

Figure 14 shows a schematic diagram of the crack propagation path and final fracture in the 

laser brazed joint under tensile load. The result of the tensile test is that, when the wire feed rate is 

2.8 m / min (Simple A), the tensile strength of the welded joint is 31.6 MPa, the strength is 61.4 

MPa with the wire feed speed 3.0 m / min and 70.4 MPa with 3.5 m/min. As shown in the figure, 

although the wire feed rate is different, the fracture occurs in the IMC layer at the bottom of the 

joint. The break mode of the joint has nothing to do with the wire feed speed. The accumulation of 

zinc at the location of stress concentration causes this region to fail easily in tensile tests [28], 

which is brittle fracture. In addition, the steel surface may not be cleaned well because grease dirt 

will reduce the wettability of the molten filler. The tensile strength of the IMC layer is lower than 

the heat affected zone of the aluminum alloy and the weld. The results show that even if the 

thickness of the IMC is less than 10 μm, brittle fracture occurs in the welded joint. In summary, 

the tensile strength of the lap joint is affected by the distribution of the IMC layer and the zinc 

element. The evaporation of zinc will affect the wettability of the solder to the steel, thereby 

making the welding process unstable. In addition, due to the high hardness and brittleness of the 

Fe-Al intermetallic compound, there are microcracks in the intermediate interface layer of the 

welded joint. 

4 Conclusions 

In this paper, the effect of zinc on the fracture behavior of joints under different wire feeding 

speeds in laser brazing of 6061 aluminum alloy and galvanized steel is studied in detail. The 

conclusions obtained are as follows: 

1. The presence of zinc not only reduces the surface tension of the molten solder, but also releases 



the mixing energy in the molten zone and promotes the spreading of the solder on the steel surface. 

When the wire feeding speed is higher, the structure at the tip of the brazing layer is smaller, 

which is caused by the accelerated volatilization of zinc. 

2. At the interface of galvanized steel and brazing metal, Fe2Al5Zn0.4 phase, Fe3 (Al, Si) 0.5 phase 

and Fe3(Al, Si)0.7 phase were formed.  

3. The tensile strength of the welded joint is 31.6 MPa, 61.4 MPa and 70.4 MPa with the wire feed 

speed 2.8 m/min, 3.0 m / min and 3.5 m/min, respectively. Even if the thickness of the IMC is less 

than 10 μm, brittle fracture still occurs in the welded joint. 
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