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Abstract: The production of aluminum-carbon steel and aluminum-stainless steel clads is 

challenging, and explosive welding is one of the most suitable processes to achieve them. The 

present work aims to investigate the coupled effect of two strategies for optimizing the production 

of these clads by explosive welding: the use of a low-density interlayer and the use of a low-density 

and low-detonation velocity explosive mixture. A broad range of techniques was used to 

characterize the microstructural and the mechanical properties of the welds, specifically, optical 

microscopy, scanning electron microscopy, energy dispersive spectroscopy, electron backscatter 

diffraction, microhardness and tensile-shear testing with digital image correlation analysis. 

Although aluminum-carbon steel and aluminum-stainless steel have different weldabilities, clads 

with sound microstructure and good mechanical behavior were achieved for both combinations. 

These results were associated with the low values of collision point and impact velocities provided 

by the tested explosive mixture, which made the weldability difference between these combinations 

less significant. The successful testing of this explosive mixture indicates that it is suitable to be used 

for welding very thin flyers and/or dissimilar materials that easily form intermetallic phases. 

Keywords: explosive welding; interlayer; aluminum; carbon steel; stainless steel 

 

1. Introduction 

The successful production of hybrid welded structures is one of the main targets of the 21st 

century’s industry. The development of solutions combining different materials is a great industrial 

challenge, which brings many technical, economic, and environmental advantages by enabling the 

achievement of highly efficient structures. However, manufacturing hybrid structures can be 

complex, especially when combining materials with significantly different physical properties. With 

the increase in the industrial relevance of hybrid components with unique characteristics, the 

complexity of welding increases and the use of conventional fusion welding technologies may not be 

possible. Some of the materials composing the hybrid structures tend to form very brittle intermetallic 

phases at high temperature, which easily results in cracking, and consequently, in a severe loss in the 

mechanical properties of the welded components. Thus, the solid-state welding technologies, such as 

the friction-based or the impact-based techniques, have a very high potential to join dissimilar 

materials. 
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The impact-based processes have the advantage of restricting the welding zone to a very narrow 

band at the interface of the materials and minimizing their interaction under high temperature and 

strain. As the impact is almost instantaneous, there is no time for heat dissipation towards the 

adjacent regions of the weld zone, avoiding the formation of an extensive heat affected zone and the 

consequent loss in mechanical properties often reported to occur in this region. In other words, the 

thermal cycle is short and narrow and hence causes minor microstructural changes, all very close to 

the welding interface. Among the impact-based technologies, the explosive welding has a prominent 

position since this process makes it possible to clad extensive areas, which is especially relevant for 

the naval, railway and automotive sectors. For these industries, aluminum and steel are widely used 

materials, and their welding has an especial interest by enabling the combination of the lightweight 

of the aluminum alloys with the low cost and the high mechanical strength of the carbon steel or with 

the corrosion resistance of the stainless steel.  

Some research has been conducted in explosive welding of aluminum to carbon steel (Al-CS) 

and aluminum to stainless steel (Al-SS). Many authors have investigated the thermomechanical 

conditions experienced at the weld interface and their influence on the structure and on the 

mechanical properties of the welds [1–4]. The literature shows that these material combinations 

present notable differences in weldability, specifically, the range of welding parameters enabling the 

production of welds with good mechanical properties is wider for Al-CS welding [5]. The weldability 

range of the Al-SS couple is strongly conditioned by a considerable difference in the thermal 

conductivity of both materials [6]. However, despite the differences in Al-CS and Al-SS weldability, 

better welding conditions are usually achieved when the detonation and impact velocities used for 

joining both couples are not high [5]. High values of this parameter often lead to welds with poor 

mechanical properties or even to welding failure, i.e., the separation of the welded plates after the 

impact [7]. In dissimilar welding, this type of failure is usually associated with the formation of a 

thick and continuous molten layer with intermetallic composition at the interface of the welded plates 

[8,9].  

Considering that high detonation and impact velocities may preclude or hinder the Al-CS and 

Al-SS welding, the optimization of the welding conditions for both combinations requires the testing 

of welding strategies focused on decreasing the values of these parameters. The most common 

strategies are the use of low-detonation velocity explosive mixtures, low explosive ratios and the use 

of interlayers. Among these, welding with interlayer has been the most tested. This strategy is 

reported to be effective for reducing the energy lost in the collision, and therefore, for preventing an 

extensive formation of brittle intermetallic phases. Regarding the Al-CS joining, the most reported 

material to be used as interlayer is commercially pure aluminum [5,10–13]. On the other hand, 

different materials have been tested as an interlayer in Al-SS welding, specifically, stainless steel 

[14,15], commercially pure aluminum [5], carbon steel [16], niobium [16], titanium [17], copper [17] 

and tantalum [17]. When materials from different families of both welded materials are tested as 

interlayers, the authors intend to explore the physical, chemical, and mechanical properties of these 

materials for achieving better welding conditions.  

However, the use of interlayers adds a new material to the welded structure, increasing its 

weight and cost, especially when dense (for example, copper or carbon steel) and expensive materials 

(for example, niobium, tantalum, or titanium) are used with this purpose. It is already possible to 

weld plates with a thickness in the order of 1 mm by explosion welding. However, with the increase 

in design and engineering requirements, it becomes necessary to establish new strategies for welding 

even thinner plates. That said, it is essential to investigate not only the use of interlayers but also the 

development of energetic mixtures capable of providing low-detonation velocity together with lower 

explosive ratios. Thus, the present work is aimed to test two strategies for optimizing the production 

of Al-CS and Al-SS clads by explosive welding: the use of a low-density interlayer, and the 

development of a low-density and low-detonation velocity explosive mixture. This research analyzes 

the coupled effect of these two strategies on the microstructural and mechanical properties of the 

joints. The studied explosive mixture resulted from an intensive optimization work of the density of 

a previously tested explosive by controlling the volume of the sensitizer. An in-depth experimental 



Metals 2020, 10, 1062 3 of 18 

 

characterization was conducted in the welds, using a broad range of techniques, such as optical 

microscopy, scanning electron microscopy (SEM), energy dispersive spectroscopy (EDS), electron 

backscatter diffraction (EBSD), microhardness and tensile-shear testing with digital image correlation 

(DIC).  

2. Materials and Methods  

Aluminum to carbon steel and aluminum to stainless steel welded clads were produced by 

explosive welding in parallel full overlap joint configuration, following the set-up presented in Figure 

1. All welded plates had a length of 250 mm and a width of 70 mm. The flyer was a 3 mm-thick sheet 

of AA6082-T6 (112 HV0.2) for both weld series, whereas a 3 mm-thick sheet of EN10130 (DC06) 

carbon steel (100 HV0.2) or AISI 304 stainless steel (188 HV0.2) was used as the baseplate. All the 

welds were produced with a 1 mm-thick interlayer of AA1050 (38 HV0.2). The explosive mixture 

developed to produce the welds was a low-detonation velocity emulsion-based explosive. This 

mixture, which is based on standard emulsion explosives [18,19], resulted from an optimization 

work, that was developed in the Laboratory of Energetic and Detonics (LEDAP), focused on 

decreasing the density of an explosive mixture through the control of the volume of the sensitizer. 

The weld series are identified according to the alloys of the flyer and the base plate: the Al/CS and 

the Al/SS series concern to aluminum to carbon steel and aluminum to stainless steel welds, 

respectively. All the other conditions were kept constant, i.e. the interlayer alloy, the flyer/interlayer 

and the interlayer/baseplate stand-off distances (STD) and the explosive thickness and ratio. Table 1 

summarizes the welding conditions. 

 

Figure 1. Schematic drawing of the welding set-up. 

Table 1. Welding conditions. 

Welding Conditions 
Weld Series 

Al/CS Al/SS 

Flyer plate alloy AA6082 AA6082 

Interlayer alloy AA1050 AA1050 

Baseplate alloy EN10130 AISI 304 

Flyer-interlayer STD  4.5 mm 4.5 mm 

Interlayer-baseplate STD 1.5 mm 1.5 mm 

Explosive Mixture EE EE 

Explosive Mixture Density 485 kg.m−3 485 kg.m−3 

Explosive Ratio 0.9 0.9 

During welding, the detonation velocity (Vd), which has the same value as the collision point 

velocity (Vc) in the tested welding configuration, was measured according to Mendes et al. [20]. After 

the visual inspection of the welds, the samples were removed longitudinally to the welding direction 

and prepared for metallographic analysis according to ASTM E3-11. An optical microscope, Leica 

DM4000M LED (Wetzlar, Germany), was used to observe the samples, which were etched with 

Weck’s etchant, 2% Nital and 10% oxalic acid for revealing the microstructure of the AA6082, 

EN10130 and AISI 304, respectively. The microstructural characterization of the welds was also 

conducted by SEM, using a Zeiss Merlin VP Compact microscope (Oberkochen, Germany), which 

was equipped with EDS. The semi-quantitative chemical composition of the welds was performed 

using this equipment. An accurate analysis of the grain structure of the weld interface was conducted 

by EBSD, using a FEI Quanta 400FEG SEM (Hillsboro, OR, USA) equipped with a TSL-EDAX EBSD 
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unit. The software TSL OIM Analysis 5.2 (EDAX Inc., Mahwah, NJ, USA) was used to analyze these 

results. The mechanical characterization of the welds was conducted by microhardness and tensile-

shear testing. Microhardness profiles (HV0.2) were performed in longitudinal weld samples along 

the thickness direction, with a distance between indentations of 250 μm for the flyer and baseplate 

and 200 μm for the interlayer. Localized microhardness measurements (HV0.025) were performed at 

the weld interface. The microhardness tests were performed using an HMV-G Shimadzu tester 

(Kyoto, Japan). The tensile-shear tests were performed in quasi-static loading conditions (1 mm/min), 

using a 100 kN universal testing machine, Shimadzu AGS-X (Kyoto, Japan). Three specimens 

(removed longitudinally to the welding direction), whose design was similar to that reported by 

Carvalho et al. [5,16], were tested for each weld series. Figure 2 shows the geometry of the specimens, 

which have the original thickness of the plates. The local strain fields of the tested specimens were 

acquired by DIC using a GOM Aramis 5M system (Braunschweig, Germany). The procedures to 

prepare the specimens and to process/analyze the strain data are detailed in Leitão et al. [21]. After 

the tests, the fracture surface of the specimens was analyzed by SEM and the fracture mode fractions 

were computed by image processing. 

 

Figure 2. Details of the tensile-shear specimen. 

3. Results and Discussion 

3.1. Welding Results and Velocities 

Table 2 shows the values measured for the detonation (Vd) and the collision point (Vc) velocities 

(the same values for parallel welding arrangement) and the values calculated for the impact velocity 

(Vp). Since the welds were produced with interlayer, two values of impact velocity were calculated: 

VpF and VpFI. VpF corresponds to the velocity of the flyer plate at the instant of the first impact (the 

impact on the interlayer), which was computed using Gurney’s equation for a one-dimensional 

problem in parallel configuration (Equation (1)) [22,23]. It must be noted that this equation, despite 

being widely accepted, presents some limitations. It ignores the acceleration of the flyer plate, and 

therefore, it represents only the terminal velocity [22,24]. That said, the proximity of the real value to 

the one calculated with Gurney’s equation depends on the chosen STD. 

��� = √2� �
3��

�� + 5� + 4
�

�
�

 (1)

R is the explosive ratio (dimensionless), √2� is the Gurney explosive’s characteristic velocity (m·s−1). 

An empirical correlation developed by Cooper [25] for ideal explosives, √2� = �/2.97, was used to 

estimate this parameter. The limitations of this approach were reported by Carvalho et al. [26]. 

VpFI corresponds to the velocity of the set composed of the flyer plate and the interlayer at the 

instant of the second impact (the impact on the baseplate). This parameter was computed using an 

approximate method considering the perfectly inelastic collision theory and the momentum 

conservation (Equation (2)).  

���� =
�� ∙ ���
�� + ��

 (2)

mF is the mass of the flyer plate (kg), mI is the mass of the interlayer (kg). 

Table 2 shows that consistent welds were produced with low values of impact velocity (about 

270 m·s−1). In a previous study, Carvalho et al. [5] tested two explosive mixtures to produce the same 

type of joints: an emulsion explosive-based mixture (Vd ≈ 2800 m·s−1) and an ANFO-based mixture (Vd 
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≈ 2000 m·s−1). Compared to that work, the present mixture made it possible to weld with much lower 

values of impact velocity, which resulted from its lower detonation velocity (comparing to the 

emulsion explosive-based mixture) and lower density (comparing to the ANFO-based mixture). In 

fact, although the differences in detonation velocity between the present mixture and the ANFO-

based mixture are not significant, a much lower explosive ratio was possible to be used with the 

present mixture (0.9 vs. 2.5), decreasing the impact velocity. 

Table 2. Values of detonation/collision point and impact velocities and welding results. 

Weld Series 
Vd, Vc 

(m·s−1) 

VpF 

(m·s−1) 

VpFI 

(m·s−1) 
Welding Results 

Al/CS 2055 349 262 consistent 

Al/SS 2055 357 268 consistent 

3.2. Interface Morphology and Microstructure 

Figure 3 presents the micrographs of the longitudinal interface of the welds. Figures 3a,b show 

that the AA6082/AA1050 interface (flyer/interlayer interface) was similar for both weld series and 

was composed of well-defined typical waves. On the other hand, significant differences in 

morphology were observed for the dissimilar interfaces (interlayer/baseplate interface). While small 

curled waves were formed at the interface of the Al/CS welds (Figure 3c), a flat interface was formed 

for the Al/SS welds (Figure 3d). In addition to this, there is also a morphological difference related to 

the formation of intermediate material. For the Al/CS welds, the intermediate material was mainly 

formed inside the curled waves, being totally encompassed by the ductile carbon steel (Figure 3c). 

On the other hand, a layer of intermediate material was intermittently formed at the interface of the 

Al/SS welds (Figure 3d). This layer is not discernible in some zones of the weld interface, in which a 

direct contact between the interlayer and the baseplate material exists. 

 

Figure 3. Micrographs of the weld interface: (a) Al/CS weld series—AA6082/AA1050 interface; (b) 

Al/SS weld series—AA6082/AA1050 interface; (c) Al/CS weld series—AA1050/CS interface; and (d). 

Al/SS weld series—AA1050/SS interface. 

Comparing to the welds produced by Carvalho et al. [5], it is observed that the wave 

morphology of the present welds is much more similar to the morphology reported for welds 
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produced with the emulsion explosive-based mixture than for welds produced with the ANFO-based 

mixture. This makes it possible to infer that the wave morphology is deeply affected by the nature of 

the explosive mixture and the explosive ratio, as claimed by Mendes et al. [20] and Plaksin et al. [27] 

for the SS-CS welding system. On the other hand, although the ANFO-based and the present mixtures 

have quite similar detonation velocities, the weld interfacial waves presented significant differences 

in amplitude and wavelength (higher in welds produced with ANFO). 

Figure 4 presents the Vickers microhardness profiles of both weld series. It shows an increase in 

hardness compared to the base materials hardness. This is typical from the explosive welding process 

and is a consequence of the strong plastic deformation promoted by the impact. Both weld series 

presented a general increase in hardness throughout the thickness and a slightly more pronounced 

increase near the interface. The AISI 304 stainless steel presented the highest increase since work 

hardening is an effective hardening mechanism for this type of steel. 

 

Figure 4. Microhardness (HV0.2) profiles. 

Figure 5 shows the SEM micrographs of the dissimilar interface of the welds. From Figure 5a it 

can be observed that many cracks propagate along the intermediate material formed inside the curled 

waves of the Al/CS welds. The micrograph also shows that the propagation of the cracks is blocked 

by the wave structure, pointing to significant differences in ductility between the wave (CS) and the 

intermediate material. The results of the EDS analyses conducted in the regions indicated in Figure 

5b (zones 1, 2 and 3) show that the intermediate material has a mixed chemical composition, being 

composed of Al and Fe (Table 3). The chemical composition of the intermediate region is fairly 

homogeneous and richer in Al. So, the formation of brittle Al-rich FexAly intermetallic phases is 

expected to have occurred inside the curled waves. In good agreement with this, Carvalho et al. [7] 

reported the formation of Fe4Al13 and Fe2Al5 at the interface of CS-Al explosive welds. These two 

intermetallic phases are the most reported in explosive welds between aluminum and steels. 

However, the heating and cooling conditions experienced at the interface of the explosive welds are 

far from equilibrium, and therefore, non-equilibrium phases may exist at the interface of the welds. 

Figure 5c shows that fewer cracks propagate along the intermediate material of the Al/SS welds. 

The morphology of the intermediate material is also quite different for both weld series. From Figure 

5d it can be observed that a much less homogenous intermediate region was formed at the interface 

of the Al/SS welds. Two zones are identified in this region, i.e., a lighter grey zone, which 

encompasses a larger area, and a darker grey zone. According to the results of the EDS analyses 

(Table 3), which were conducted in the regions indicated in Figure 5d, the lighter grey zone has a 

mixed Al-Fe chemical composition (zones 4 and 5). However, this region is richer in Al than the 

homogeneous intermediate material of the Al/CS welds. Besides Al and Fe, Ni and Cr, which are 

present in the stainless steel, were also detected. Regarding the darker grey zone, it is almost 

exclusively composed of Al. These results point to the formation of a heterogeneous intermediate 

region composed of both Al and Al-Fe intermetallic phases. Considering the chemical composition 

of the stainless steel, a large range of intermetallic phases may be formed at the interface of the Al/SS 

welds, which makes it very difficult to indicate which phases were effectively formed.  
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Table 3 also presents the microhardness average values measured at the intermediate regions 

shown in Figure 5. The microhardness values are very high compared to those of the base materials. 

The mixed composition, high hardness, and presence of cracks (brittleness) agree well with the 

formation of intermetallic phases in the intermediate regions.  

Regardless of the weld series, the intermediate regions formed at the weld interface have an Al-

rich intermetallic composition, which agrees well with the significant differences in the melting 

temperature of the Al and the two Fe alloys. In fact, since the Al has a much lower melting 

temperature, there is a more substantial amount of this element in the interfacial molten volumes 

from which the intermetallic phases are generated. Moreover, although fewer cracks are observed in 

the intermediate regions of the Al/SS welds, they propagate throughout the intermetallic layer, i.e., 

from the SS until the Al. On the other hand, the cracks in the intermediate regions of the Al/CS welds 

are enclosed by the curled waves, which agrees with the results reported by Carvalho et al. [5]. The 

ductile waves act as a protection when brittle intermetallic phases are present. 

 

Figure 5. SEM micrographs of the dissimilar interface of the welds: (a), (b) Al/CS weld series; (c), (d) 

Al/SS weld series. 

Table 3. Chemical composition (% at.) of the intermediate material. 

Weld Series Analysis Zone Al Fe Cr Ni Average Microhardness (HV0.025) 

Al/CS 

1 67.0 33.0 -------- -------- 

702 2 67.7 32.3 -------- -------- 

3 70.2 29.8 -------- -------- 

Al/SS 

4 82.6 13.1 3.1 1.2 

414 5 87.8 9.5 2.7 -------- 

6 97.7 2.3 -------- -------- 

Figure 6 presents the results of the EBSD analysis conducted at the dissimilar interface of the 

welds. For the Al/CS welds, Figure 6a shows that the AA1050 and the CS have an elongated grain 

structure, which agrees well with the plastic deformation experienced. However, the deformation 

experienced by the CS composing the wave structure is especially evident. Largely deformed grains 

with an impressive length to width ratio are observed in this zone. In turn, a much finer and equiaxed 
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grain structure is observed inside the wave, pointing to the recrystallization of new grains. This 

region corresponds to the center of an interfacial vortex, where the most extreme strain and 

temperature values are usually achieved [28]. For the Al/SS welds, an elongated grain structure is 

also observed on the AA1050 side of the interface, as shown in Figure 6b. Regarding the SS side, this 

figure shows that fine equiaxed grains were formed in the nearest regions of the interface. The 

coupled effect of temperature and plastic deformation also promoted the recrystallization of the SS 

grains. Although the interaction of the welded materials is almost instantaneous in explosive 

welding, they experience a very strong plastic deformation and a high-temperature peak at the weld 

interface. The strong plastic deformation agrees with the increase in hardness next to the interface 

between the baseplate and the interlayer presented in Figure 4. The very high temperature and plastic 

deformation, as well as the occurrence of localized melting, boosted the interaction of the elements 

in this region, giving rise to the formation of intermetallic phases.  

 

Figure 6. EBSD micrographs registered at the dissimilar interface of the welds: (a) Al/CS welds; (b) 

Al/SS welds. 

3.3. Mechanical Properties 

Table 4 displays the results of the tensile-shear tests. The table shows the maximum load value, 

the fracture region, and the fracture mode. For the maximum load, two values are presented for each 

weld series, which correspond to the lowest and the highest values obtained among all the tested 

specimens. Regarding the Al/CS series, it can be observed that the specimens had a very regular 

behavior, presenting all of them a 100% ductile fracture at the interlayer zone, with the maximum 

load value ranging between 4.8 kN and 5.1 kN. Figure 7a shows the Von Mises equivalent strain 

distribution map at the maximum load, which indicates that the strain was completely localized in 
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the interlayer plate. In good agreement with this, Figure 8a and Table 5 indicate that the fracture 

surface of the specimens consisted of shear dimples and was exclusively composed of Al, which 

matches the chemical composition of the AA1050 interlayer. These results indicate that the strength 

of the similar and dissimilar weld interfaces was higher than that of the interlayer material. The 

mechanical behavior of the welds was conditioned by the strength of the AA1050 and not by poor 

interfacial bonding. 

The maximum load value of the Al/SS specimens ranged between 4.5 kN and 5.0 kN (Table 4), 

which was approximately the same load range observed for the Al/CS weld series. Regarding the 

failure region, the specimens failed in the interlayer zone, which agrees well with the Von Mises 

equivalent strain distribution map at the maximum load shown in Figure 7b. However, some 

differences were observed in the fracture mode of these specimens. The specimens with a higher 

maximum load presented a 100% ductile fracture through the interlayer material. Figure 8b and Table 

5 show that the fracture surface of these specimens consists of shear dimples and is exclusively 

composed of Al. On the other hand, the specimens with a lower maximum load presented a more 

heterogeneous fracture surface, because they fractured both through the interlayer and at the 

interlayer/SS interface. While the fracture through the interlayer was ductile, with the formation of 

Al shear dimples (Figure 8c and Table 5), the fracture at the interlayer/SS interface was brittle. Figure 

8d and Table 5 indicate that the brittle fracture surface consists of cleavage patterns and is composed 

of both Al and Fe. The mixed chemical composition of the fracture surface agrees well with the 

chemical composition of the intermediate regions formed at the dissimilar interface of these welds, 

which indicates that the brittle intermetallic phases partially promoted the fracture. However, despite 

the presence of a brittle fracture, the maximum load was not very different. This is because the 

percentage of brittle fracture (17%) was much lower when compared to the percentage of ductile 

fracture (83%). 

Table 4. Maximum load in tensile-shear testing, fracture region and fracture mode. 

Weld Series Maximum Load (kN) Fracture Region Fracture Mode 

Al/CS 
Lowest 4.8 Interlayer Ductile (100%) 

Highest 5.1 Interlayer Ductile (100%) 

Al/SS 
Lowest 4.5 Interlayer1 Ductile (83%) and Brittle (17%) 

Highest 5.0 Interlayer Ductile (100%) 
1 The fracture occurred through the interlayer and through the interlayer/SS interface. 

 

Figure 7. Von Mises equivalent strain distribution map: (a) Al/CS weld—ductile fracture; (b) Al/SS 

weld—ductile fracture. 
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Figure 8. SEM micrographs of the fracture surface of the welds: (a) Al/CS welds; (b) Al/SS welds—

highest maximum load; (c,d) Al/SS welds—lowest maximum load. 

Table 5. Chemical composition (% at.) of the fracture surface of the welds. 

Analysis Zone Al Fe Cr Ni Si 

I 100 -------- -------- -------- -------- 

II 99.8 -------- -------- -------- 0.2 

III 100 -------- -------- -------- -------- 

IV 78.2 12.9 3.6 3.2 2.1 

The differences between Al/CS and Al/SS welds in the tensile-shear tests occur mainly because 

of two reasons: the intermetallic formation and the interfacial microstructure. These differences lie 

mainly in the appearance of a brittle fracture percentage. The intermetallic formation of the Al/SS is 

more complex because of the presence of more alloying elements (Cr and Ni) that can form 

intermetallic phases with Al, Fe and complex phases combining more than these two elements. The 

interfacial microstructure also represents a critical factor on mechanical performance. The curled 

wavy interface of the Al/CS improved the mechanical performance, once the brittle intermetallic 

phases formed during the process were surrounded by ductile material (the waves). In other words, 

it avoids the intermetallic phases from being propitious regions to an uninterrupted propagation of 

a brittle fracture. Carvalho et al. [5] detailed this beneficial effect of the curled wave compared to flat 

interfaces. 

The interfacial microstructure has a major role in explosive welding. The presence of waves 

(typical or curled wave) often leads to a better mechanical performance of the joint. Some recent 

works make it possible to better understand and predict the weld interface. While Carvalho et al. [26] 

study the prediction of a wavy interface in general, Carvalho et al. [16] study the prediction of curled 

waves specifically. These studies support the fact that the interfacial microstructure of the Al/CS 

welds significantly contributed to the best mechanical performance.  

In a previous work [5], the Al-CS and Al-SS pairs were welded with a slightly lower collision 

point velocity and higher explosive ratio than the present work. The collision point velocity was not 

significantly different, but the higher explosive ratio led to higher impact velocity values. This means 

that the impact pressure was also more intense, which led to more substantial plastic deformation 

and strain hardening. It is important to note that two aspects should be balanced for the selection of 

the most suitable impact velocity in dissimilar welding of materials with easy formation of brittle 
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intermetallic phases, specifically, the volume of intermetallic phases formed and the plastic 

deformation experienced by the materials at the interface. Until a threshold in impact velocity, higher 

values provide welds with better mechanical behavior by increasing the interfacial plastic 

deformation. After reaching this threshold, the increase in impact velocity only leads to the increase 

in the volume of brittle phases at the interface, and consequently, to the weakening of the welds. 

However, this threshold strongly depends on the microstructure of the weld interface, since, when 

curled waves are formed, the interface presents a higher ability to accommodate the volume of brittle 

phases generated during welding.  

When higher collision point velocities were used on the same previous work [5], the results were 

rather irregular, considering that some welds failed during specimens preparation due to the poor 

bonding strength. The present work is between the two situations, offering an alternative of 

parameters that can be used especially in cases of flyers with lower thickness and density, in which 

mixtures of low velocity and high ratio, as used in previous works [5], may not be suitable. It is a 

significant advance for the welding of very thin plates of low-density materials, such as the aluminum 

alloys. 

3.4. Energetic Mixture Analysis 

In explosive welding, the challenge of the process is not only to define suitable welding 

parameters. After defining the best parameters, it is necessary to find energetic materials that can 

provide the parameters needed, such as detonation and impact velocities. One of the usual problems 

is that there are not too many energetic materials with adequate parameters, especially when low 

detonation velocities are preferred. In order to detonate, many of the low-detonation velocity 

explosive mixtures need a higher thickness of material than the high-detonation velocity mixtures. 

This fact leads to an issue, i.e., despite a lower detonation velocity, once the thickness of explosive 

mixture is high, the explosive ratio will be higher, and consequently, the impact velocity will increase 

too. In other words, choosing a low-detonation velocity explosive does not mean that the energy of 

the collision will be significantly lower due to the increase in the explosive ratio [5,6,9,20].  

One of the topics of the present work is the study of a novel explosive mixture that has a low 

detonation velocity, low density and that does not need a high thickness to detonate, i.e. it can be 

used with a low explosive ratio. Figure 9 shows a sample of results from different works relating the 

detonation velocity with the explosive ratio used. The figure illustrates the abovementioned fact that, 

except for the mixture used in the present research, the explosive mixtures of lower detonation 

velocities tend to be used with higher explosive ratios. Since low-detonation velocity explosives 

usually need higher thickness, most explosive mixtures depart from the graph’s origin. This proves 

the importance of developing mixtures that provide low detonation velocities and can detonate with 

thin layers. As referred above, the mixture developed in LEDAP and used in the present research has 

low detonation velocity, low density and does not need a high thickness to detonate. This is an 

important issue, especially for the welding of low-thickness and low-density flyers.  

 

Figure 9. Graph relating the detonation velocity and the explosive ratio of tested explosive mixtures. 
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Deepening the analysis beyond the low detonation velocity and ratio, the density of the energetic 

material deserves attention due to its influence on the ratio. The achievement of low ratio explosive 

welds is facilitated by the use of low-density explosive mixtures. That said, an important novelty of 

the present research is the achievement of sound welds and proper detonation using a very low-

density energetic mixture. Figure 10 compares 58 works from the literature relating the density (ρexp) 

and the detonation velocity (Vd) of explosive mixtures used for planar explosive welding. A point 

with multiple references indicates that all the references listed for that point have the same values of 

density and detonation velocity and are therefore located in the same position on the graph. For 

works in which the detonation velocity of a specific mixture was informed as a range (instead of a 

single measured value); in order to represent any possibility of detonation velocity within the range, 

two points concerning its maximum and minimum values were plotted. The figure shows that the 

mixture developed in the present work belongs to a small group of mixtures located closer to the 

origin of the graph. It should be noted that the detonation velocity of an explosive mixture may vary 

according to other properties beyond the density, such as the thickness of the mixture [15]. However, 

the data on the properties of the tested explosive mixtures are very limited in the literature.  

 

Figure 10. Graph relating the detonation velocity and the density of tested explosive mixtures. Data 

from [4,15,16,26,29–82]. 

In order to examine the detonation velocity and the density together, they were multiplied by 

one another. In this way, the two parameters were ordered on a single axis and are shown in Figure 

11. The mixture tested in the present work presents one of the lowest values of Vd.ρexp among all the 

58 works analyzed. Figures 9–11 show that the mixture is outside the groups of mixtures most tested 

in explosive welding literature. One of the limitations of the explosive welding process is precisely 

the difficulty of welding very thin plates (mainly the flyer plate). It happens due to the complexity of 

detonating thin layers of energetic mixtures that can provide the parameters needed, and because of 

the damage that the detonation causes on thin plates. This new mixture of energetic material enables 

the possibility of a mixture with low-density capable of providing low-detonation velocity, low 
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explosive ratio and low-impact velocity. This is particularly important because it facilitates the 

welding of thinner materials. Beyond this fact, the tested mixture also has the advantage of reducing 

the energy conditions at the weld interface, which is significant for material combinations that tend 

to form intermetallic phases. On the one hand, if these combinations do not form favorable interface 

morphologies, such as curled waves, the large intermetallic volumes are very detrimental to the 

mechanical properties of the welds. On the other hand, even when favorable interfaces are formed, 

it is already established that large volumes of intermetallic phases may affect the physical phenomena 

at the weld interface, specifically, the solidification time of the interfacial molten material, 

conditioning the bonding conditions [7]. 

 

Figure 11. Graph relating on a single axis the detonation velocity and the density of the explosive 

mixture. 

4. Conclusions 

The present work has investigated the coupled effect of two strategies for optimizing the 

production of aluminum-carbon steel and aluminum-stainless steel clads by explosive welding: the 

use of a low-density interlayer, and the development of a low-density and low-detonation velocity 

explosive mixture. The following conclusions can be drawn: 

 The coupled use of an interlayer and a low-density and low-detonation velocity explosive 

mixture is an effective strategy for producing aluminum-to-carbon steel and aluminum-to-

stainless steel clads with sound microstructure and good mechanical behavior; 

 The difference in weldability of aluminum-carbon steel and aluminum-stainless steel couples 

are less significant when welding under low energetic conditions; 

 The tested low-density explosive mixture detonated with low detonation velocity, using a low 

explosive ratio, which resulted in welding with low values of both collision point velocity and 

impact velocity; 

 Given to its properties of low-detonation velocity, low-density and the ability to detonate in 

small explosive thickness, the tested mixture is suitable to be used for welding very thin flyers 

and for welding dissimilar materials that tend to form intermetallic phases. 
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