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Experimental and Numerical Study on the Explosive 

Welding of Niobium-Steel 
Jian Wang a , Xiao-jie Li a,b,* , Yu-xin Wang a 
(a Department of Engineering Mechanics, Dalian University of Technology, Dalian, 116024, People's Republic of 

China;b State Key Laboratory of Structural Analysis for Industrial Equipment, Dalian University of Technology, 

Dalian 116024, People's Republic of China) 

Abstract:The aim of this work is to study the use of explosive welding to produce Niobium-Steel 
composite plate, which is used in nuclear industry equipment material manufacturing. The welding 
parameters was determined by weldability window and numerical simulation was used to predict 
the wave shape of the welding interface. The morphology of the interface wave was observed by 
scanning electron microscope. Component measurement around interface waves. The experimental 
samples were investigeted using mechanical tests. The results show that the explosion parameters 
optimized by theory and numerical simulation can be used to obtain a niobium-steel composite plate 
with better welding quality. It can be proved that the welding quality is better by observing the 
interface wave and testing the mechanical properties, it can be seen that the melting zone of the 
welding interface is composed of niobium and steel by the composition analysis instrument. The 
morphology of the welding interface wave is consistent with the numerical simulation results, and 
the numerical simulation shows the changes of temperature, strain, and stress during the welding 
process. 
Keywords: explosive welding; niobium-steel composite plate; weldability window; numerical 
simulation 

1 Introduction 

Niobium is a rare metal that has good properties such as high melting point 2477℃, good 
corrosion resistance and low thermal neutron capture section. Niobium has a wide range of 
applications in the nuclear industry, so it is very important for the preparation of niobium composite 
materials. Explosive welding is one of the most common ways to combine dissimilar metals, 
especially for two or more metals with a large difference in melting point[1]. Explosive welding is 
a method of using the energy generated by the explosive detonation to drive the flyer plate, so that 
the flyer plate is accelerated and collided with the base plate in an oblique manner, generating a jet, 
thereby welding together[2]. Explosive welding can produce composite plates of different sizes 
according to industrial needs and bimetal composite panels are the most common. Lower-priced 
metals and relatively expensive rare metals with special physical and chemical properties are welded 
together by explosive welding, so that not only the composite plate has the characteristics of rare 
metals but also save costs. The common composite plates are Aluminum-Magnesium[[3],[4]], Steel-
Titanium[5], Tungsten-Copper[6] etc., which are widely used in industrial production and special 
industries. Explosive welding of clad tube[7] and multi-layer metal explosive welding [8] are also 
used in the production of composite plates. 
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G.H.S.F.L.Carvalho[9]found that the weldability of aluminum-copper explosive welding is 
improved when copper is used as a flyer plate. Ali Arab[10] performed explosive welding on 
AlCoCrFeNi high entropy alloys and Al-6061 and found that due to plastic deformation and grain 
refinement, the hardness of aluminum increases near the interface. Ming Yang[11] successfully 
welded 0.2mm tantalum to the steel plate by explosive welding. In terms of explosive welding of 
thin plates, Qi Wang[12] successfully prepared AZ31B/AA5052 thin composite plate. I. A. Bataev 
[13] discussed the effect of cooling rate and pressure on the formation of amorphous alloys by 
explosive welding of low carbon steel-niobium. At present, commercial finite element software can 
simulate the explosive welding process and get good conclusions, Yan Li[14] simulated the whole 
process of TI-AL explosive welding by AUTODYN and found that the jet mainly came from the 
aluminum plate, which was consistent with the experimental conclusions. Xiang-yu Zeng [2] used 
the SPH method to simulate explosive welding and pointed out that the strength of the thermal 
conductivity effect increases as the size decreases. The performance of the composite plates largely 
depends on the shape of the welding interface. By changing the experimental parameters to change 
the speed of the collision point, the collision angle and other conditions, we can get different welding 
interfaces. The welding window [15] provides a parameter adjustment range. When the explosive 
welding experiment parameters are in the welding window, the experiment can be successful. The 
shape of the welding interface can be roughly divided into: straight area, small ripple area, large 
ripple area, and vortex area, of which the small corrugated area has the best performance [16].  

This paper is mainly to study the feasibility of Steel-Niobium explosive welding composite 
plate, use optical microscope and microelectronic scanning electron microscope to characterize the 
interface, explore the wave shape of the welding interface, analyze the distribution of components 
around the interface, the tensile curve, and the tensile-shear curve. The finite element analysis 
software performs numerical simulation on the interface formation process. 

2. Niobium-steel welding window 

As shown in Fig.2.1, the detonation velocity of the explosive is 𝑉𝑑  ,during the explosive 
welding experiment, when the flyer plate driven by the energy of the explosive hits the base plate, 
it will bend, the angle of the bend is called the bending angle 𝛽. The flyer plate collides with the 
base plate at the collision velocity 𝑉𝑝. The moving speed of the collision point between the flyer 
plate and the base plate is 𝑉𝑐. When the flyer plate and the substrate are placed in parallel,𝑉𝑐 = 𝑉𝑑. 
The geometric relationship of 𝛽, 𝑉𝑝, and 𝑉𝑐 is shown in Eq.(2.1). 

                           𝑉𝑝 = 2𝑉𝑐 ∙ 𝑠𝑖𝑛 𝛽2                                   (2.1) 

According to Eq.(2.1), it can be seen that as long as any two variables among 𝛽, 𝑉𝑝, and 𝑉𝑐  
are determined, the remaining variable can be determined. 
 



 

Fig. 2.1 Schematic diagram of explosive welding process 
The most commonly used welding window is shown in Fig.2.2. In the coordinate system 

formed by the collision speed 𝑉𝑝 and the collision point moving speed 𝑉𝑐, it is composed of four 
boundary lines: 

 

Fig.2.2 Explosive welding window 

 

① Lower limit: The jet flow at the collision point is a necessary condition for successful 
welding, therefore, the collision velocity 𝑉𝑝  needs to be greater than the minimum 
collision velocity 𝑉𝑝𝑚𝑖𝑛 to produce jet. 

② Flow limit: The collision point velocity 𝑉𝑐 must exceed the minimum value 𝑉𝑐𝑚𝑖𝑛 to 
produce jet. 

③ Sound limit: The velocity of the collision point 𝑉𝑐 should be less than the sound velocity 
of flyer plate and base plate, otherwise the generation of jet will be inhibited. 

④ Upper limit: In order to prevent excessive welding interface energy. When the collision 
energy is too large, excess energy will be deposited on the interface. When the reflected 
wave reaches the interface, the interface is still in a molten state and the welding interface 
will be separated. 

2.1 Lower limit of explosive welding 

Various theoretical formulas for the lower limit of explosive welding have been proposed in 
the early explosive welding research. The lower welding limit formula Eq.(2.2) proposed by 
Deribas[17] in 1971 is the most widely used. 

                         𝛽 = 𝐾√𝐻𝑉/(𝜌𝑣𝑓2)                              (2.2) 
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Where :𝛽 is the lower critical angle at which explosive welding can produce "re-incident flow", 𝐾 is a constant, the value of 𝐾 is determined by the cleanliness of the surface of explosive welding 
materials, when the surfaces treatment of the flyer plate and the base plate are clean, 𝐾=0.6. 𝐻𝑉 
is the Vickers hardness of the material. 𝜌 is the material density. 𝑉𝑓is the incoming flow velocity, 
when the flyer plate is placed parallel to the base plate,𝑉𝑓 = 𝑉𝑑. 

When β is relatively small, Eq.(2.1) can be rewritten as 𝑉𝑝 = 2𝑉𝑐 ∙ 𝑠𝑖𝑛 𝛽2 = 𝑉𝑐𝛽 = 𝑉𝑑𝛽, then 

Eq. (2.2 )can be rewritten as 

                       𝑣𝑝 𝑚𝑖𝑛 = 𝐾√𝐻𝑉/𝜌                                (2.3) 
For the minimum collision pressure of the interface, the equivalent normal shock wave model 

is adopted[18]: 

                           𝑃 = 𝜌𝑐 𝑣𝑝 𝑚𝑖𝑛2                                    (2.4) 

Where: 𝑐 is the sound velocity of the metal material. 
For explosive welding of dissimilar materials, the minimum collision velocities 𝑣𝑝𝑚𝑖𝑛1 and 𝑣𝑝𝑚𝑖𝑛2  and the corresponding minimum collision pressures 𝑃𝑚𝑖𝑛1  and 𝑃𝑚𝑖𝑛2  of the two 

materials can be calculated by Eq.(2.3) and Eq.(2.4), the condition for simultaneous generation of 
bimetallic jets is that the interface collision pressure is greater than the minimum collision pressure 
of the two metals, let 𝑃𝑚𝑖𝑛 = max (𝑃𝑚𝑖𝑛1, 𝑃𝑚𝑖𝑛2)，the minimum collision velocity of jet produced 
by dissimilar metals is： 

                         𝑣𝑝 𝑚𝑖𝑛𝑏𝑖 = 𝑃𝑚𝑖𝑛 ( 1𝑐1𝜌1 + 1𝑐2𝜌2)                          (2.5) 

Where: 𝑐1and c 2are the speed of sound of the base plate and the flyer plate, 𝜌1and ρ2are 
the density of the base plate and the flyer plate, respectively. 

2.2 Explosive welding flow limit 

The flow limit of explosive welding should be the condition that the jet is just generated at the 
collision. The theoretical stagnation point pressure must be much greater than the strength of the 
material itself, so that the material can reach the flow state. The stagnation point pressure in the flow 
state should be greater than 10 times the tensile strength of the material, the flow limit of a single 
metal can be expressed as: 

                    𝑃𝑐 = 𝜌𝑣𝑐22 ≥ 10𝜎𝑏                                   (2.6) 

                    𝑣𝑐 𝑚𝑖𝑛 = √20𝜎𝑏/𝜌                                 (2.7) 
For bimetals, the stagnation point pressure is determined by the lower density, and the 

successful welding requires that the stagnation pressure must be greater than the higher strength. 
So Eq. (2.6) and Eq. (2.7) can be changed to: 

                   𝑃𝑐 = 𝜌𝑚𝑖𝑛𝑣𝑐22 ≥ 10𝜎𝑏𝑚𝑎𝑥                              (2.8) 

                  𝑣𝑐 𝑚𝑖𝑛 = √20𝜎𝑏𝑚𝑎𝑥/𝜌𝑚𝑖𝑛                             (2.9) 
Where: 𝜌𝑚𝑖𝑛 is the smaller density of the two metals; 𝜎𝑏𝑚𝑎𝑥 is the higher strength of the two 

metals. 



2.3 Sound speed limit of explosive welding 

The speed of the collision point is less than the sound speed of the base material, so the 
calculation formula of the sound speed limit is: 

                𝑣𝑐 𝑚𝑎𝑥 = min (𝐶1, 𝐶2)                                (2.10) 
Where:𝐶1, 𝐶2 are the sound velocity of the base plate and the flyer plate respectively. 

2.4 The upper limit of explosive welding 

In order to prevent the occurrence of over-melting failure, Wittman[19] proposed the following 
upper limit formula for explosive welding: 

                 𝑣𝑝 𝑚𝑎𝑥 = 1𝑁𝑤 (𝑇𝑚𝐶0𝑣𝑐 )12 ( 𝜆𝐶𝑝𝜌ℎ𝐶0)14                           (2.11) 

Where: 𝑁𝑤 is a constant of 0.1, 𝑇𝑚 is the melting temperature of the metal; λ is the thermal 
conductivity; 𝐶𝑝 is the specific heat capacity; h is the thickness of the flyer plate. The original 

formula is 𝑣𝑝 𝑚𝑎𝑥 = 1𝑁𝑤 (𝑇𝑚𝐶0𝑣𝑐 )12 (𝜆𝐶0𝐶𝑝𝜌ℎ )14 ,whose dimension is wrong. 

2.5 Niobium-steel explosive welding window 

According to the physical properties of niobium and Q235 steel, the calculated welding 
window is shown in Fig.2.3. 

 

Fig.2.3 Niobium-Steel explosive welding window 

 

According to Fig.2.3, the explosive parameters are selected as the detonation velocity 𝑉𝑑 =



2800𝑚/𝑠, the density 𝜌0 = 0.9g/𝑐𝑚3, the explosive thickness 𝛿0 = 30𝑚𝑚, and the polytropic 
index K = 2.0, the flyer plate 𝜌1 = 8.57𝑔/𝑐𝑚3, the thickness of flyer plate 𝛿1 = 3𝑚𝑚, the mass 
ratio of the charge can be calculated: 

                            R = ρ0δ0ρ1δ1 = 0.9×308.57×3 = 1.05                        (2.12) 

Under the above conditions, the relationship between height y which is the distance between 
the base plate and the flyer plate and the bending angle β obtained according to the characteristic 
line difference method is shown in Fig.2.4. 

 

Fig.2.4 The relationship between y and β 

According to the theoretical calculation, the explosion parameters shown in Table 2.1 are 
selected, and the calculated theoretical collision velocity 𝑉𝑝 = 676𝑚/𝑠, and the bending angle β =13.88°. 

 

Table 2.1 The explosion parameters  

explosive thickness 
/mm 

detonation velocity 
/(𝒎 ∙ 𝒔−𝟏) 

explosive density 

 /(𝒈 ∙ 𝒄𝒎−𝟑) 

height  

/mm 

30 2800 0.9 8 

 

3 Experiment 

In this experiment, the flyer plate is 3mm thick niobium plate, and the base plate is 5mm thick 
stainless steel plate. According to the welding window, select the explosion parameters as follows：
the stand-off distance was calculated as 8mm, the ANFO explosive was selected with density of 
0.9g/cm3 and the thickness of 30mm, and detonation velocity is 2800m/s approximately measured 
by a continuous velocity probe. The schematic illustration is shown in Fig.2.1. The niobium plate 
is composed of 100% niobium, and the composition of stainless steel is shown in Table 3.1.  



 

Table 3.1 Steel plate composition (wt.%) 
 

 

 

3.1 Experiment Results 

3.1.1 Microstructure of the welding interface 

In order to better observe the welding interface, the surface of niobium and steel was pickled 
and corroded. The ratio of the corrosive solution is shown in Table 3.2. Because the niobium 
corrosive liquid has a strong corrosive effect on Q235, but the Q235 corrosive liquid has no 
corrosive effect on niobium，first etch the niobium, and then use the Q235 corrosive liquid to clean 
the Q235 surface. 

 

Table 3.2 Ratio corrosion liquid 

 H2SO4 

/ml 

HNO3 

/ml 

HF 

/ml 

CH3COOH 

/ml 

FeCL3 

/g 

HCL 

/ml 

Nb 5 2 2 - - - 

Steel - - - 17 1 3 

 

The microstructure of the niobium-steel welding interface was characterized by SEM as shown 
in the Fig.3.1. It can be observed in Fig.3.1a that the interface joint is relatively regular corrugated, 
and there are no holes or cracks. Compared with the flat welding interface, the interface of the 
microwave structure has better welding quality [20]. Observation of a single wave in Fig.3.1b 
shows that the amplitude is 280um and the wavelength is 483um by measurement and there is a 
melting and mixing area at the junction, The formation of the melting zone is mainly caused by the 
capture of the part of the jet formed at the interface by the base material because of the high-speed 
combination of flyer plate and base plate. Due to the high temperature and the mixing of two metals, 
the microstructure of the molten zone is usually more complicated, such as metal compound and 
amorphous, which will reduce the quality of welding[21]. 

                

Element C O Si Mn Fe 

content 9.22 11.87 0.31 0.77 77.83 

a b 

Niobium 

Q235 

Niobium 

Q235 



 

Fig.3.1 SEM image of Niobium-Q235 interface 

3.1.2 Elemental analysis 

The results of energy spectrum analysis and linear scanning at the interface are shown in the 
Fig.3.2, the yellow line in Fig.3.2a is the linear scanning area, and Fig.3.2b shows the composition 
distribution of niobium and steel, it can be seen that the energy width of the diffusion layer is 5um, 
and the Brownian motion of atoms or molecules will produce a concentration gradient, thereby 
forming the diffusion layer. Under normal circumstances, the thickness of the diffusion layer is only 
a few microns[22]. 

 

           

 

Fig.3.2 Elemental analysis image of Niobium-Q235 interface 

3.1.3 Mechanical properties 

The welding interface was characterize the morphology by scanning electron microscope 
(SEM). the composition distribution near the welding interface was detected by energy spectrum 
analysis. In order to explore the mechanical properties of composite plates, At room temperature, 
the specimens were subjected to tensile and tensile-shear tests (strain rate 2*10-4). The size of the 
specimen is shown in the Fig.3.3（a. Tensile specimen b. Tensile-shear specimen） 

 

(a) Tensile specimen 
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(b) Tensile-shear specimen 

Fig.3.3 Size of the specimen 

 

The stress-strain curve of the tensile test is shown in Fig.3.4, it can be seen from the figure 
that the tensile strength is 484MPa, the tensile strength of steel is 405MPa, and the tensile strength 
of pure niobium is between 250-350MPa[23]. The tensile strength of the specimen is significantly 
higher than the two base materials. The failure section of the sample did not appear to crack at the 
welding interface, and the two metals were disconnected at the same time, which proved that the 
composite plate obtained by explosive welding of niobium-steel was of better quality. 

 

Fig.3.4 The stress-strain curve 

 

Shear strength is one of the important indicators for judging the welding quality of explosive 
welded composite plates[24]. The shear strength of the welding interface is 174MPa shown in 
Fig.3.5 which is the stress-distance curve of the tensile shear test. 
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Fig.3.5 The shear stress-distance curve 

 

4.Numerical Simulation 

Since the formation process of the explosive welding interface is difficult to capture in 
experiments, commercial finite element software is used to simulate the welding process and the 
formation of the welding interface. The Smoothed Particle Hydrodynamics is widely used because 
it can solve the problem of large deformation of the material and can also reproduce the phenomenon 
of jet and vortex[25,26]. 

The 2D calculation model was used for saving calculation cost, the length of base plate and 
flyer plate are both 10mm. Lagrangian grid and particle coupling method for base plate, coupling 
of particles of different sizes into flyer plate. Since the size of the particles has an important effect 
on the formation state of the capture interface and the jet flow, the surface of the two metal plates is 
set to a thickness of 0.5mm and the particle size of 5um. According to the explosion parameters, θ = 13.88° ,𝑉𝑝 = 676𝑚/𝑠  calculated by the welding window[27].The numerical calculation 
model is shown in Fig.4.1. 

             

Fig.4.1. Numerical calculation model 
The simulation result was shown in Fig.4.2, the welding process was well reproduced. The 

measured wave length is about 440um, which is consistent with the experimental results. It can be 
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Q 235 
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seen that the jet is generated, and the generation of jet is also the basic feature of wave formation at 
the welding interface. It can be seen from the figure that there is a melting zone near the welding 
interface, which is also consistent with the element analysis record. 

 

Fig.4.2 The simulation result 
 

The Mises stress distribution of the welding interface was shown in Fig.4.3(a), it can be seen 
that there are some areas where the stress is zero at the interface due to the material at the interface 
becomes incompressible fluid under high temperature and high pressure. The shear stress 
distribution of the welding interface is shown in Fig.4.3(b), The shear stress near the welding 
interface is higher than other areas, the shear stress of the flyer plate is higher than the base plate. 
The results are consistent with previous research results[28-29].  

 

  

 

Fig.4.3 The distribution of the welding interface:(a) Mises stress,(b) Shear stress 

 

The interface temperature distribution is shown in the Fig.4.4, it can be seen from the figure 
that the maximum temperature at the interface will reach above 6000K, which has exceeded the 
melting point of steel and niobium. This causes both metals to melt at the interface and form a wavy 
interface. It also explains the reasons for the existence of the transition zone and the melting zone. 

 
Fig.4.4 Interface Temperature Distribution 

5.Conclusion 

In this work, the explosive welding method was successfully used to produce the niobium-steel 
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explosive welding composite plate. The parameters were determined by theoretical analysis and 
numerical simulation. the specimen interface was observed by SEM and determined the elements 
by an energy spectrum analyzer, the mechanical properties of the specimen were tested. The 
welding process was simulated by the SPH method. And the distribution of pressure, temperature 
and stress were obtained during the welding process. The following conclusions can be obtained: 

[1]. It is an effective method that parameters calculated by explosive window were used to 
produce niobium-steel explosive composite plate. Explosive parameters were chosen as 
follows: the detonation velocity V𝑑 = 2800𝑚/𝑠, the explosive thickness 𝛿0 = 30𝑚𝑚, 
the density 𝜌0 = 0.9g/𝑐𝑚3. 

[2]. Corrosion to niobium first, then to steel, can get a better corrosion interface. When the 
detonation parameters were selected appropriately, the interface of the niobium-steel 
explosive welding composite plate has a good microwave structure without holes or 
cracks, the thickness of the diffusion layer between the two metals is 5um. 

[3]. The tensile strength of the composite plate is 484MPa, which is higher than the base 
materials, and the shear strength of the welding interface is 174MPa. 

[4]. The interface wave obtained by the numerical simulation is consistent with the 
experimental results. The zero Mises stress at the welding interface also proves that the 
material at the interface is a fluid model. The sign of the interface shear stress is opposite, 
which also proves that the welding quality is better. The interface temperature can reach 
above 6000K , that can cause the two metals to melt. 
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Figures

Figure 1

Schematic diagram of explosive welding process



Figure 2

Explosive welding window



Figure 3

Niobium-Steel explosive welding window



Figure 4

The relationship between y and β



Figure 5

SEM image of Niobium-Q235 interface

Figure 6

Elemental analysis image of Niobium-Q235 interface



Figure 7

Size of the specimen



Figure 8

The stress-strain curve



Figure 9

The shear stress-distance curve



Figure 10

Numerical calculation model

Figure 11

The simulation result



Figure 12

The distribution of the welding interface:(a) Mises stress,(b) Shear stress

Figure 13

Interface Temperature Distribution


