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ABSTRACT 

This work aimed to study aluminium to stainless steel explosive welds produced using two 

different interlayers: carbon steel and niobium. The use of each interlayer was analysed and 

compared microstructurally and mechanically using many characterisation techniques. The 

final joints using both interlayers presented favourable interfacial microstructure: waves on 

both interfaces. However, the joint using the carbon steel interlayer showed the best 

mechanical properties compared to the joints using the niobium interlayer. All interfaces 

found on both welds were wavy. However, depending on the metallic alloy combination, the 

shape of the wave is completely different. The results suggest that the shape of the waves is 

influenced by the shock impedance mismatch of the materials being welded. The impedance 

mismatch parameter (IMP) developed in this work proved to be a compelling method to order 

metallic combinations in a single axis to estimate the tendency to form typical or curled 

waves. Typical symmetrical waves tend to develop less quantity of IMCs than curled waves. 

However, the mechanical tests performed did not detect differences that could have been 

caused by this difference. 
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1. INTRODUCTION 

Aluminium and stainless steel are two of the most commonly used metals in 

engineering and always arouse scientific and industrial interest. The low density of 

aluminium and its ability to be alloyed with many elements (allowing it to reach a wide range 

of mechanical properties) result in a material with an excellent strength/weight ratio, together 

with other notable features such as good ductility at low temperatures, corrosion resistance, 

good electrical and thermal conductivity. Stainless steel, on the other hand, is a high alloyed 

steel that possesses remarkable properties like good corrosion resistance, being able to 

maintain good properties at high temperatures and also presenting excellent toughness even at 

cryogenic temperatures. 

For the past decade, there has been a rapid rise in the interest in joining dissimilar 

materials that could deliver a set of properties that a single material is not able to do. 

Therefore, there is a growing interest in the joining of aluminium to stainless steels (Al-SS) 

because of their good corrosion resistance and excellent properties at low temperatures. 

These joints are used for many applications. Banker and Reineke (1993) reported the use of 

these joints for cryogenic pipe couplings; Chadwick and Jackson (1983) referred their use for 

connections to liquefied gas storage vessels; Aceves et al. (2015) used these joints for 

cryogenic pressurized hydrogen storage in hydrogen vehicles; and according to Kakimoto 

(2000) they are also used for transition joints, where it is necessary to change from one 

material to another, but direct arc welding is impossible or not feasible.  

However, from the welding point of view, aluminium and stainless steel are not 

compatible alloys. According to Matthews et al. (1982), disparities in the melting temperature 

of about 100°C do not require unconventional welding techniques, but the difference between 

the melting temperatures of iron and aluminium is greater than 850°C, which makes the 

welding of these materials very complicated.  

For this reason, complex welding combinations are often joined through connectors, 

which is usually the simplest way. However, the ideal way to join materials would be through 

processes that would not add weight to the final component. The main problem is that the 

welding of these complex combinations by the conventional fusion welding processes is often 

not feasible. For this reason, many solid-state welding processes such as friction stir welding 

(FSW), magnetic pulse welding (MPW), ultrasonic welding and explosive welding (EXW) 

have been investigated for dissimilar welding more frequently in recent years. 
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Explosive welding is gaining attention in the last few years because this process has 

proved to be capable of welding aluminium to stainless steel consistently, such as the work of 

Aceves et al. (2015) and Guo et al. (2016a), and more recently the microstructural and 

mechanical characterisation performed by Carvalho et al. (2019a). However, the welding of 

these materials is highly complex even with EXW, and there are still many challenges in 

EXW regarding intermetallic formation and improving the final properties of the welded 

joint. 

Hokamoto et al. (1993) were some of the first to address the complexity of aluminium 

to stainless steel welding and used a stainless steel interlayer to improve the weldability of 

the pair. They discussed aspects regarding energy distribution and intermetallic formation, 

and very interesting results were achieved. Aceves et al. (2015) highlighted the critical need 

for a reliable Al-SS joint for a transition joint for a cryogenic pressure vessel. Like most of 

the works, they chose to use interlayers between the aluminium and stainless steel. The 

authors used interlayers in the process, but in this case, a two-layered interlayer. 

Guo et al. (2013) manufactured an Al-SS cylindrical joint that is significant for pipe 

transitions. Nevertheless, owing to the problems in the direct welding of aluminium to 

stainless steel, there was the presence of several defects at the interface resulting in a poor 

bonding quality. Later, Guo et al. (2016a) also directly welded aluminium to stainless steel. 

Again, an intermetallic layer was formed at the interface leading to poor mechanical 

behaviour.  

More recently, Carvalho et al. (2018a) welded aluminium to stainless steel directly 

under several different conditions. They accomplished a consistent weld, but considering it 

was a weldability analysis; no mechanical evaluation was performed. However, the results 

provide guidelines for the choice of the best parameters and configurations for this welding. 

After that, Carvalho et al. (2019a) evaluated the use of a soft aluminium interlayer, 

comparing the interlayered weld with direct joining. They found that although direct welding 

is possible, the mechanical properties are significantly improved using an interlayer. 

However, the final mechanical properties were not the best possible, considering that the 

fracture in the tensile/shear test occurred at the interlayer. Another relevant finding was to 

achieve a direct aluminium to carbon steel weld with excellent mechanical properties and a 

wavy interface. They claimed that this type of morphology helps to decrease the harmful 

effect of the intermetallic formation that is almost inevitable for this combination.  
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Taking into account that Carvalho et al. (2019a) obtained an excellent EXW joint of 

aluminium to carbon steel and that authors like Mendes et al. (2013) and Shi et al. (2017) 

showed that carbon steel is easily weldable to stainless steel, the idea of using a carbon steel 

interlayer was formed. If carbon steel, used as an interlayer, exhibits the same interfaces 

obtained when directly welded to aluminium and to stainless steel, there is a high probability 

of achieving excellent properties using a low-cost solution. However, considering that 

aluminium to stainless steel welding can be used for some applications such as cryogenic or 

nuclear, in which carbon steel presents many limitations, niobium could also be a good 

solution for use as an interlayer. Since it has also an extremely high melting temperature 

(2,477°C), this could result in few IMCs at the interface. In addition, both carbon steel and 

niobium have an intermediate thermal conductivity between the aluminium and the stainless 

steel, which could be an important asset to overcome the problems existing in direct welding 

of these metals due to the severe differences in their thermal conductivities, reported by 

Carvalho et al. (2018a). 

However, despite the great industrial attention and the recent investigations 

addressing aluminium to stainless steel welding, no straightforward procedure has been 

developed and no optimum mechanical properties have yet been achieved. Furthermore, 

studies like those performed by Aceves et al. (2015) and Kakimoto (2000) show that these 

types of structures are usually manufactured with many interlayer plates or with expensive 

ones like nickel and silver, which makes the component heavier and more expensive. So, to 

fill these gaps in knowledge concerning this subject and seeking welded joints with excellent 

properties and that are feasible from the industrial point of view; the aim of this work is to 

study aluminium to stainless steel explosive welds produced by using two different 

interlayers: carbon steel and niobium. The welding characterisation was performed by: 

optical microscopy, scanning electron microscopy (SEM), energy-dispersive X-ray 

spectroscopy (EDS), electron backscattering diffraction (EBSD), tensile-shear mechanical 

testing, and nanoindentation. 

 

2. MATERIALS AND METHODS 

Explosive welds of aluminium to stainless steel, using carbon steel and niobium as the 

interlayers, were performed. The flyer plate was the AA6082-T6 aluminium alloy (hardness 

of 114 HV0.2) and the baseplate was the AISI 304 stainless steel (hardness of 180 HV0.2). For 
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the interlayers, the low-carbon steel EN10130 (DC05) (hardness of 87 HV0.2) and the ASTM 

B393 Type 2 unalloyed niobium (hardness of 53 HV0.2) were used, both 1 mm thick. 

Two series of explosive welds in a parallel full overlap joint configuration were 

performed. Both weld series were achieved using the same welding parameters and same 

explosive mixture: ANFO (density of 800 kg/m³). The welding parameters are reported in 

Table 1. 

The series are identified according to the interlayer that was used, following the 

“flyer-interlayer-baseplate” identification. So, “Al-CS-SS” is the identification for the 

aluminium flyer-carbon steel interlayer-stainless steel baseplate, while “Al-Nb-SS” identifies 

the aluminium flyer-niobium interlayer- stainless steel baseplate. 

 

Table 1. Welding parameters. 

Weld series  

 Al-CS-SS Al-Nb-SS 

Flyer plate AA6082 AA6082 

Interlayer DC05 Nb 

Baseplate AISI 304 AISI 304 

Flyer-interlayer 

stand-off distance (mm) 
4.5 4.5 

Interlayer-baseplate 

stand-off distance (mm) 
1.5 1.5 

Explosive Mixture ANFO ANFO 

Explosive density (kg/m3) 800 800 

Explosive thickness (mm) 30 30 

Explosive Ratio 3.0 3.0 

 

The samples were removed longitudinally to the welding direction for microstructural 

analysis. The samples were analysed in a Leica DM4000M LED optical microscope. The 

microstructure was also assessed by SEM, in a Zeiss Merlin VP Compact field emission 

scanning electron microscope, equipped with EDS to estimate the chemical composition of 

the interface. In addition to these techniques, EBSD analyses were performed, in an FEI 

Quanta 400FEG ESEM/EDAX Genesis X4M field emission scanning electron microscope. 

The results obtained by EBSD were analysed with the software OIM Analysis.  

The mechanical analysis of the joints was conducted by tensile-shear testing and 

nanoindentation. The tensile-shear tests were performed in quasi-static loading conditions 
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(1 mm/min), using a 100 kN Shimadzu AGS-X universal testing machine; the geometries of 

the specimens tested were similar to Athar and Tolaminejad (2015)’s work. A Digital Image 

Correlation (DIC) by a GOM Aramis 5M system was used to acquire the local strain fields in 

the tensile-shear tests. The preparation of the surface of the specimens for the imaging was 

done according to Leitão et al. (2012). The nanoindentation tests were performed by Micro 

Materials NanoTest equipment (30mN load). The detonation velocity of the welds (which is 

the same as the collision point velocity for parallel configuration) was measured according to 

the experimental procedure presented by Mendes et al. (2014). 

 

3. RESULTS 

3.1. COLLISION PARAMETERS 

For welds using interlayer plates, after the collision between the flyer plate and the 

interlayer, these two plates remain together before colliding with the baseplate, and the 

impact velocity on the base plate is the velocity of the set consisting of the flyer attached to 

the interlayer plate. The estimation of the impact velocity of the flyer (Vpflyer) was computed 

through Gurney’s equation for a one-dimensional problem in parallel configuration, 

discussed by Kennedy (1970). Although this equation is widely accepted, it must be taken 

into account that it presents some limitations. The equation ignores the acceleration of the 

flyer plate along the stand-off distance; hence, as reported by Kennedy (1970) and Patterson 

(1993), it represents only the terminal velocity. That said, the achievement or not of the 

terminal velocity and therefore, the proximity of the real value to the value computed with the 

equation will depend on the stand-off distance applied. Carvalho et al. (2017) also discussed 

some of the limitations of this approximation. The calculation of the impact velocity of the 

weld (Vpflyer+interl) on the base plate was conducted according to Equation 1. This 

approximation considers the perfectly inelastic collision theory and the momentum 

conservation.  
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 (Equation 1) 

Vpflyer+interl is the impact velocity of the flyer and interlayer set (m·s−1); mflyer is the mass of 

the flyer plate (kg); Vpflyer is the velocity of the flyer immediately before colliding with the 

interlayer (m·s−1) and minterl. is the mass of the interlayer (kg).  
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Table 2 shows the welding result, the collision point velocities measured and the 

impact velocities computed for both weld series. The values in parentheses would be the 

impact velocities of a direct welding using the same parameters but without the interlayer. 

The use of the carbon steel and niobium interlayers reduced the impact velocity that would 

have occurred with direct welding by approximately 50%. Compared to the previous work 

undertaken by Carvalho et al. (2019a), in which a reduction of 25% was reached using an 

aluminium interlayer, the reduction of velocity using CS or Nb was two times greater than the 

previous one. This is justified by the higher density of steel and niobium compared to 

aluminium, Equation 1 shows that a more massive interlayer will induce a smaller final 

impact velocity. The reduction in the impact velocity leads to a decrease in the energy 

dissipated in the collision. 

 

Table 2. Values of collision point velocity, impact velocity and the welding result. 

Weld series 
Vc 

(m∙s−1) 

Vp 

(m∙s−1) 

Welding 

Result 

Al-CS-SS 1860 311 (606) Successful 

Al-Nb-SS 1790 285 (592) Successful 

 

3.2. ANALYSIS OF THE INTERFACE 

The results observed in Figure 1 show that both welds revealed wavy interfaces for 

both sides of the interlayer, i.e. on the interface between the aluminium alloy and the 

interlayer, and the interface between the interlayer and the stainless steel. It is noteworthy that 

the interfaces are quite different when comparing the flyer/interlayer interface and the 

interlayer/baseplate interface. The behaviour is similar for the weld using the carbon steel 

interlayer (Figure 1a) as well as for the weld using the niobium interlayer (Figure 1b): the 

flyer/interlayer interface presents curled asymmetrical waves, and the interlayer/baseplate 

interface presents typical waves. 
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Figure 1. Unetched optical microscopy of the weld with the CS interlayer (a) and the 

niobium interlayer (b). “VD” represents the direction of the detonation propagation. 

 

Figure 2 shows in detail the interfacial waves of the upper interfaces of the Al-CS-SS 

weld (Figure 2a) and the Al-Nb-SS weld (Figure 2b). Concerning the top interface, there are 

similarities in morphology comparing the impact of the aluminium flyer with both the carbon 

steel and niobium interlayers. After etching, the microstructure indicates (arrows) that the 

carbon steel and the niobium have undergone a deformation according to a vortex rotation 

while the aluminium presented elongated grains next to the interface. 

Regarding the bottom interfaces where typical waves were formed, Figure 3 shows 

there are also similarities between the Al-CS-SS weld (Figure 3a) and the Al-Nb-SS weld 

(Figure 3b). Substantial deformation is found next to the interface and the depth to which one 

material penetrates another is essentially the same. 

Despite the very different physical properties between carbon steel and niobium, the 

similarities are present in terms of the general morphology. However, Figures 2 and 3 show 

that the welding using niobium presents a greater tendency (or ease) to form vortices, both in 

the union with aluminium (Figure 2b) and in the union with stainless steel (arrows in Figure 

3b). 

 



9 

 

 

Figure 2. Etched optical microscopy of the upper interface, with curled waves: CS interlayer 

(a) and niobium interlayer (b). 

 

 

Figure 3. Etched optical microscopy of the bottom interface, with typical waves: CS 

interlayer (a) and niobium interlayer (b). 

 

In order to characterise and confirm the deformation within the curled waves better, 

the samples were analysed by EBSD with Inverse Pole Figure (IPF). Figure 4 shows the 

optical microscopy of the welds combined with the area analysed by EBSD for the Al-CS-SS 

weld (Figure 4a) and the Al-Nb-SS weld (Figure 4b). The EBSD proves the deformation of 

the materials in the waves, with the presence of elongated grains suggesting an intense 

deformation to form the curled morphology of the wave. Also, some small grains were 

nucleated next to the elongated and deformed grains, indicating some recrystallisation. As 

Figure 5 indicates, these curled waves surround regions that present extremely high 

nanohardness values, which range between 6.3 and 14.1 GPa, for the Al-CS-SS weld (Figure 

5a), and between 1.8 and 19.3 GPa, for the Al-Nb-SS weld (Figure 5b). The Al-CS-SS weld 

presented more uniform nanohardness values and a higher average nanohardness while the 

Al-Nb-SS weld presented a greater variation in nanohardness values and a lower average. 
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Figure 4. Analysis of the curled waves by optical microscopy and EBSD with IPF: CS 

interlayer (a) and niobium interlayer (b). 

 

 

Figure 5. Nanohardness measurements (GPa) of the mixed region inside the curled waves: 

CS interlayer (a) and niobium interlayer (b). 

 

Figure 6 shows the analysis by SEM. One of the main differences found between the 

Al-CS-SS weld (Figure 6a and 6b) and the Al-Nb-SS weld (Figure 6c and 6d) is the 

interfacial material found within the curled waves. While the Al-CS-SS weld presents several 

cracks, indicating brittleness, the Al-Nb-SS weld did not show any cracks. The interface 

between the aluminium and carbon steel was investigated in a comparable weld by Carvalho 

et al. (2018b) that found Fe4Al13 and Fe2Al5 intermetallic phases by interpreting the Kikuchi 

patterns in an EBSD analysis. The interface between the aluminium and niobium was 

analysed profoundly by SEM and EBSD (using the Kikuchi patterns). The area inside the 

curled wave detailed in Figure 6d was further analysed in Figure 7. Figure 7a suggests the 

presence of two different phases: a matrix (black) with another phase present in a smaller 
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amount and dispersed in this matrix (grey). These phases were analysed by EBSD and the 

indexed Kikuchi patterns are shown in Figure 7b and 7c.  

The analysis indicates an aluminium matrix (black) with NbAl3 phase (grey) dispersed 

through it. NbAl3 is an intermetallic phase, but the average nanohardness was lower than the 

values found for the weld using the carbon steel interlayer (Figure 5). The absence of cracks 

in the Al-Nb-SS weld compared to the Al-CS-SS agrees well with this result. Nevertheless, 

despite the identification of the two phases, it is crucial to understand that there is a 

significant difficulty in fully characterising the explosive welded interface in dissimilar 

welds, as discussed by Paul et al. (2013). Thus, it is not possible to affirm that other phases 

(especially non-equilibrium phases) are not formed throughout other regions of the interface. 

 

 

Figure 6. SEM analysis of the curled waves: carbon steel interlayer (a) and (b) and niobium 

interlayer (c) and (d). 
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Figure 7. SEM image with details from region 3 in Figure 6d, indicating the locations of the 

EBSD analyses (a) and the respective Kikuchi patterns (b) and (c). 

 

When welding, it is necessary to bring the surfaces at an interatomic level to bond the 

materials together. In EXW, this level of interaction is supplied through heat, pressure and 

plastic deformation. Crossland (1982) claims that the strong impact of the plates leads to the 

formation of a metallic jet between the surfaces, which leaves clean virgin surfaces. As 

pointed out by El-Sobky (1983), it allows the atoms of the materials to interact in the 

aftermath of the impact, resulting in an interatomic/metallurgical bond across the interface. 

Despite the same general bonding mechanisms, the bonding conditions were different 

between the typical wavy (Nb-SS and CS-SS) and the curled wavy (Al-Nb and Al-CS) 

interfaces. The different morphology of the interfaces is associated with differences in the 

interfacial phenomena, such as the interaction of the materials and the plastic deformation 

experienced, with influence on the mechanical interlocking of the materials. Moreover, 

another aspect that affects the interfacial bonding conditions is the existence of localised 

melting. This phenomenon was evident in the curled wavy interfaces, occurring preferentially 

inside the waves (Figure 8a and 8b), but also in some regions surrounding the wave structure 

(Figure 8a). Some evidences of localised melting are also discernible in the typical wavy 

interfaces (Figure 8c and 8d).  
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The curled waves, which present an asymmetrical shape, are composed mainly by one 

of the materials (one-sided penetration of the materials). On the other hand, the typical ones 

are more regular and symmetrical, and both materials participate in their formation (double-

sided penetration of the materials). The mechanical interlocking is present in both interfaces, 

but due to their morphologies, they can result in different levels of interlocking. It is difficult 

to compare the two types of waves purely in terms of performance because their formation 

depends on the materials being welded. So, it is not possible to form the two interfacial 

morphologies for the same materials, parameters and configurations in order to compare 

them. 

 

 

Figure 8. Unetched optical microscopy of the weld with the CS interlayer (a) and (c); and the 

niobium interlayer (b) and (d). The arrows point to zones of possible melting. 

 

 

3.3. MECHANICAL BEHAVIOUR 

This section shows the mechanical behaviour of the welds. Table 3 shows the 

mechanical results and Figure 9 illustrates the DIC images for the samples tested. Figure 9 

shows the distribution of deformation immediately before fracture (coloured image on the 

left) and the aspect after fracture (right image) for each sample. The samples with the carbon 

steel interlayer had the best performance and the highest maximum loads, with the 

deformation concentrated outside the weld region (Figure 9a and Figure 9b). The welds with 

the niobium interlayer presented slightly lower maximum loads, and the deformation 
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concentrated at the interlayer (Figure 9c and Figure 9d). This concentration of strain at the 

interface matches well with the lower hardness of the niobium interlayer (about 87 HV0.2) 

compared to the carbon steel interlayer (about 130 HV0.2) after welding.  

Figure 10 shows the fractography of the samples, indicating that all the fractures were 

ductile. All the samples from the Al-CS-SS weld fractured outside the weld region with a 

ductile behaviour (Figure 10a and Figure 10b). The Al-Nb-SS weld fractured both in the 

aluminium, one near the weld region (Figure 10c), and the other outside the weld region 

(Figure 10d). All the samples that fractured far from the weld region (Figure 10a and 10b for 

the Al-CS-SS weld, and Figure 10d for the Al-Nb-SS weld) presented similar fracture 

mechanisms, with dimples from a tensile fracture. For the sample that fractured near the weld 

region, although the fracture also presented a ductile behaviour, the surface presented a 

different type of fracture with shear dimples (Figure 10c). 

The 1-Nb sample that fractured near the weld was further analysed by EDS in order to 

identify the specific region of the fracture. The EDS locations are identified in Figure 10c and 

the chemical composition is shown in Table 4. The EDS analysis only showed the presence 

of aluminium for every location analysed. This fact indicates that, despite being near the 

weld, the fracture propagated only through the aluminium, outside the welding interface. 

All samples presented excellent mechanical behaviour and even the weld that 

fractured near to the weld region had a maximum load relatively close to those fracturing in 

the weaker parent material (aluminium 6082). Moreover, none of the welds was found to 

fracture at the interface or through the interlayer, which proves the excellent welding results 

as a whole. 

Comparing to the Al-SS welds from Carvalho et al. (2019a), produced by direct 

welding and with an aluminium interlayer, for which tensile-shear specimens with similar 

dimensions and geometry as in the current study were tested, the present samples had a quite 

improved mechanical behaviour. Unlike to the welds produced in the previous work, none of 

the welds was found to fracture at the interface or through the interlayer. Even the weld that 

fractured near to the weld region had a maximum load relatively close to those fracturing in 

the weaker parent material (aluminium 6082). None of the tests conducted in the present 

work presented brittle fracture.  

 

Table 3. Results of the tensile-shear tests. 

Weld Sample Maximum Fracture region Fracture  Figure 
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load (kN) 

Al-CS-SS 

1-CS 11.4 
Outside the weld 

(Aluminium flyer) 
Ductile 

Figure 9a 

Figure 10a 

2-CS 11.5 
Outside the weld 

(Aluminium flyer) 
Ductile 

Figure 9b 

Figure 10b 

Al-Nb-SS 

1-Nb 8.8 
Near to the weld* 

(Aluminium flyer) 
Ductile 

Figure 9c 

Figure 10c 

2-Nb 11.0 
Outside the weld 

(Aluminium flyer) 
Ductile 

Figure 9d 

Figure 10d 

*Near the weld, but outside the welding interface. 

 

 

Figure 9. DIC of the weld with the CS interlayer: samples 1-CS (a) and 2-CS (b); and with 

the Nb interlayer: samples 1-Nb (c) and 2-Nb (d). 
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Figure 10. SEM analysis of the fracture surfaces of the weld with the CS interlayer: samples 

1-CS (a) and 2-CS (b); and with the Nb interlayer: samples 1-Nb (c) and 2-Nb (d). 

 

Table 4. Chemical composition (atomic %) of the fracture surface of the sample 1-Nb. 

ID Weld series Al Mg Si 

A 
Al-Nb-SS 

98.3 0.8 0.9 

B 98.6 0.6 0.8 

 

 

4. DISCUSSION 

As reported by Carvalho et al. (2018a), in aluminium to stainless steel welding, the 

aspect that most hinders the welding is the difference in the thermal conductivity of the 

alloys. As observed in Table 5, both niobium and carbon steel have an intermediate thermal 

conductivity between aluminium and stainless steel. It means that the difference regarding 

this property is smoothed, improving the weldability. Furthermore, since some authors like 

Ouyang et al. (2006) claim that diffusion is much easier in liquid media and intermetallic 

formation is usually related to localised fusion, the melting temperature of the niobium alloys 

is much higher than that of the aluminium interlayer used in the previous work by Carvalho et 
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al. (2019a) and that of the carbon steel, which resulted in fewer formation of IMCs at the 

interface of the Al-Nb-SS weld series.  

 

Table 5. Physical properties of the welded alloys. 

 
Melting 

temperature (°C) 

Thermal conductivity 

(W∙m-1∙K-1) 

Density 

(kg∙m-3) 

AA6082 (ASM Handbook, 1990a) 650 180.0 2,700 

AISI 304 (ASM Handbook, 1990b) 1,400 16.2 8,000 

DC05 (Spittel and Spittel, 2009) 1,497 66.9 7,860 

Niobium (ASM Handbook, 1990a) 2,468 52.3 8,570 

 

Regarding the microstructural analysis, some considerations must be highlighted. As 

observed in Figure 1, all interfaces were wavy. While the interface adjacent to the aluminium 

(Al/CS and Al/Nb) presented a curled morphology, the interface adjacent to the stainless steel 

(CS/SS or Nb/SS) presented typical symmetrical waves. The fact that both interfaces were 

wavy is already a microstructural improvement concerning the results obtained in Carvalho et 

al. (2019a) using an aluminium interlayer. In that work, the interface between the aluminium 

interlayer and the stainless steel was flat, and the presence of a wavy morphology would have 

improved the mechanical performance of the joint. In order to analyse the possibility of 

forming the interfacial waves, Carvalho et al. (2017) presented a dimensionless factor relating 

the ratio of the physical properties of the flyer and the baseplate, which is called wave 

interface factor (WIF). This factor indicates whether a wavy morphology is likely or not to be 

achieved (values above approximately 5 only result in flat interfaces). Table 6 shows the 

calculation of the WIF and the expected results for all the weld series and interfaces.  

 

Table 6. Calculation of the WIF, according to Carvalho et al. (2017). 

 Al-CS-SS Al-Nb-SS 

 
Al-CS 

interface 

CS-SS 

interface 

Al-Nb 

interface 

Nb-SS 

interface 

WIF  0.15 1.05 0.08 1.89 

Expected interface by the WIF Wavy Wavy Wavy Wavy 

Interface obtained (Figure 1) Wavy Wavy Wavy Wavy 

Type of wave Curled Typical Curled Typical 
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Two relevant pieces of information can be observed in Table 6. The first is that, 

despite the significant differences between the aluminium flyer and both interlayers (CS and 

Nb), these differences are favourable for wave formation. Moreover, the properties of the 

interlayers are also favourable to form waves with the stainless steel baseplate. It indicates 

that both the carbon steel and the niobium alloy are favourable alloys to be used as interlayers 

in aluminium to stainless steel welds since they provide a desirable final interface 

morphology and microstructure. 

Despite presenting the same general interfacial morphology (wavy), there are two 

significant differences between the upper and lower interfaces of both welds: the amount of 

IMCs formed and the shape of the waves. The upper interfaces in Figure 2 (interface between 

flyer and interlayer) do not have the same amount of IMCs as the lower interfaces (interface 

between interlayer and baseplate) in Figure 3. The differences in the physical properties of 

the pair being welded seem to affect how the alloys will mix and, consequently, the volume 

of regions with a mixed composition that will form. These regions, with the presence of 

multiple elements, may originate intermetallic phases. 

The presence of IMCs is usually related to the presence of melting. However, the 

presence of an alloy with a lower melting point in itself does not justify the higher amount of 

IMCs formed at the upper interface. For instance, the works conducted by Paul et al. (2013), 

Athar and Tolaminejad (2015) and later by Carvalho et al. (2018c) and Carvalho et al. 

(2019b) addressing the welding of aluminium (low melting point material) to copper by 

explosive welding, present different amount of IMCs. Other welding combinations such as 

aluminium to titanium performed by Paul et al. (2018a) and aluminium to high alloy steel 

performed by Guo et al. (2016b) also present distinct IMCs quantities. In other words, it 

means that the presence of a low melting alloy does not indicate the absolute certainty of 

extensive intermetallic formation. The welding parameters, the interaction of the materials 

being welded (which is affected by their differences in physical properties), and the 

phenomena at the interface, will certainly affect the IMC formation and distribution at the 

interface. Therefore, the shape of the waves is also a factor of influence, and the features that 

lead to each type of wave should be investigated. 

Despite indicating the possibility of the formation of a wavy interface, the WIF does 

not indicate the type of wave that will be formed. Observing Table 5, when materials with 

similar densities were welded (Nb-SS or CS-SS), typical waves were formed, as may be seen 

in Figure 3. When there were significant differences in densities, asymmetrical curled waves, 
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with a coiled morphology are formed as observed in Figure 2. This proves the importance of 

the density of the materials in the formation of waves and, more importantly, the relevance of 

the difference in density between flyer and baseplate. This fact agrees well with the present 

results, but if this analysis is extrapolated to other dissimilar combinations that form waves at 

the interface, this approach may be generalised to dissimilar welds as a whole. 

Therefore, an extensive data collection was made from the results of the present 

investigation and other results available in the literature. From the literature available, we 

sought works in which dissimilar EXW was performed and wavy interfaces were identified 

and where it was possible to define whether the wave was typical/symmetrical (as in Figure 

3) or curled (as in Figure 2). Then, the physical properties of the base materials were studied 

in order to understand which factors lead to welds resulting in such diverse wave 

morphologies. Sixteen different dissimilar welding combinations were studied, eight with 

typical waves (Table 7) and eight with curled ones (Table 8). These two tables show that the 

metallic combinations (and their respective physical properties) are very diverse. So, there is 

no simple pattern for the relationship of the properties between the flyer and base that could 

differentiate the welds with typical waves and the welds with curled ones easily.  

 

Table 7. Dissimilar welds with typical waves and their physical properties according to Gale 

and Totemeir (2004). 

Combination  

(Flyer-baseplate) 

Melting temperature 

(ºC) 

Thermal conductivity 

(W∙m-1∙K-1) 
Density (kg∙m-3) 

 Flyer Base Flyer Base Flyer Base 

Fe-SS (current work) 1,538 1,400 80.4 16.2 7,870 8,000 

Nb-SS (current work) 2,477 1,400 52.3 16.2 8,570 8,000 

Cu-SS (Liu et al., 2019; Wang 

et al., 2018) 
1,085 1,400 398 16.2 8,960 8,000 

Cu-Fe (Livne and Munitz, 

1987) 
1,085 1,538 398 80.4 8,960 7,870 

Fe-Cu (Zhang et al., 2019)  1,538 1,085 80.4 398 7,870 8,960 

SS-Fe (Mendes et al., 2013; Shi 

et al., 2017) 
1,400 1,538 16.2 80.4 8,000 7,870 

Ni-Fe* (Khanzadeh et al., 

2012; Kosturek et al., 2019) 
1,455 1,538 82.9 80.4 8,900 7,870 

*Welds with waves difficult to define, but closer to a typical shape. Possibly in transition.  
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Table 8. Dissimilar welds with curled waves and their physical properties according to Gale 

and Totemeir (2004). 

Combination  

(Flyer-baseplate) 

Melting temperature 

(ºC) 

Thermal conductivity 

(W∙m-1∙K-1) 
Density (kg∙m-3) 

 Flyer Base Flyer Base Flyer Base 

Ta-Cu (Greenberg et al., 2013; 

Parchuri et al., 2019) 
3,017 1,085 54.4 398 16,400 8,960 

Al-Mg (Ghaderi et al., 2008; 

Yan et al., 2010) 
660 650 247 155 2.7 1,740 

Ta-SS (Paul et al., 2018b) 3,017 1,400 54.4 16.2 16,400 8,000 

Ti-Fe (Chu et al., 2017; Gloc et 

al., 2016) 
1,668 1,538 11.4 80.4 4,510 7,870 

Ti-Cu (Kahraman and Gülenç, 

2005) 
1,668 1,085 11.4 398 4,510 8,960 

Cu-W (Manikandan et al., 

2011; Zhou et al., 2017) 
1,085 3,422 398 160 8,960 19,300 

Al-Fe (Carvalho et al., 2019a) 

(current work) 
660 1,538 247 80.4 2,700 7,870 

Al-Nb (current work) 660 2,477 247 52.3 2,700 8.57 

Al-Cu (Carvalho et al., 2018c) 660 1,085 247 398 2,700 8.96 

Ti-SS (Manikandan et al., 

2006) 
1,668 1,400 11.4 16.2 4,510 8,000 

Zr-Fe (Nobili and Banker, 

1999; Prażmowski et al., 2017) 
1,855 1,538 21.1 80.4 6,520 7,870 

 

However, despite not having a clear pattern regarding the relation between the 

properties of the plates, the present work showed that the materials with similar densities 

resulted in typical waves and more significant variation of densities resulted in curled waves. 

Therefore, the influence of density was deepened. One of the difficulties in analysing density 

in this situation is to realise its physical meaning within the phenomena that happen at the 

interface of an explosive weld. One way to relate density to explosion welding phenomena is 

to use the shock impedance concept.  

According to Grady (2017)’s interpretation, the impedance of a material can be 

defined (in a simplified way) as the velocity at which the propagating wave subsumes the 

mass of the body. The shock impedance (Z) can be calculated with the product of the 

material’s density and the bulk sound velocity propagation in it. Considering that besides the 

density, the impedance considers wave propagation, it is more intuitive to relate this property 

to the welding than the density alone. In Table 9, the impedances of each material were 

approximately calculated considering their densities and the bulk sound velocity propagation 

in the material.  
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In order to analyse and relate the impedances of the plates, the ratio of the impedances 

(Zratio) between the flyer and the baseplate (flyer’s impedance / baseplate’s impedance) was 

calculated for each metallic combination (Equation 2). This ratio illustrates the disparity 

between impedances between the flyer and the base: the further away from 1, the higher the 

disparity between the ratios (the ratio for equal impedances would be 1). 

It is known that if the impedances of the welded plates are completely equal in an 

impact, no wave reflection will take place (Chen and Chandra, 2004). However, a higher 

impedance mismatch between the materials results in a larger magnitude of the reflected 

wave. This means that substantial differences in impedance can significantly change the 

behaviour of the shock waves at the interface during impact on welding.  

Since a ratio of 1 indicates a combination of materials of equal impedances, to 

quantify the impedance mismatch between flyer and baseplate, the distance between the 

impedance ratio of each weld and the value of 1 was calculated (both for ratios greater than 1, 

i.e. flyers with higher impedance; and for ratios lower than 1, i.e. baseplates of higher 

impedance). This calculation follows Equation 3 and it considers the absolute value of the 

difference from 1. This distance represents how “far” a given metallic combination is from an 

impact of a metallic combination of equal impedances. This calculation can be called the 

impedance mismatch parameter (IMP) for explosive welding. 
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 (Equation 2) 

Z is the impedance (kg∙m-2s-1), ρ is the density (kg∙m-3) and Cb is the bulk sound velocity propagation 

in the material (m∙s−1). 

 

��� = |1 − ����	�| (Equation 3) 

 

The calculation of the IMP makes it possible to order any welding combination on a 

single axis, which is a significant advantage. Table 9 presents these values in descending 

order from highest to lowest, including similar welds (SW) that would present an IMP of zero 

regardless of the material. As the distance to the value of 1 increases, i.e. the impedance 

mismatch increases, the waves tend to be curled. There is a threshold between typical wave 

welds and curled waves that may be related to the impedance disparity. The welds with 

typical waves are all grouped at the bottom of the table. Above certain impedance mismatch, 
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the waves found for the metallic pair transit to curled ones. Figure 11 presents the results in 

Table 9 graphically. The results are clearly separated into the welding group that forms curled 

waves and the group that forms typical waves.  

It should be noted; however, that the welding parameters also have a significant effect 

on the weld interface and can dictate either the non-appearance of waves or even “intensify” 

the shape of the wave. However, this approach only considered welds with wavy 

morphology, i.e. welds in which the parameters for wave formation have already been met. 

 

Table 9. Values of the impedances calculated for each welding combination, their respective 

IMP and wave shape. 

Combination  

(Flyer-baseplate) 

Z 

(kg.m-2s-1 ∙ 106) 
Zratio IMP 

Type of 

wave 

Wave 

forming 

material 

 Flyer Base     

Al-Mg (Ghaderi et al., 2008; Yan 

et al., 2010) 
14.5 8.0 1.82 0.82 Curled Al 

Al-Cu (Carvalho et al., 2018c) 14.5 38.3 0.38 0.62 Curled Ta 

Al-Nb (current work) 14.5 36.7 0.40 0.60 Curled Nb 

Al-Fe (Carvalho et al., 2019a) 

(current work) 
14.5 36.5 0.40 0.60 Curled Fe 

Cu-W (Manikandan et al., 2011; 

Zhou et al., 2017) 
38.3 86.3 0.44 0.56 Curled Ta 

Ta-SS (Paul et al., 2018b) 55.6 36.4 1.53 0.53 Curled W 

Ta-Cu (Greenberg et al., 2013; 

Parchuri et al., 2019) 
55.6 38.3 1.45 0.45 Curled Cu 

Ti-Cu (Kahraman and Gülenç, 

2005) 
22.0 38.3 0.58 0.42 Curled Cu 

Ti-Fe (Chu et al., 2017; Gloc et 

al., 2016) 
22.0 36.5 0.60 0.40 Curled Fe 

Ti-SS (Manikandan et al., 2006) 22.0 36.4 0.60 0.40 Curled SS 

Zr-Fe (Nobili and Banker, 1999; 

Prażmowski et al., 2017) 
25.4 36.5 0.69 0.31 Curled Fe 

Ni-Fe (Khanzadeh et al., 2012; 

Kosturek et al., 2019) 
44.0 36.5 1.21 0.21 Typical* Both 

Cu-SS (Liu et al., 2019; Wang et 

al., 2018) 
38.3 36.4 1.05 0.05 Typical Both 

Cu-Fe (Livne and Munitz, 1987) 38.3 36.5 1.05 0.05 Typical  Both 

Fe-Cu (Zhang et al., 2019)  36.5 38.3 0.95 0.05 Typical Both 
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Nb-SS (current work) 36.7 36.4 1.01 0.01 Typical Both 

Fe-SS (current work) 36.5 36.4 1.00 0.00 Typical Both 

SS-Fe (Mendes et al., 2013; Shi et 

al., 2017) 
36.4 36.5 1.00 0.00 Typical Both 

Similar welds (Carvalho et al., 

2018c, 2017) 
0.0 0.0 1.00 0.00 Typical Both 

*Welds with waves difficult to define, but closer to a typical shape. Possibly in transition.  

 

 

Figure 11. Impedance mismatch parameter (IMP) for different dissimilar welds combinations 

and similar welds (SW). 

 

In order to understand the IMP from a physical perspective better, the impedance 

might be related to some interfacial phenomena. The Kelvin–Helmholtz instability, for 

instance, is accepted as one of the mechanisms of wave formation in EXW. As explained by 

Matsuoka (2014), it is an instability at the interface of two parallel streams with relative 

velocity between each other. One of the reasons for the occurrence of this instability is the 

presence of variations in the interfacial/tangential velocity (shear flow). This discontinuity 

produces localised changes in pressure that lead to vorticities at the interface. The 

movement / flow of the material moves these vorticities. They become an unstable vortex and 

roll up into a spiral. The fact that differences in impedance between the materials may affect 

the shock wave path, behaviour and distribution at the interface, is also an indication that it 

could affect the interfacial phenomena that shape the waves. 

Another critical piece of information resulting from these analyses is that the material 

forming the wave is always the material with the higher density and impedance. These 

morphological differences are possibly related to the way the shock waves are transmitted or 

reflected at the impacted interface. The physics behind these phenomena are complex, and 
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there may also be other features that affect the wave shapes. Therefore, this aspect should be 

studied explicitly for further details. 

These results prove that it is feasible to use both carbon steel, or niobium as 

interlayers for aluminium to stainless steel welds. The final joints using the interlayer quite 

improved the mechanical properties compared to both direct welding and the welding using 

aluminium as the interlayer from previous work. The weld using the carbon steel interlayer 

had the best mechanical performance. Its use should be analysed taking into account the 

limitations of the applicability of carbon steel (environment, corrosion resistance, among 

others). For particular purposes that justify its investment, niobium can be selected. In order 

to obtain properties more suited to a specific use or environment, different steels or niobium 

alloys (as long as they are similar in physical properties) can be selected. 

 

5. CONCLUSIONS  

This study has investigated the explosive welding of aluminium to stainless steel 

using carbon steel and niobium interlayers. Our work has led us to conclude the following 

points: 

• The joint using carbon steel as the interlayer presented a favourable interfacial 

microstructure (waves on both interfaces) and better mechanical properties. All 

tensile-shear tests fractured outside the weld region in the weaker base material 

(aluminium). 

• The joint using the niobium interlayer presented a favourable interfacial 

microstructure (waves on both interfaces). One of the tensile-shear tests fractured 

outside the weld region in the weaker material (aluminium) and the other test 

fractured near the weld region but outside the joint’s interface, also in the 

aluminium. 

• All interfaces found on both welds were wavy. However, depending on the 

metallic alloy combination, the shape of the wave is different. 

• The results suggest that the shape of the waves is influenced by the shock 

impedance mismatch of the materials being welded. 

• The impedance mismatch parameter (IMP) proved to be a compelling method to 

order metallic combinations on a single axis in order to estimate the tendency to 

form typical waves or curled waves. 
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• Typical symmetrical waves tend to form fewer IMCs than curled waves. This 

difference; however, was not made apparent in the mechanical tests.  
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