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Microstructure and mechanical performance of dissimilar metal joints 

of aluminium alloy and stainless steel by cutting-assisted welding-

brazing 

Abstract: The 5052 aluminium alloy and 304 stainless steel were successfully joined by 

cutting-assisted welding-brazing (CAWB) method without using flux. Dual-scale interfacial 

structures were achieved by manipulating the cutting tool profile. Results indicated that the 

macro-scale interfacial structure was produced at the joint interface when the taper step-shape 

cutting tool was adopted. As the cutting tool step was increased to 6-step, the micro-scale 

interface took on serrated morphology and a layer of continuous and wavy intermetallic 

compound (IMC) with an average thickness of 3.3 μm was formed at the interface. The τ4 IMC 

particles and the FeAl6 phases on a small scale were dispersed homogeneously in the welded 

seam. The maximum tensile strength of the joints reached 152.3 MPa upon tensile loading, 75% 

that of the 5052 aluminium base metal. The strong and reliable Al/steel dissimilar joints were 

attributed to the particle reinforced weld metal and the macro- and micro-scale dual self-locking 

structure at the interface. 

Keywords: Dissimilar metal joining; Welding-brazing; Cutting tool; Microstructure; 

Intermetallic compound; Tensile strength 

1. Introductions 

The light-weight alloy of Al/steel is increasingly attracting attention in the 

shipbuilding, aerospace and automotive industries [1]. However, the low weldability of 

aluminum and steel has severely restricted their use. Usually, brittle and hard Fe-Al 

intermetallic compound (IMC), such as FeAl3 and Fe2Al5 phases, form easily at the joint 

interface during welding process, which can be an important internal cause for 

formation of crack in joint [2].  

In recent years, there has been an increasing interest on the part of academics in the 

integration of technologies with a lower thermal cycle [3]. Among these joining 



methods, the technology of welding-brazing aluminium alloy to steel with good 

flexibility has been increasingly considered [4]. Furuya et al. [5] reported that the 

thickness of the IMC layer has been reduced by adding appropriate quantities of Si and 

Ti elements, and that the joint strength has been improved. He et al. [6] successfully 

joined aluminium and steel by pulsed TIG welding-brazing with high-frequency 

induction twin hot wire technology. They found that the reduction of IMC layer was 

achieved by controlling the heat input. Wu et al. [7] achieved the joining of aluminium 

and steel with ultrasonic-assisted TIG welding-brazing. It proved that the welding-

brazing process by introducing external energy could obtain the high joint properties, 

and the maximum joint strengthen was owed to fine-grained strengthening and 

dispersing strengthening of precipitated phases in the welded seam. In our previous 

study [8], attempts have already been made to join Al/steel by arc brazing technology. 

The maximum shear strength of the joints interface reached 182 MPa, and the IMC 

thickness can be effectively obtained as thin as 1.2 μm. However, the obtained 

interfacial microstructure was still relatively straight, which was difficult to hinder 

crack propagation. Based on it, one may expect that further improvement in bonding 

strength of Al/steel joint can be obtained if manipulating the cutting tool profile to 

achieve a unique combination of interfacial structure and strength. Moreover, the 

problem of the large difference in coefficients of thermal expansion (CTE) of Al/steel 

dissimilar metals was still existed [9]. Therefore, a cutting-assisted welding-brazing 

(CAWB) method without using of flux was proposed and applied in joining of 

aluminium alloy to stainless steel.  

The aim of this study is to investigate the effect of two cutting tool types (taper-

shape and taper-step shape) on the welding-brazing features of the joints. First, the 

macrostructure of the joints under two cutting tool types were observed and compared. 



Then interfacial microstructure evolution was evaluated, and the distribution of 

precipitated phases in welded seam was preliminary discussed. Finally, the formation 

mechanisms of the joints were analysed to reveal the influence of cutting tool profiles 

and the joint microstructure on the tensile properties. 

2. Experimental procedures 

5052 Al and 304 stainless steel strips of 100 mm × 50 mm × 3 mm were adopted as 

the base metal. ER4043 weld wire (Al-5Si wt.%) with a diameter of 1.6 mm was used 

as a filler metal. Their corresponding chemical compositions of base materials and filler 

metal as shown in Table 1 and Table 2, respectively. 

Before welding-brazing, the surface of the base metal was cleaned with abrasive 

paper and acetone to remove the oil contamination and oxide film. As seen in Fig. 1, in 

order to achieve the action effect of the molten pool stirring in the CAWB welding 

process, the distance of tungsten electrode and milling cutter was set to 8.3 mm, and the 

inclination angle of the cutting tool was 68.5°, the angle between the tungsten electrode 

and the horizontal plane was 75°. The welding-brazing process was carried out on a 

WX-300 welding source with a welding current of 102 A, an arc length of 3 mm, an 

offset value for cutting was 0.2 mm, a 0.25 mm butt gap was pre-set in the assembly 

process, a filler metal feed speed of 760 mm/min, a welding speed of 44 mm/min, and 

an argon flow rate of 15 L/min. Subsequently, a cutter inserted in a pool at a rotation 

speed of 3500 rpm starts to cut stainless steel and stir pool. 

In this study, YG-6x steel (WC-Co cemented carbide) was used as CAWB cutting 

tool material. The welding process was investigated by changing the profile of cutting 

tool (taper-shape cutting tool and taper step-shape cutting tool). As shown in Fig. 2(a), 

the taper-shape cutting tool was a simple truncated cone. The second type was taper 

step-shape cutting tool, which was machined with a 6.5 mm-diameter shoulder, a 2 mm-



diameter small end and a 4 mm-diameter large end. The cutting tool pin was 4 mm long 

with different steps (N was 2, 4, 6, 7), as shown in Fig. 2(b). 

After welding-brazing, the microstructure of the joints was measured by scanning 

electron microscopy (SEM). The composition of the joints was analyzed with an energy 

dispersive spectrometer (EDS) and X-ray diffraction (XRD). The IMC layer thickness 

and the ratio of precipitated phase were calculated using the image pro plus software. 

Fig. 3 shows the geometry and dimensions of tensile specimens. The tensile strength of 

the joints without reinforcement was tested on a WDW-E200 universal testing machine 

with a loading rate of 1 mm/min at room temperature. At least three samples were tested 

under the same condition to maintain the accuracy of the tensile tests. 

3. Results and discussion 

3.1. Joint formation without cutting tool 

Fig. 4 presents the cross-section of the joint without using cutting tool. A typical 

fusion-welded joint with the aluminum alloy base material was obtained. However, 

there was no effective connection at the joint interface without the aid of a cutting tool. 

Since the oxide film still existed on the surface of steel substrate, which hinders the 

wetting and spreading of the liquid filler metal on the steel surface, thereby forming the 

unbounded interface. 

3.2 Macro and microstructure evolution of CAWB joints interface 

Fig. 5 shows the CAWB joint morphologies with different cutting tool profiles. As 

shown in Fig. 5(a), the interface morphology of the joint was relatively straight, and 

voids and un-stripping steel chips gathered near the steel substrate. This is due to the 

limited cutting and stirring capabilities of the taper cutting tool, resulting in the 

formation of defects. As the cutting tool steps increased from 4 to 7, the macroscopic 



wave of the joints changed significantly, but the amplitude has not changed remarkably 

was observed in Fig. 5(b-d). Fig. 5(e) presents the schematic diagram of wavelength and 

amplitude while Fig. 5(f) calculates the corresponding wavelength and amplitude 

values. As the steps number increased from 2 to 7, the values of average wavelength 

were about 1999.4 μm, 1052.5 μm, 628.8 μm and 534.7 μm, respectively, as shown in 

Fig. 5(f). Nevertheless, the values of the wave’s amplitude have only slightly changed. 

The values of average amplitude were about 518.4 μm, 119.5 μm, 158.6 μm and 133.9 

μm when the step number was 2, 4, 6, and 7, respectively. Finally, the typical 

symmetrical waves and macro self-locking structures were obtained at the joint 

interface, which would be achieved the strong mechanical meshing effect [10].  

It was a crucial issue to control the formation and growth of the IMC layer at the 

joint interface in order to achieve welding-brazing Al/steel joints with high mechanical 

strength. To clarify the effect of cutting tool profiles on the joint IMC, interfacial 

microstructure and chemical components of four joints was characterized and the 

corresponding EDS results as shown in Table 3. Fig. 6 presents the microstructure of 

CAWB joint with different cutting tool profiles while Fig. 7 shows the corresponding 

thickness of interfacial IMC layers and EDS line scanning result. 

As shown in Fig. 6(a and b), the lager-scale steel chips were distributed inside the 

IMC layer, which provided a large amount of Fe atoms for the formation of a thick IMC 

layer. Finally, crack and laminated-like reaction layer with a maximum thickness of 53 

μm was obtained, and this would be easy to induce the crack propagation and 

deteriorate the joint mechanical properties. According to the Fe-Al-Si ternary phase 

diagram [11] and EDS analysis given in Table 3, the phases (marked by point A) was η-

(Fe,Cr)2(Al,Si)5. As the number of cutting tool steps increased to 4, the steel substrate 

has an undergone obvious plastic deformation, given in Fig. 6(c and d). No steel chips 



aggregation was found at the interface while swirl-like morphology appeared, indicated 

that an insufficient action of cutting occurred under this condition. Consequently, IMC 

layer with an average thickness of 12.9 μm formed at the joint interface as shown in 

Fig. 6(d). According to the EDS results shown in Table 3, it can be determined that the 

point B (Fig. 6(d)) was τ5-Al8(Fe,Cr)2Si phase [12]. 

Fig. 6(e-f) presents the joint interface (cutting tool step number was 6). The joint 

interface appeared periodically serrated with a continuous and wavy distribution IMC 

layer. And some block-like IMC particles migrated towards the interface as seen in Fig. 

6(e). The EDS analysis at point C and D shown that the block-like IMC particles were 

τ4-(Fe,Cr)(Al,Si)5 phase, and the IMC layer with thickness of 3.3 μm was identified to 

be τ5-Al8(Fe,Cr)2Si phase, respectively. As shown in EDS linear scanning result (Fig. 

7a), the Si and Cr elements were detected in τ5-Al8(Fe,Cr)2Si layer. Furthermore, the Si 

element content was significantly increased at the interface between the IMC layer and 

welded seam. Many previous studies reported that the addition of Si element to Al 

alloys was able to suppressing the formation of Fe-Al reaction layer [17]. It was 

indicated that the cutting tool could be force these alloy elements to participate in the 

reaction of Fe-Al IMC layer, resulting in reducing the thickness of IMC layer and 

caused grain refinement of the τ5-Al8(Fe,Cr)2Si phase. Therefore, when the cutting tool 

step was 6, the average IMC layer thickness reached the minimum value and the tensile 

strength of the joints was 152.3 MPa. It indicated that the 6-step cutting tool could 

realize the reduction of IMC thickness and formation of macro and micro-scale dual 

self-locking interface, which was beneficial to enhance the tensile properties of the 

joints. 

With the cutting tool steps increasing to 7, manifested in a relatively straight joint 

interface with micro-crack defects in the joint, as shown in Fig. 6(g-h). Composition 



analysis at points E and F, shown that the two phases were η-(Fe,Cr)2(Al,Si)5 and τ5-

Al8(Fe,Cr)2Si, respectively. The micro-cracks propagated between the two layers of 

IMC and its average thickness was 3.9 μm. It should be noted that the cutting effort and 

IMC layer reduction was not always improved by increasing the number of cutting tool 

step. It indicated that the action of seven steps cutting tool was insufficient and 

unsuitable. Finally, it would weaken the tensile properties of the joints. 

3.3 Microstructure evolution of the welded seam 

Fig. 8 presents the microstructure of the welded seam using different cutting tool 

profiles and the corresponding EDS results as shown in Table 4. Fig. 9 shows the 

relationship of the precipitated Fe-Al phase ratio to the profile of the cutting tool. 

In the process of welding-brazing Al/steel without using of cutting tool, the 

obtained joint has obvious unbound characteristics (seen in Fig. 4), which greatly 

hinders the diffusion process of iron atoms to the welded seam. And the welded seam 

was only made up of gray matrix and white rod-like phases given in Fig. 8(a, b). 

According to the EDS analysis showed that the gray matrix was the α-Al phase and the 

white rod-shaped structure (marked as point A in Fig. 8b) was identified as the Al-Si 

eutectic phase. 

During the CAWB process using taper cutting tool, the oxide film on the steel 

surface was removed, which greatly accelerated the dissolution of Fe atoms into the 

molten pool. However, a large number of net-like precipitates were produced in the 

welded seam (Fig. 8(c, b)), and the EDS analysis showed that this structure (marked as 

B) was determined in the FeAl6 phase [13, 14]. As seen in Fig. 9, the area ratio of FeAl6 

phase was 11.1%. These large-scale and net-like FeAl6 phases could increase the brittle 

nature of the joint. 

When the cutting tool step number increased to six, the obtained welded seam was 



mainly made up of block-like phases and small-scale FeAl6 phase, which was a uniform 

distribution in the welded seam (Fig. 8(e, f)). At the magnified SEM images of point C 

in Fig. 8(f), and the block-like phases were identified as τ4 phase with Cr solid solution. 

In addition, the block-like IMC particles were predominant in the welded seam, and the 

area ratio of IMC particles and FeAl6 phase was 4.2% and 2.3%, respectively. It should 

be noted that IMC particles can be generated from the transformation of steel chips or 

cut from the IMC layer. The stirring capacity of the cutter tool has been strengthened, 

which would help break the FeAl6 phase on a large scale under the 6-step cutter tool. In 

addition, these uniformly dispersed IMC particles and small-scale FeAl6 phases could 

be considered as strengthening phases, which had the potential to improve the joints 

tensile properties [15]. Finally, the large difference in coefficient of thermal expansion 

(CTE) of Al/ steel joints could be effectively alleviated. 

3.4 Tensile properties and fracture analysis 

Fig. 10(a) presents the effect of cutting tool profiles on the tensile strength of 

joints. It can be seen that the joints tensile strength first increased and then decreased. 

Particularly, the maximum tensile strength of the joints was 152.3 MPa, 75% that of the 

5052 aluminum base metal under the 6-step cutting tool. According to XRD analysis 

seen in Fig. 10(b), this proved that the Fe, α-Al and τ5-Al8Fe2Si phases were existed on 

the steel fractured surface. In addition, the energy spectrum results show that the phase 

(marked as I) in Fig. 10(c) was identified as τ5-Al8Fe2Si phase (71.33 at.% Al, 11.25 

at.% Si, 3.71 at.% Cr, 13.70 at.% Fe). The EDS identified results of the fracture surface 

agree with quantitative one confirmed by XRD pattern. Moreover, the fracture surface 

of the joint was analysis as shown in Fig. 10(c and d), the fracture mode was quasi-

cleavage fracture with tearing ridges. Therefore, it suggested that the fracture path 

appeared not only in the welded seam, but also at the interface between the τ5-Al8Fe2Si 



layer and the steel base metal. Adopting the 6-step cutting tool, the Al/steel joint had the 

highest tensile strength among these five joints. Therefore, a medium cutting tool 

profile was important for a sounder joint. 

3.5 Joint formation mechanism 

Based on the above findings, the new CAWB process for Al/steel joints can be 

illustrated with conceptual models in Fig. 11. The process includes melting, cutting and 

wetting, growing and breaking, and cooling.  

After reaching the melting temperature of the filler metal, the liquefied Al-Si filler 

metal could not flow into the interspace of bonding joint by capillarity due to the oxide 

film on the surface of steel base metal. During the CAWB process, the oxide film was 

removed, and the fresh steel surface manifested a strong wetting reaction with the Al-Si 

molten filler metal. Different degrees of plastic deformation were achieved on the steel 

substrate as the number of cutting tool steps increased from four to seven, resulting in 

the macro self-locking structure at the interface. Especially the cutting tool step number 

was six, the micro-interface of the joint took on a serrated morphology, and the small-

scale steel chips from the cutting process migrated in the molten pool. 

With the progress of the joining process, IMCs has gradually grown on the 

regularly serrated interface into continuing and thick IMC layer, and the IMC particles 

wrapping with steel chips began to form in the molten pool. In this case, high-speed 

rotation of cutting tool was still stirring in the molten pool. According to the principles 

of the cutting process [16], the cutting forces (F) can be decomposed into three different 

directions, namely, Fx, Fy and Fz. With a suitable cutting force, the IMC thickness was 

reduced by the 6-step cutting tool. In addition, the cutting tool could force the Si 

element to fully react with the Fe-Al IMC layer and suppress the growth of reaction 

layer, which maximized the effect of Si element on the reduction of the IMC layer 



thickness. As a result, the microstructure of the serrated interface and the thin IMC 

thickness were beneficial in enhancing the mechanical properties of the joints.  

In recent years, some particles with low CET have been added to the filler metal in 

an appropriate amount was investigated, which indicated that the lager different of CTE 

and Young’s modules of dissimilar materials was reduced [18, 19]. During the CAWB 

process, the IMC particles wrapping with high-melting-point steel chips and massive 

cutoff τ4 IMC particles with low CTE dispersive distribution in the welded seam. It 

would help to release the thermal stress and reduce the mismatch of the CET and 

Young’s modules between steel and aluminum alloy. 

4. Conclusions 

(1) Cutting-assisted welding-brazing (CAWB) method without using of flux was 

proposed and applied in joining of aluminum alloy to stainless steel, and the cutting 

tool can disrupt and extrude the oxide film on the surface of steel. 

(2) Taper step-shape cutting tools resulted in the severe plastic deformation on the steel 

substrate, which leading to the macro self-locking structure at the interface was 

realized. The value of interface wavelength could be 1999.4 μm at the 2-step 

cutting tool, this was 3-4 times smaller than the ones at 2-step as the step number 

increased to 7-step. 

(3) The joint interface made of 6-step cutting tool was distributed in a periodically 

serrated microstructure, which resulted in the micro self-locking structure at the 

interface. The thin and wavy IMC layer was identified as τ5-Al8(Fe,Cr)2Si phase 

with the minimum thickness of IMC layer was only approximately 3.3 μm. 

(4)  The dispersion distribution of τ4 IMC particles and FeAl6 phases on a small scale 

can be considered as reinforcement phases in the welded seam. The maximum 

tensile strength of joints produced by the 6-step cutting tool, reached 152.3 MPa, 



representing 75% of the 5052 aluminum alloy base metal. 
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Point 
Elements (at.%) 

Possible phase 
Fe Si Cr Al 

A 20.27 - 3.91 75.82 θ-Fe4Al13 

B 15.99 7.09 3.73 73.19 τ5-Al8(Fe,Cr)2Si 
C 11.10 8.26 5.04 75.60 τ4-(Fe,Cr) (Al,Si)5 
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Fig. 4.The cross-section of the joint without cutting tool. 

 

Fig. 5. The CAWB joints morphologies at (a) taper cutting tool, (b) 4-step, (c) 6-step, (d) 7-step, 

(e) the schematic diagram of wavelength and amplitude and (f) relationship among cutting tool 

profiles, wavelength and amplitude. 



 

Fig. 6. The microstructure of joints interface:(a-b) taper cutting tool; (c-d) 4-step; (e-f) 6-step; 

(g-h) 7-step. 

   



Fig. 7. (a) EDS line scanning results of IMC layer at 6-step cutting tool; (b) the IMC thickness 

of joints at different cutting tool. 

  
Fig. 8. Microstructure of the welded seam at: (a, b) without cutting tool; (c, d) taper cutting tool; 

(e, f) 6-step cutting tool. 

 

Fig. 9. Relationship between precipitated phase ratio and cutting tool profiles. 
 



 

Fig. 10. (a) Graph of the joints tensile strength at different cutting tool profiles, (b) XRD pattern 

of the steel fracture surface.at 6-step, (c) fracture surface at the steel side and (d) high 

magnification SEM of area d. 

 

Fig. 11. Conceptual model of the new CAWB process for joining Al/steel with 6-step cutting 

tool 


