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Abstract: In order to improve the mechanical properties of Al−Fe transition joints manufactured by explosive welding, meshing 
bonding interfaces were obtained by prefabricating dovetail grooves in base plates. The microstructure and mechanical properties of 
the meshing interfaces were systematically investigated. The microstructure observation showed that metallurgical bonding without 
pores was created in the form of direct bonding and melting zone bonding at the interface. Fractography on tensile specimens showed 
cleavage fracture on the steel side and ductile fracture on the aluminum side near the interfaces. The tensile shear test results 
indicated that the shear strength of the meshing interface 0° and 90° was increased by 11% and 14%, respectively, when being 
compared to that of the ordinary Al−Fe transition joints. The values of microhardness decreased as the distance from the interface 
increased. After three-point bending, cracks were observed at the bonding interface for some specimens due to the existence of brittle 
Fe−Al compounds. 
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1 Introduction 
 

Explosive welding is a well-known solid state 
method for joining various metal materials, which 
employs explosive energy to make metals produce a 
high-speed oblique collision and achieve metallurgical 
bond [1,2]. Since external heating and large-scale 
melting are unnecessary for this process [3], it is capable 
to directly join wide varieties of both similar and 
dissimilar combinations of metals which may not be 
joined by any other techniques [4]. Moreover, because it 
enables to obtain metallurgical bonding over the entire 
junction surfaces without any oxidation [5], the strength 
of explosive welding joints is generally high [6]. 
Therefore, numerous products have been applied in 
industries. 

Stainless steel is characterized by good mechanical 
properties such as high strength, hardness, and wear 
resistance, while aluminum exhibits excellent oxidation 
resistance, corrosion resistance and good conductivity 

and thermal conductivity [7,8]. Al−Fe bimetals show 
excellent material properties due to the fact that they 
combine the respective merits of the two metallic 
components. Up to now, the composites have been 
widely used in chemical industries, machine 
manufacturing, aerospace fields and nuclear facilities [9]. 
However, because it is easy to form the brittle 
intermetallic phases such as Fe3Al, Fe2Al5 and FeAl2 
between the welded materials, the quality of the Al−Fe 
transition joints is poor, and it even has a difficulty to 
directly achieve explosive welding of Al−Mg alloy to 
steel [10,11]. HOKAMOTO et al [12] employed a thin 
stainless steel plate as an interlayer in explosively 
welding an aluminum alloy and a stainless steel plate. 
The results showed that the interlayer was effective for 
decreasing the energy dissipated by the collision, so a 
good eutectic structure composed of aluminum and 
Fe4All3 was formed at the welded interface. HAN      
et al [10] successfully achieved explosive welding of 
AA5083 aluminum alloy to SS41 steel plates by 
employing AA1050 aluminum alloy as a transition plate, 
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and the effect of interlayer thickness on shear 
deformation behavior of welded plate was investigated. 
The results showed that intermetallic compound FeAl3 

was formed between the AA1050 and SS41 steel, which 
acted as a crack source at the AA1050/SS41 interface. 
ACEVES et al [13] investigated titanium (Ti), copper 
(Cu), and tantalum (Ta) as interlayer materials, 
respectively, for explosive welding of aluminum (Al) 
6061 to 304 stainless steel. The results indicated that Ti 
produced the highest strength of joints, Ta produced the 
most ductile joints, and Cu produced joints that failed 
with low ductility at the Al/Cu interface. LI et al [14] 
explored a new method for explosive welding of 5083 
aluminum alloy to Q345 steel. In their study, dovetail 
grooves were cut along the transverse and longitudinal 
directions of the base plate, which could prevent the 
bonding interfaces from being pulled apart by rarefaction 
wave and directly join aluminum alloy to steel. However, 
the grooves also prevented the jet and air between the 
flyer plate and base plate from being out, so defects such 
as micropores and cracks were formed at the 
intermediate transition layer. GÜLENÇ et al [15] 
produced steel wire reinforced aluminum composite 
plate through explosive welding method, and found that 
the 45° wire mesh reinforced composites exhibited 
higher strength than unreinforced explosively-bonded Al 
plates. 

Although using an interlayer can diminish the brittle 
intermetallic phase formation, the fracture of tensile 
shear specimen occurred at Al−Fe bonding interface [10]. 
This indicated that the Al−Fe transition joints were still 
weak. In this study, meshing interface of aluminum– 
stainless steel manufactured by explosive welding was 
investigated to improve the mechanical properties of the 
bonding interface. 
 
2 Experimental 
 
2.1 Experimental materials 

In this work, AA1060 aluminum alloy and 316L 
stainless steel were employed for flyer and base plates, 
the chemical compositions of which are given in Table 1 
and Table 2. The flyer and base plates were designed 
with dimensions of 450 mm × 200 mm × 5 mm and    

450 mm × 200 mm × 8 mm, respectively. The flyer and 
base plates were cleaned with absolute ethyl alcohol 
before the welding process. 

Honeycomb structure explosives consisting of 
aluminum honeycomb filled with emulsion explosives 
were chosen as explosive materials, as shown in Fig. 1. 
The aluminum honeycomb can improve the mechanical 
strength of the explosive and accurately control the 
explosive height and uniformity. The thickness of 
aluminum foil is 60 μm, and the side length of the 
regular hexagon cell is 8 mm. The emulsion explosive is 
composed of emulsion matrix and hollow glass micro- 
balloons, in which the components of the emulsion 
matrix are presented in Table 3. Hollow glass 
microballoons with a mass fraction of 25% were used to 
meet the low detonation velocity requirement for 
explosive welding. The detonation velocity of the 
emulsion explosive is about 2500 m/s, and the density is 
0.75 g/cm3. 

 
2.2 Welding parameters selection 

There are three main dynamic parameters for 
explosive welding, i.e., collision angle β, collision point 
velocity vc and impact velocity vp, which are determined 
by initial parameters such as detonation velocity and 
explosive thickness. Due to the certain geometric 
relationships, only two of the dynamic parameters are 
independent, and any two of them are capable of 
constituting a welding window. It is generally recognized 
that good welding quality is near the lower limit of the 
welding window [16]. According to the previous  
studies [2,14,17], the welding window of AA1060 to 
316L was developed using collision point velocity vc and 
collision angle β. The initial parameters were designed to 
meet that the welding condition was closed to lower limit 
of the welding window. Figure 2 shows the welding 
window with selected parameters, and the corresponding 
initial parameters are listed in Table 4. 

 
2.3 Experimental methods 

The same parameters were used for explosive 
welding of meshing interfaces and ordinary interfaces. 
The meshing bonding interfaces were obtained by 
prefabricating the dovetail grooves in base plate. The  

 
Table 1 Chemical composition of AA1060 aluminum alloy (wt.%) 

Si Cu Mg Zn Mn Ti V Fe Al 

≤0.25 ≤0.05 ≤0.03 ≤0.05 ≤0.03 ≤0.03 ≤0.05 ≤0.35 Bal. 

 
Table 2 Chemical composition of 316L stainless steel (wt.%) 

C Si Mn Cr Ni S P Mo Fe 

≤0.08 ≤1.00 ≤2.00 16.00−18.00 10.00−14.00 ≤0.03 ≤0.05 2.00−3.00 Bal. 
 



Ming YANG, et al/Trans. Nonferrous Met. Soc. China 29(2019) 680−691 

 

682
 

 

 
Fig. 1 Honeycomb structure explosives 
 

 
Fig. 2 AA1060/316L welding window with selected parameters 
 
Table 3 Components of emulsion matrix (wt.%) 

NH4NO3 NaNO3 H2O C18H38 C24H44O6 C12H26

75 10 8 4 2 1 

 
Table 4 Initial parameters for explosive welding 

Explosive 
thickness/ 

mm 

Stand-off 
distance/ 

mm 

Collision 
point velocity/ 

(km∙s−1) 

Impact 
velocity/ 
(m∙s−1) 

Collision 
angle/(°)

20 4 2.5 381 8.7 

 
dimensions of the grooves are shown in Fig. 3, in which 
the upper side length, the lower side length and the 
height of dovetail grooves are 3, 2 and 1 mm, 
respectively. The reason for choosing this type of 
dovetail groove is that the groove will not prevent the jet 
and air between the flyer plate and base plate from being 
out, and the groove surfaces of base plate can be in good 
contact with the flyer plate during explosive welding. 
This is helpful to obtaining excellent bonding quality. 

As shown in Fig. 4, the parallel set-up geometry 
was employed in explosive welding process. A detonator 
was placed on the side edge of the explosive to make the 
detonation wave propagation along the dovetail groove 
direction. In order not to damage the flyer plates during 

 

 
Fig. 3 Dimensions of dovetail grooves of base plate (unit: mm) 
 

 
Fig. 4 Schematic diagram of explosive welding process 
 
explosion process, a rubber with a thickness of 1 mm 
was used as the buffer layer between the explosive and 
the flyer plate. The welding assembly was placed on a 
steel anvil in an explosion vessel. 

In order to reveal the interface morphology, 
specimens were cut parallel and vertical to the detonation 
direction, and the cross-section of the specimens were 
ground with emery papers up to No. 3000 and polished 
to 1 μm by diamond paste. A scanning electron 
microscope (GeminiSEM 500) was employed for 
microstructure observation of the bonding interfaces. 
Energy-dispersive X-ray spectrometry (EDS) analysis 
was also done to characterize the distribution of the alloy 
elements across the bonding interface. 

In order to investigate the mechanical properties of 
the welded plate, microhardness, tensile, tensile-shear 
and three-point face bending tests were carried out. 
Microhardness tests were conducted on a microhardness 
machine (HVS−1000M) using a 100 g load for 10 s. The 
tensile and tensile shear tests were carried out with a 
tensile strain rate of 1×10−4 s−1 according to GB/T 
6396−2008 [18]. For the meshing interface, the tensile 
and tensile shear resistance may vary in different tensile 
directions. Therefore, tensile and tensile shear tests were 
performed on the meshing interface in two tensile 
directions. As shown in Fig. 5, the angle between tensile 
direction and dovetail groove direction was 0° and 90°, 
respectively, for meshing interface, and an ordinary 
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interface was also prepared for a comparison. The 
dimensions of the specimens are shown in Fig. 6 and  
Fig. 7 (for comparison, all tensile samples were designed 
with the same dimensions and contained the same 
aluminum-to-steel mass ratio). Three samples were 
tested for each condition, and the average values were 
reported. Fractography studies on broken specimens 
from tensile tests were carried out using a scanning 
electron microscope. Three-point face bending tests of 
specimens with a thickness of 10 mm (5 mm aluminum 
and 5 mm steel) were conducted using a span of 94 mm 
 

 
Fig. 5 Schematic diagrams of tensile and tensile shear tests:   
(a) Meshing interface; (b) Ordinary interface 
 

 
Fig. 6 Dimensions of tensile specimen: (a) Front view for 
whole tensile specimen; (b) Top view for meshing interface 90°;    
(c) Top view for meshing interface 0°; (d) Top view for 
ordinary interface 0° (unit: mm) 
 

 
Fig. 7 Dimensions of tensile shear specimen (unit: mm) 

and an indenter with a diameter of 40 mm. The interfaces 
of the face bending specimen were checked under an 
optical microscope. 
 
3 Results and discussion 
 
3.1 Microstructure of bonding interfaces 

Figure 8 shows SEM images of the morphology of 
bonding interface perpendicular to detonation direction. 
Figure 8(a) shows the general layout of a meshing 
interface after explosive welding. The morphologies of 
the upper and lower part of the inclined interface are 
shown in Fig. 8(b) and Fig. 8(c), respectively. As 
illustrated in Fig. 8(b), a straight bonding interface with 
few melting zones is formed, while Fig. 8(c) shows 
wave-shaped bonding interface with lots of melting 
zones. The thickness of the melting zones in Fig. 8(c) is 
in the range of 50−90 μm, and typical defects such as 
fragments and cracks are found in the localized region of 
the melting zones. It is generally recognized that 
dissipated energy of the impacting plates in the form of 
heat leads to the melting zones [12,19]. When the 
aluminum was squeezed into dovetail grooves along the 
inclined interface, adiabatic shearing occurred at the 
interface between aluminum and stainless steel. The 
aluminum near the interface was continuously heated by 
the adiabatic shearing. So, the adiabatic heating of the 
aluminum near the interface was gradually increased 
from top to bottom, which resulted in thicker melting 
zones observed at the lower part of the inclined interface. 
However, the melting zones were surrounded by 
relatively cold metal and subjected to a very high cooling 
rate that was estimated in the order of 105−107 K/s [2,20]. 
Thus, typical defects such as gas porosity, crushed 
particles and cracks due to solidification were formed at 
the localized melting zones, which could deteriorate the 
properties of the bonding interface [21]. 

Figure 8(d) shows that a peak-like bonding interface 
is formed at the lower interface. The height of the peak is 
about 150 μm, and the width of the bottom and top of the 
peak is about 170 μm and 30 μm, respectively. Two 
morphologies of the bonding interface, that is direct 
bonding and melting zone bonding, are found around the 
peak-like interface. In the process of metallurgical 
bonding of the lower interface, the middle part was first 
bonded by high-speed oblique collision between the 
aluminum and stainless steel, and then the aluminum 
along inclined interface reached the two ends of the 
lower interface. Since the horizontal distance between 
the two inclined interfaces decreased continuously from 
top to bottom, the lower interface was squeezed from the 
two ends to the middle, which resulted in the peak-like 
interface. Obviously, the peak-like interface can increase 
the bonding area between the two welding materials,  
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Fig. 8 Morphologies of interface perpendicular to detonation direction obtained by SEM: (a) General layout of meshing interface 
after explosive welding; (b) High resolution image (HRI) of Position B in (a); (c) HRI of Position C in (a); (d) HRI of Position D in 
(a); (e) HRI of Position E in (a); (f) HRI of Position F in (a); (g) HRI of Position G in (a); (h) HRI of Position H in (a); (i) HRI of 
Position I in (h) 
 
which may help to achieve a higher mechanical property 
of bonding interface. 
    The morphologies of lower and upper corners of the 
meshing interface are shown in Fig. 8(e) and Fig. 8(f), 
respectively. According to Fig. 8(e), the most regions of 
the interface are bonded in the form of direct bonding, 
and only a small melting zone is found near the inclined 
interface. Figure 8(f) shows that there is no melting zone 
in the upper corner and the interface is connected in the 
form of direct bonding. As shown in Fig. 8(e) and    
Fig. 8(f), both the lower and upper corners of the 
meshing interface are rounded corners, while they were 
sharp corners before explosive welding, which shows 
that large plastic deformation of welding materials 
emerged in the process of bonding interface formation. 
However, no defect such as cracks and voids was found 
in the two regions, which showed that excellent bonding 
was created in the lower and upper corners of the 
meshing interface. 

It can be observed from Fig. 8(g) that melting zone 
existed in the local region of the upper interface. The 
thickness of the melting zone is about 20 μm and there is 
no defect such as gas porosity and crack, which shows 
that the upper bonding interface is also excellent.  

Figure 8(h) shows that a large melting zone is formed at 
the middle part of the meshing interface, in which some 
metal particles can be found. A similar phenomenon can 
be found in previous studies [22]. The formation of the 
melting zone could be explained by adiabatic heating 
which resulted in lots of melting zones, and then these 
melting zones were squeezed inward. Figure 8(i) shows 
that there is no defect at the interface between the 
melting zone and aluminum, which indicates that the 
melting zones do not deteriorate the mechanical 
properties of bonding interface. 

Figures 9 shows the microstructural morphologies 
of an upper interface parallel to detonation direction. For 
the Al/Fe bonding interface parallel to detonation 
direction, both straight [10,14] and wavy [22−24] 
bonding interfaces have been obtained by researchers. 
The wavy bonding interface is usually preferred due to 
the better mechanical properties and more bonding   
area [25,26]. It was also reported that the bonding 
interface transformed from straight to wavy interface 
with increasing the explosive loading [27]. As shown in   
Fig. 9(a), regular wave interfaces are formed between the 
aluminum and stainless steel, which shows that the 
explosive loading is high enough to obtain a wavy 
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interface. From Figs. 9(b) and (c), it can be found that 
the wavy length and amplitude of the interface are 
approximately 80 μm and 20 μm, respectively. The shape 
of the waves is asymmetric, which can be attributed to 
the large difference between density of aluminum and 
stainless steel, and a similar phenomenon can be found in 
Ref. [2]. Figures 9(b) and (c) also show that localized 
melting zones are formed in the wave bonding interface. 
The formation of the localized melting zones is related to 
adiabatic heating of trapped jet or adiabatic heating of 
gases compressed between the two plates [2]. For the 
Al/Fe bonding interface produced by explosive welding, 
a hard and brittle intermetallic is often formed in the 
localized melting zones, which affects the bonding 
quality and the mechanical properties in a negative 
manner [10,12,14]. 

Figure 10 shows the microstructural morphology 
 

 
Fig. 9 Morphologies of upper interface parallel to detonation 
direction obtained by SEM; (a) General layout after explosive 
welding; (b) HRI of Position B in (a); (c) HRI of Position C  
in (a) 

of a lower interface parallel to detonation direction. 
Unlike the upper interface, Fig. 10(a) shows that an 
irregular wavy interface is formed between the welded 
materials, and small waves exist in the front or back 
slope of big waves. The formation of small waves can be 
attributed to the variations in the velocity distribution  
at collision point and periodic disturbances of   
materials [28], which is also the reason of wave 
formation for explosive welding of two smooth plates. 
The formation of big wave is related to the fact that the 
lower bonding interface is inconsistently squeezed along 
the detonation direction. Figure 10(a) also shows that a 
large melting zone with some metal particles is formed at 
the side of the aluminum, which is consistent with the 
previous discussion. According to Figs. 10(b) and (c), 
there is no micropores and cracks at the interface, which 
indicates that the bonding interface is excellent. 
 

 
Fig. 10 Morphologies of lower interface parallel to detonation 
direction obtained by SEM: (a) General layout after explosive 
welding; (b) HRI of Position B in (a); (c) HRI of Position C  
in (a) 
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3.2 Distribution of elements across interface 
In order to describe the transition layer between the 

two welded materials, element line scans were conducted 
to determine elements distribution across the bonding 
interface after explosive welding. Figure 11(a) shows 
element distribution of an upper interface with no 
melting zone. It can be observed from Fig. 11(a) that the 
element distribution line is steep, which indicates that the 
two welded plates are bonded in the form of direct 
bonding in this region. Figures 11(b), (c) and (d) show 
element distributions of the upper, inclined and lower 
interfaces with melting zone, respectively. It can be seen 
from Figs. 11(b), (c) and (d) that the trends of 
distribution lines of Fe and Cr are consistent, which is 
opposite to that of Al. Figures 11(b), (c) and (d) also 
show a platform at the melting zone of bonding interface, 
which indicates that the atomic diffusion occurs at the 
interface, and steady intermetallic compounds may be 
formed in the melting zones. This result was in 
agreement with the previous studies [14,29] about 
element diffusion on the Fe/Al interface after explosive 
welding. According to Fe−Al phase diagram [30], it is 
easy to form intermetallic compounds (Al3Fe, AlFe, 
Fe2Al7, Al5Fe2, FeAl2, etc) at high temperature. During 
the welding process, the high temperature conditions 
were met by adiabatic compression at the bonding 
interface [31], so multiple intermetallic compounds 

might be formed in the transition zone [10,14,30].  
Figure 12 shows the results of element spot scans in the 
melting zone. According to analysis of the molar fraction 
ratio of Al to Fe in Fig. 12, it was deduced that the 
melting zone mainly consisted of the stable phase Al3Fe 
or Fe2Al5. 

 
3.3 Tensile tests 

The average tensile strength and typical stress– 
strain curves obtained from tensile tests are shown in 
Table 5 and Fig. 13, respectively. According to Table 5, 
the tensile strength of meshing interface 0° is higher than 
that of ordinary interface 0°, while the tensile strength of 
meshing interface 90° is lower than that of the former 
two. The former phenomenon may be related to work 
hardening. Compared to the ordinary interface, the work 
hardening of the meshing interface was intenser due to 
the larger bonding area, so a higher tensile strength value 
was obtained for meshing interface 0°. The latter 
phenomenon can be attributed to the structure of 
meshing interface, as shown in Fig. 5. For meshing 
interface 90°, the tensile strength of the composite 
depends on the weakest region in which the bonding 
interface is the lower interface (steel-to-aluminum mass 
ratio is the minimum). For meshing interface 90° and 
ordinary interface 0°, however, the cross-sections are 
consistent in different regions along the tensile direction, 

 

 
Fig. 11 Distributions of elements across bonding interface: (a) Distribution of alloy elements (DAE) along upper interface with no 
melting zone; (b) DAE along upper interface with melting zone; (c) DAE along inclined interface with melting zone; (d) DAE along 
lower interface with melting zone 
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Fig. 12 Element spot scan results of local melted zone 
 

 
Fig. 13 Typical stress–strain curves obtained by tensile tests 
 
Table 5 Tensile and tensile-shear test results 

Sample Tensile 
strength/MPa 

Tensile-shear 
strength/MPa 

Meshing 
interface 0° 392 89 

Meshing 
interface 90° 328 91 

Ordinary 
interface 0° 370 80 

 
which makes full use of the strength of aluminum and 
steel. In addition, it is noted that the original tensile 
strengths of the aluminum and steel are 110 and 620 MPa. 
Obviously, the tensile strength of the three tests is higher 
than that of aluminum and lower than that of steel, which 
is consistent with previous researches [14,32]. 

Figure 14 shows the fractographs of the bonding 
interfaces after tensile tests. It can be observed from  

Fig. 14(a) that the interfaces are delaminated almost 
completely, and different regions can be discerned on the 
fracture surface. Numerous ductile dimples with large 
size are observed on both the steel side and the Al side 
away from the interface, as shown in Figs. 14(c) and (e), 
which show the typical characteristics of ductile fracture. 
Figure 14(b) shows the unambiguous characteristics of 
cleavage fracture without any dimple on the steel side 
near the interfaces, which may be due to the effect of 
work hardening. In this situation, owing to the low 
ductility of this region containing some brittle 
intermetallic phases and severely deformed grains, some 
cracks were initiated at the interface and propagated 
along the tensile direction [33]. Figure 14(d) exhibits 
unambiguous characteristics of ductile fracture with 
dimples on the Al side near the interfaces. However, the 
sizes and numbers of the dimples are less than those 
away from the interface, which indicates that the 
ductility of Al side at the interface was reduced. 
 
3.4 Tensile shear tests 

Shear test is important to assess transition joints and 
one of the purposes of this study is to improve the shear 
strength of the bonding interface. Figure 15 shows 
typical stress–distance curves obtained from the tensile 
shear tests, and the average tensile shear strength values 
are listed in Table 5. According to Table 5, the shear 
strength of ordinary interface 0° is 80 MPa, which is in 
agreement with the previous study [32] about shear 
strength of the Fe/Al interface after explosive welding. 
The shear strength of meshing interface 0° is 89 MPa, 
which is 11% higher than that of ordinary interface 0°. 
The bonding area of the meshing interface is 25% higher 
than that of ordinary interface, so higher macroscopic 
shear strength is obtained. However, the shear strength of 
the unit bonding area is lower than that of ordinary 
interface, which can be attributed to the fact that the 
bonding strength of the inclined interface is lower than 
that of the upper and lower interfaces. An evidence for 
this deduction is that defects such as gas porosity, 
crushed particles and cracks are observed at the inclined 
interface in Fig. 8(c). The shear strength of 91 MPa is 
obtained for meshing interface 90°, which is 14% higher 
than that of ordinary interface. This happened because 
mechanical locking improves the shear strength, as 
shown in Fig. 5. Although this method improves the 
macroscopic mechanical strength of the weld joints, 
there are also shortcomings such as extra cost for 
prefabricating grooves in base plate, and more careful 
design of welding parameters is required due to the 
complexity of the welding interface. Thus, this method is 
suitable for manufacturing Al−Fe composite materials 
with high strength requirement. 
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Fig. 14 Fractographs of bonding interface after tensile test: (a) Macro-morphology; (b) HRI of Position B in (a), (c) HRI of Position 
C in (a); (d) HRI of Position D in (a); (e) HRI of Position E in (a) 
 

 

Fig. 15 Typical stress–distance curves obtained by tensile shear 
tests 

3.5 Microhardness tests 
Figures 16(a) and (b) respectively show the test 

positions and results of the microhardness near the 
interface. As shown in Fig. 16(b), the microhardness 
generally decreases with increasing the distance from the 
welding interface, which can be attributed to work 
hardening due to the severe plastic deformation in the 
welding zones. Similar results have been reported by 
many researchers [4,34]. Figure 16(b) also shows that the 
microhardness values of steel near the interface are 
approximately consistent at the upper and lower interface, 
and they are higher than those at inclined interface. This 
happened because direct collision between aluminum 
and steel occurred at the upper and lower interface 
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during explosive welding, while slide occurred between 
aluminum and steel at the inclined interface. So, the  
 

 
Fig. 16 Microhardness profiles near bonding interfaces 

degree of work hardening at the inclined interface was 
lower than that at upper and lower interface. The 
maximum microhardness of the steel near the interface 
was approximately HV 310, which was approximately 
44% higher than HV 215 of the steel far away from the 
interfacial region. The maximum microhardness of the 
aluminum near the interface was approximately HV 48, 
which was approximately 12% higher than the hardness 
(HV 43) of the aluminum far away from the interfacial 
region. The average microhardness of the solid solution 
at the bonding interface was HV 190, which was slightly 
higher than the average hardness of the aluminum and 
steel of HV 179 near the solid solution. 
 
3.6 Bending test 

Meshing interfaces 0° and 90° were both prepared 
for bending tests, and all specimens were bent to 180°. 
Figure 17 shows the specimens after bending tests. As 
shown in Fig. 17(a), macro cracks are observed at the 
bonding interface for specimen A, and Figs. 17(c) and (d) 
show the micro cracks of specimens C and D, which are 
consistent with the results of previous researches [22]. 
Due to the fact that the brittle Fe−Al compounds existed 
at the bonding interface, it is easy to result in 
uncoordinated deformation and accelerate the fracture 
process of the bonding interface under the effect of an 
external force [6]. However, no separation or fracture has 
been noticed for Specimen B (inner bending for meshing 
interface 90°), which could be attributed to the meshing 
interface preventing the initiation of crack under this 
external force. 

 

 
Fig. 17 Specimen morphologies after bending tests: (a) Macro-morphology; (b) HRI of Specimen B in (a); (c) HRI of Specimen C in 
(a); (d) HRI of Specimen D in (a) 
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4 Conclusions 
 

(1) Metallurgical bonding without any pores has 
been achieved for meshing interface of aluminum to 
stainless steel. Two types of bond were observed at the 
bonding interface, namely direct bonding and melting 
zone bonding, and the EDS analysis indicated that the 
melting zone mainly consisted of the stable phase Al3Fe 
or Fe2Al5. 

(2) Regular wavy interfaces were observed at the 
upper interface parallel to detonation direction, while 
irregular wavy interfaces were formed at the lower 
interface parallel to detonation direction. 

(3) Tensile strength of meshing interface 0° was 
higher than that of ordinary interface 0°, while the tensile 
strength of meshing interface 90° was lower than that of 
the ordinary interface 0°. Fractography studies on tensile 
specimens showed cleavage fracture on the steel side and 
ductile fracture on the aluminum side near the  
interfaces. 

(4) The tensile shear test results showed that the 
shear strength of the meshing interface 0° and 90° was 
increased by 11% and 14%, respectively, compared to 
that of the ordinary Al−Fe transition joints. 

(5) The values of microhardness decreased as the 
distance from the interface increased. The average 
microhardness of the solid solution at the bonding 
interface was slightly higher than the average hardness of 
the aluminum and steel near the solid solution. 

(6) No separation or fracture has been noticed for 
meshing interface 90° after inner bending. However, 
cracks were observed at the bonding interface under 
other bending condition due to the existence of brittle 
Fe−Al compounds. 
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爆炸焊接 Al−Fe 啮合界面的微观结构和力学性能 
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摘  要：为了提高 Al−Fe 爆炸焊接界面的力学性能，通过在基板上预制燕尾槽的方法获得啮合型结合界面，并系

统研究啮合界面的微观结构和力学性能。微观结构观察表明，啮合界面实现了没有孔洞的冶金结合, 结合方式为

直接结合和熔化区结合。拉伸样品断面表明，在界面附近钢侧为解理断裂而铝侧为延性断裂。拉剪测试结果表明，

相比于普通的铝钢爆炸焊接界面，0°和 90° 啮合界面的剪切强度分别提高 11%和 14%。随着离界面距离的增加，

界面两侧金属显微硬度值逐渐下降。由于存在脆性 Fe−Al 化合物，在三点弯曲试验中界面出现裂缝。 
关键词：爆炸焊接；啮合界面；铝；不锈钢 
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