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SYNOPSIS 
 
The innovative friction melt bonding process to join dissimilar materials in 
lap-joint configuration has been applied to weld aluminium to steel in lap-
joint configuration. In this process, a flat cylindrical tool is pressed 
against a top sheet of steel. The frictional heat generated is large enough 
to be transmitted through the steel to an aluminium sheet placed below 
and melt it at the interface. This allows controlling the formation of Fe/Al 
intermetallics that are responsible for the bonding. Several welds at 
different advancing speeds of the tool have been carried out using Ultra-
low-carbon (ULC) and dual-phase (DP) steels and 1050, 2024, 6061 Al 
alloys. The microstructure was observed and the thickness of the 
intermetallic was measured as thin as 2-3 µm at higher advancing 
speeds. Hardness measurements were performed to assess the different 
affected zones as well as lap-shear tests to measure the strength of the 
bonding. 
 
 
INTRODUCTION 
 
Automotive industry has been an active actor in the development of high 
performance steels. This is the case of the advanced high-strength dual-
phase steel (DP). However, the tight legislations to reduce the 
greenhouse gas emissions, promoted by governmental bodies, have 
increased the application of lightweight materials, such as aluminium, to 
improve car efficiency. Cui et al. [1] stated that the lightening of the car 
structures, keeping the crashworthiness properties without cost increase, 
is achievable by designing multi-material structures, mainly focusing on 
aluminium and advanced high strength steels. Nevertheless, the joining 
of these two materials in the automotive body requires innovative 

 



processes due to the dissimilar nature of the base materials. 
Conventional methods such as Gas Tungsten Arc Welding (GTAW) and 
Resistance Spot Welding are not suitable mainly because of the fast 
formation of brittle Fe/Al intermetallics that weaken the bonding and the 
highly different melting temperatures, fostering that only aluminium melts 
during the welding [2, 3, 4]. These are the reasons why current joining 
methods in automotive industry involve mechanical clinching, self-
piercing riveting and friction stir spot welding [5]. In general, these 
methods offer a lower resistance than a metallurgical bonding in terms of 
strength and fatigue, increase of stress concentration and do not provide 
continuous sealing [6, 7]. 
 
However, the formation of an Fe/Al intermetallic is unavoidable, even in 
solid-state processes as observed by Chen et al. [8] for friction stir 
welding between Al 6061 and AISI 1018. According to Tanaka et al. [9], 
the thickness of the intermetallic compounds strongly influences the 
fracture strength of the joints, predicting an optimum for thicknesses 
around 0.5-1.5 um. Sierra et al. [10] tested keyhole laser welding on Al-
to-steel lap-joint welds obtaining defect-free seams that resisted up to 
250 MPa in tensile tests with IML thicknesses down to 5 µm. In their 
respective works Fan et al. [11] and Meco et al. [12] controlled the 
thickness of the IML by changing the power input in overlap conduction 
laser welding. However, laser equipment remains expensive, limiting the 
implantation of this technique. 
 
In this framework, an innovative process able to carry out dissimilar lap-
joint welds between metals with large differences in melting temperature 
has been patented by the authors [13, 14]. In this process, a stack with 
the two materials to be welded is clamped, placing the material with 
lower melting temperature, Al, under the steel sheet (Figure 1). 
Subsequently, a non-consumable pinless cylindrical tool is rotated and 
pressed against the surface of the steel plate, moving at a given 
advancing speed. Heat is then generated due to the friction between the 
two surfaces in relative movement and to the severe plastic deformation 
taking place in the steel below the tool. This heat is  transmitted by 
conduction to the aluminium melt it at the interface and favour the 
reaction between Al and Fe to form the intermetallic layer (IML) that will 
be responsible for the bonding once the weld has cooled down.  
 

 



 
Figure 1: Layout of friction melt bonding process [13] 

This new process is attractive due to its simplicity, no need of shielding 
gas and negligible prior preparation of the sheets. Furthermore, a wide 
range of advancing speeds up to 700 mm/min can be attained for thin 
steel sheets with a limited tool wear (particularly for soft steels such as 
microalloyed steels) and no keyhole at the end of the pass. In addition, 
the absence of pin and complex geometries of the tool greatly reduces 
its cost. 
 
 
EXPERIMENTAL METHODS 
 
Several tests have been carried out using either ULC or DP600 steel 
grades with 1050, 2024 and 6061 Al alloys. The respective thicknesses 
and compositions can be found in Tables 1 and 2. 

 
 Weight % 
 C Mn Si S P Ti Nb N Cr Mo 
ULC (0.8 mm) 0.013 0.136 0.01 0.005 0.0132 0.002 0.003 <0.008   
DP600 (1.8mm) 0.08 1.51 0.26 0.004 0.02 - - - 0.35 0.06 

 
Table 1: Chemical compositions of steel plates 

 Weight % 
 Cu Fe Mg Si Ti V Cr Zn Mn 
1050 (1 mm) 0.07 0.09 0.85 0.03 0.02 0.01 - - - 
2024 – T3 (2 mm) 4.40 0.18 1.50 0.10 0.02 - 0.01 0.18 0.51 
6061 – T6 (1 mm) 0.24 0.44 0.92 0.56 0.02 0.01 0.19 0.04 0.05 

 
Table 2: Chemical compositions of Al plates 

The stack is completed with a backing plate made of steel. The size of 
the sheets is 250x80 mm and the run of the tool is 220 mm. The first 100 
mm are used to heat the tool to the working temperature and the next 
120 mm are considered to be in a pseudo-steady-state regime and were 
used for subsequent analysis. 
 

 



The chosen tool is a 16 mm radius cylinder made of cemented tungsten 
carbide with 6%Co. Its rotational speed is kept constant at 2000 rpm 
while the advancing speeds varied between 100 and 700 mm/min. 
 
RESULTS AND DISCUSSION 
 
SEM and EBSD observations 
 
As a result of the reaction between the molten Al and solid Fe, an 
intermetallic layer (IML) is formed. The backscattered electron SEM 
image of Figure 2a shows the microstructure of the cross section at the 
interface of a DP600-6061 weld. Figure 2b corresponds to the 
superposition of phase coloured and band contrast EBSD maps for a 
ULC-1050 weld. It clearly differentiates the two compounds found in the 
IML; a constant layer of FeAl3 of around 1 µm thickness and very fine 
grains and a second layer of Fe2Al5 with a tongue-like morphology. This 
is in agreement with what has been reported in previous works on Fe-Al 
reactivity [9, 15]. 
 

 
Figure 2: (a) SEM observation of the DP-6061 weld interface and (b) EBSD contrast map of ULC-1050 
weld with phase colouring, green for ULC, red for Fe2Al5, blue for FeAl3 and yellow for Al. Figure 2b 

out of [13]. 

 
Naoi and Kajihara [16] determined that the growth of the IML follows a 
parabolic expression controlled by volume diffusion of Al through Fe2Al5. 
The thickness of the IML depends on time and temperature, and, 
therefore, on the thermomechanical cycles influenced by the process 
parameters. In Figure 3, the variation of the thickness of the intermetallic 
layer as a function of the advancing speed is presented for different 
steel-aluminium combinations. The faster the tool advances, the shorter 
the thermomechanical cycle is, resulting in a thinner IML. 
 

 



 
Figure 3: Evolution of the intermetallic thickness as a function of the advancing speed for various 

aluminium-steel combinations and sheet thicknesses (some data out of [13]) 

 
An IML down to 2-3 um is achieved with an advancing speed of 700 
mm/min. It is also interesting to point out that the contact properties of 
the tool-DP and tool-ULC couples are different. A higher heat input is 
reached when the tool is in contact with DP steel, leading to a thicker 
IML at lower advancing speeds. A possible explanation for this 
phenomenon relies on the higher yield strength and work hardening 
ability at the welding temperatures for DP steel compared to ULC steel. It 
is also worth noting that the difference in sheet thicknesses significantly 
affects the temperature field and explains some differences in IML 
thicknesses. 
 
There is a clear difference in the resulting microstructures of ULC and 
DP steels. For ULC steel (Figure 4), the thermomechanically affected 
zone shows a refined grain size as typically observed for Friction Stir 
Processing of steels [17, 18]. Regarding DP steel (Figure 5) the process 
temperatures above the ferrite to austenite transus promotes 
austenization, resulting in a bainitic microstructure after fast cooling in 
the thermomechanically affected zone. 
 

 



 
Figure 4: EBSD contrast map showing the refining of the ULC’s ferrite grains in the 

thermomechanically affected zone (top) 

 
Figure 5: SEM micrograph of the DP steel base material showing a microstructure of martensite 

islands in a ferrite matrix (a) and the bainitic microstructure as a result of the full austenization and fast 
cooling in the thermomechanically affected zone (b). Lines indicate the position of the pictures in a 

cross section after nital etching on steel (c). 

Hardness measurements 
 
As a result of the microstructure evolution, a hardness profile was 
performed on the affected zones of the base materials under the tool on 
a DP600-6061 weld (Figure 6). The as-received DP steel and 6061-T6 
sheets have hardness values equal to 217 and 130 HV1, respectively. 
The hardness increase on the DP steel is due to the formation of 
martensite/bainite in the thermomechanically affected zone. The drop of 
hardness in the aluminium fusion zone is due to precipitate solutionizing 
and alloying element segregation. The hardness in the heat affected 
zone of aluminium is also lower than in the base material as the fine β” 

 



precipitates in the T6 state are dissolved for the smallest ones and 
coarsened for the larger ones. [19] 
 

 
Figure 6: HV1 hardness profiles of DP600 and Al 6061 respectively (top) and macrography of the weld 

(bottom) 

 
Lap-shear tensile tests 
 
Lap shear tests were performed in ULC - Al1050 and ULC - Al2024 
welds. Figure 7 compares the tensile strength as a function of the 
advancing speed. The results are grouped in three sets depending on 
the location of the fracture. For the first set, the fracture occurred in the 
heat affected zone of the 1mm-thick Al base material, showing an UTS 
mean value of 76 MPa. The second set corresponds to the fracture of 
the ULC steel base material in the ULC-Al2024 welds, with mean UTS 
similar to the one of base UCL steel (289-300 MPa). The third set 
includes the ULC-Al2024 welds with fracture close to the interface due to 
the larger presence of solidification defects on the aluminium side. The 
absence of fracture in the IML suggests that, even with an IML thickness 
larger than a few microns, its fine grain size does not deteriorate the 
weld strength with respect to the base materials. 
 

 



 
Figure 7: UTS as a function of the advancing speed. The three sets of point correspond with the mode 

of fracture (some data out of [13]) 

The presence of porosity as a solidification problem in these welds 
seems to be related to both process parameters and material 
composition. Figure 8 shows a comparison of 1050 and 6061 welds at 
low and high advancing speed. This porosity is significantly reduced at 
lower advancing speeds. In accordance with Eskin et al. [20], the 
composition also plays a fundamental role in hot tearing during 
solidification, 6061 alloy being more susceptible than 1050. This explains 
why such defects are not observed in welds made of 1050 aluminium 
alloy. For advancing speeds larger than 250 mm/min in DP-6061 welds, 
the presence of porosity is too significant for sufficient bonding. 
 

 
Figure 8: Development of solidification porosity in Al at different advancing speeds of the tool for 1050 
((a) and (b)) and 6061 ((c) and (d)) Al alloys. Even at higher advancing speeds, 1050 shows almost no 

porosity, opposite to 6061, where porosity was always present for the chosen advancing speeds. 

 



 
Conclusion 
 
Aluminium alloys (1050, 2024 and 6061) have been successfully welded 
to ULC and DP steels in lap-joint configuration by means of a new friction 
melt bonding process. The metallurgical joint is achieved by the 
formation of a continuous intermetallic layer composed of FeAl3 and 
Fe2Al5. The total thickness of the IML depends on the process 
parameters and materials, obtaining a very fine grained microstructure 
around 2-3 µm. 
 
The boundary conditions and nature of the base materials are relevant in 
the thermal processing and final microstructure. The thermomechanically 
affected zone of ULC steel shows grain refining while DP steel is partially 
re-austenitized and re-transformed to bainite upon cooling. The presence 
of defects identified as hot tearing is dependent on the thermal cycles 
and the alloy composition.  
 
Although lap-shear tests did not fully load the IML, the fracture in the 
base materials showed that, even if brittle, the presence of the IML did 
not deteriorate the mechanical resistance of the weld. The presence of 
porosities at larger advancing speeds for Al 2024 welds was a key factor 
in the loss of mechanical properties. 
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