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Abstract 
Holding time is used for optimizing the bond diffusion between aluminum Al and Carbon steel SS400. The 
objective of this research was to investigate the effects of holding time on the interface reactions of diffusion 
welding between aluminum and carbon steel. Holding time variations of 10, 15, 30 and 45 minutes were applied 
at 950°C using mixture of Cu and Fe powder as elements promoter. Single lap joint configuration was performed 
in vacum furnace to join the dissimilar materials which allowed bonding diffusion. Microstructure was examined 
on the same test piece. It was found that during diffusion process at 950°C, the interfacial zone between 
aluminum and carbon steel substrate features intermetallic layers. The intermetallic thickness increased with 
increasing the holding time. Crack or incomplete bonding appeared on the specimens with holding time up to 30 
minutes and didn’t appear on the specimens with holding time of 45 minutes. Cu rich-element promoter made 
diffusion penetrated deeper than Fe rich-element promoter in the same holding time. Macrostructure, 
microstructure and SEM examinations revealed that Al-steel joint had the best result with element promoter 
content of 60/40 % at 45 minutes holding time. There was no interlayer gap at this specimen. Additionally, from 
mapping view it can be suggested that in terms of poor interface bonding, Cu molecules were located just around 
the interface area, on the other hand, in case of strong interface bonding, Cu molecules are scattered throughout 
the specimen. In fact, the position of Cu molecules can be used as a promising marker for the detection of quality 
of diffusion joint. 
Keywords: aluminum, diffusion bounding, interface, steel, holding time, element promoter 

1. Introduction 
Aluminum is the most abundant metal and the third most abundant element in the earth's crust, after oxygen and 
silicon. It makes up about 8% by weight of the earth’s solid surface. Aluminum is also chemically reactive to 
occur naturally as free metal (Kobayashi & Yakou, 2002). There are many applications of Aluminum in our 
daily life, such as construction machinery, aircraft construction, ship construction, home furnishing and 
electronics component. For the vehicle industry, Aluminum has established a worldwide position because of its 
advantages over the other competitive materials. 

Because of its lightweight Aluminum provides exceptional unit strengths (strength/density ratio), high corrosion 
resistance, low maintenance costs, good temperature resistance, ductile which is an intrinsic ability of a material 
to undergo a certain amount of plastic deformation without the occurrence of macroscopic cracks (Maea et al., 
2008). It can be easily joined by all commercial processes such as welding, brazing, or soldering. Aluminum can 
be easily formed by all common processes, including extrusion (a major advantage) and can be recycled. Beside 
of the advantages, there are some disadvantages of Aluminum. First, Aluminums is relatively more expensive 
than steel. Secondly, Aluminum sheets are more difficult to stamp into car body parts. Thirdly, Aluminum is 
difficult to weld than steel. Lastly, Aluminum doesn't have the strengths levels as steel (Patel et al., 2013). 
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The effectiveness of Aluminum choice depends on the nature of the aluminum type used. Properties of low work 
hardening alloy Al 6061–T 6511, a very high work hardening annealed material 1100 Al, and both Al alloys 
(Al6061-T6511 and annealed 1100 Al) were studied and reported in subsequent researches (Khan et al., 2009; 
2010a; 2010b). It was reported that the subsequent expansion and positive cross-effect was observed in the a high 
work hardening alloy annealed 1100 Al as compared to low work hardening alloy Al 6061–T 6511 where 
contraction and negative cross-effect with finite deformation yield surfaces was showed. According to Khan et al. 
(2010a), the subsequent yield surfaces for annealed Al 1100, the rate of kinematic hardening, Young’s and shears 
moduli decreased and isotropic hardening increased with finite plastic deformation, which showed positive 
cross-effect for linear, bilinear and non-linear uploading.  

Steel is an alloy of iron and a small amount of carbon. Carbon is the primary alloy element, which accounts 
between 0.002% and 2.1% by weight in steel. There is no stiffness advantage in using aluminum over steel. 
Basically, strength refers to the maximum load that a material can be subjected to without yielding, whereas 
stiffness refers to how much a material bends when a load is applied (Ajit et al., 2013). Stiffness is quantified by 
a parameter called Modulus of Elasticity. Steel’s modulus is about 3 times stronger than Aluminum but steel’s 
weight is about 3 times heavier than aluminum. 

Aluminum welding with other metals is very difficult because there are problems like different melting points, 
physical natures and other intermetallic differences. Kim et al. (2006) presented that intermetallic diffusion in 
interface Al and steel is formed. The Intermetallic Compound For motion (IMC) is rapidly developed and grows 
between the steel and the melt. Only aluminum diffuses into the steel substrate without the dissolution of iron at 
the interface of the steel-intermetallic compound. This result was supported by Qiu et al. (2009). 

According to Kim et al. (2006) the primary diffusing species of the hot dip aluminizing process in their study 
was aluminum. Al coating on the steel and the short dipping time prevent the iron from dissolving into the 
aluminum melt. The IMC is confirmed to be Fe2SiAl8 with a hexagonal unit cell (space group P63/mmc). Sun 
and khalel (2007) showed that the intermetallic phases FeAl2 and Fe2Al5 were the most dominant phases that 
could be observed, that they were formed sequentially, in contrast to intermetallic, which formed synchronously 
in bulk materials. A good diffusion interface cannot be formed if the heating temperature is too low, since extent 
of diffusion is not sufficient even though the holding time is longer and the pressure is larger. But, if the heating 
temperature is too high, the grains will grow up seriously and the diffusion transition zone can become wider, 
which will adversely affect the performance of the diffusion bonding joint (Yajiang et al., 2005). 

Furthermore, the usage of filler material such as Cu- Mg enhance the hardness of interface bonding between two 
dissimilar metal following by perfect holding time (Mahendran et al., 2009). Therefore, this paper aims to 
determine the effect of holding time on the diffusion characteristics of the joint with the 6061 aluminum and 
Carbon steel filler using Cu and Fe. 

2. Method 
2.1 Materials and Diffusion Processes 
The used material in this research were aluminum AL 6061 and carbon steel SS400. The chemical composition 
of the base metals is shown in table 1 and 2. 

 

Table 1. Chemical Composition of Al 6061 according to Dinaharan et al. (2012) 

Mg Si Fe Mn Cu Cr Zn Ni Ti Al 

0.95 0.54 0.22 0.13 0.17 0.09 0.08 0.02 0.01 Bal. 

 
Table 2. Chemical composition of SS400 as reported by Dinaharan et al. (2012) 

Si Mn P S Ni Cr Fe 

0.2 0.09 0.53 0.01 0.04 0.03 0.03 Bal.

 

Joined specimens were cut with length of 30 mm and width of 30 mm (Fig. 1). They were joined in single lap joint 
type and its procedure was based on AWS D8.9. Elements promoter were inserted at interface between aluminum 
and steel. They were mixture of Al-Fe powder. Two composition were used in this research namely 
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80%Fe-20%Cu and 60%Fe-40%Cu. Diffusion welding of aluminum to steel used a vacuum furnace at 950oC. The 
holding time variations were 10, 15, 30 and 45 minutes. Table 3 shows the schedule of diffusion process. 

 

Figure 1. Dimensions of test specimen sizein mm 

 

Table 3. Research parameters variations 

Run No. Mixture of Elements Promoter Holding Time (minutes) 

1 60%Fe - 40%Cu 10 

2 60%Fe - 40%Cu 15 

3 60%Fe - 40%Cu 30 

4 60%Fe - 40%Cu 45 

5 80%Fe - 20%Cu 10 

6 80%Fe - 20%Cu 15 

7 80%Fe - 20%Cu 30 

8 80%Fe - 20%Cu 45 

 
2.2 Joint Characterizations 

The transverse sections of weld passing through the weld interface were prepared by standard metallographic 

procedure according to ASTM E3-01. The microstructure of mild steel was revealed by using HNO3 2.5% 

solution while that of aluminum was revealed by using HF 5%. Microstructure of interface reaction 

investigations were carried out using an optical microscopy and SEM. 

3. Results 
Diffusion aluminium atom to steel and fero atom to aluminum generally occured at interface of aluminum-steel 
during diffusion process. Holding time significantly affect the quality of Al-Fe diffusion. Holding time of 10 
minutes, 15 minutes, 30 minutes and 45 minutes gave different result of the diffusion as seen in Figure 2.  
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Holding time 
 

Fe (80%), Cu (20%) Fe (60%), Cu (40%) 

10 minutes 

 

   

15 minutes 

 

 

 

30 minutes 

 

45 minutes 

 

Figure 2. Macrostructure of interface zone 
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Figure 3. Elements mapping at steel side 

 

At holding time in range of 10-30 minutes, it was found that in the interface there are incomplete bondings and 

Holding time Fe (80%), Cu (20%) Fe (60%), Cu (40%) 

 

 

10 minutes 

 

 

 

15 minutes 

 

 

30 minutes 

 

45 minutes 
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cracks shown in Figure 2. There were visible cracks on the surface area with small interface layer in specimens 
with holding time of 10 minutes both the joints with element promoter composition of 60%Fe-40%Cu and 
80%Fe-20%Cu. It means that diffusion of aluminum into steel did not happen significantly with 10 minutes 
holding time. At 15 and 30 minutes holding time, the interface thickness increases with smaller gap and cracks. It 
was very clear in the figure that the solubility of aluminum increased with increasing of holding time where 
more aluminum dissolved into steel. The best results were found in specimens with composition of 
60%Fe-40%Cu at 45 minutes holding time. In this case, diffused surface area increases because the diffusion of 
the composition occurs between aluminum and steel which interlock each other resulting in thick interface area 
and negligible cracking. Additionally, continous intermetalic layer appeared in this specimen, while it didn’t 
appear in other specimens. 

 

10 minutes 

 

15 minutes 

 

30 minutes 
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Figure 4. Elements mapping at aluminum side 

 

Generally, thickness increased with increasing holding time. In case holding time up to 30 minutes, smal gap and 
cracks appeared as seen in macrostructure. The thickness of intermetalik layers increases linearly with increasing 
holding time but until holding time of 45 minutes. As holding time increased, the macro of the intermetalic layer 
displayed an increasing amount of intercellular primary aluminum solidification. Similar studies have also been 
carried out for the welding of aluminum and steel friction stir welding by Watanabe et al. (2006) and Rafeng et al. 
(2009).  The main results obtained form the studied on the microscopic structure, the strength of steel with 
aluminum, welding resistance were as follows. The maximum tensile strength of the joint was about 86% of that 
of the aluminum alloy base metal. A small amount of intermetallic compounds was formed at the upper part of 
the steel/aluminum interface, while no intermetalic compounds were observed in the middle and bottom parts of 
the interface. 

Figure 3 and Figure 4 show the influence of holding time on inter-metallic gap between aluminum and carbon 
steel at two different Fe-Cu combinations. The minimum crack between aluminum and carbon steel was found at 
combination with holding time 45 minutes whereas significant inter-metallic gap between aluminum and carbon 
steel was obtained both at 80%Fe-20%Cu and 60%Fe-40%Cu with holding time 10-30 minutes.  

Additionally, from the mapping point of view at 20 µm it can be observed that Cu molecules are confined only 
the interface area and slightly scattered outside the inter-confront area in specimens with holding time up to 30 
minutes both at 80%Fe-20%Cu and 60%Fe-40%Cu. On the other hand, Cu molecules were scattered throughout 
the specimen with holding time of 45 minutes. It means Cu molecules play a vital role of identifying best Al-Fe 
interface combination i.e. if the Cu molecules are located just around the inter-confront area that can be 
considered as a bad interface, whereas if the Cu molecules were scattered throughout interface zone that can be 
considered as a good interface 

4. Conclusion 

During diffusion process at 950°C, the interfacial zone between aluminum and carbon steel substrate features 
intermetallic layers. The intermetallic thickness increased with increasing the holding time.  Crack or 
incomplete bonding appeared on the specimens with holding time up to 30 minutes and didn’t appear on the 
specimens with holding time of 45 minutes. Cu rich-element promoter made diffusion penetrated deeper than Fe 
rich-element promoter in the same holding time. Macrostructure, microstructure and SEM examinations revealed 
that Al-steel joint had the best result with element promoter content of 60/40 % at 45 minutes holding time. 
There was no interlayer gap at this specimen. Additionally, from mapping view it can be suggested that in terms 
of poor interface bonding, Cu molecules were located just around the interface area, on the other hand, in case of 
strong interface bonding, Cu molecules are scattered throughout the specimen.  
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