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Abstract: Nb/304L stainless steel composite plate was fabricated by explosive welding. Microstructure and content distribution 
along the interfaces of composite were studied by optical microscope (OM), scanning electron microscope (SEM) and energy 
spectrum (EDS). The results show that the waveform bonding can be obtained when proper dynamic parameters of explosive 
cladding are subjected. The interfaces undergo severe plastic deformation, which leads to the increase of hardness. There exist molten 
regions on both sides of wave peak and molten layers in bonding interfaces. And there is no obvious element diffusion on the both 
sides of bonding interface. 
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1 Introduction 
 

Nb and 304L stainless steel are important materials 
in the area of nuclear engineering. However, it is hard to 
combine them by general welding due to the difference 
in physical and chemical properties between them[1−2]. 
The welding between them can be resolved by explosive 
binding which has extensive applications in large plate 
welding[3−4]. Since Nb/304L composite is used in the 
corrosive environment, the quality of the welding 
interface will play an important role for application[5]. 
At the same time, feature and distribution of content in 
the melting layer between interfaces also have great 
effect on corrosion resistance for the composite. 

It has been reported that metallurgy combination 
can be formed along the interface of Nb/304L explosive 
rods[6]. However, few have been reported on explosive 
welding on Nb/304L stainless steel plates. Explosion 
parameters have great effect on morphology of welding 
interfaces [7]. In this study, with proper parameters 
selected, Nb/304L stainless steel plate was successfully 
fabricated in laboratory by explosive binding technology. 
The feature of microstructure between the binding 
interfaces was studied. The results could be applied to 
the industry in future.  

2 Experimental 
 

The Nb plate (cladding plate) and the 304L stainless 
steel (base plate) subjected to annealing were used for 
explosive welding. The thicknesses of Nb and 304L 
plates are 1.5 mm and 10 mm, respectively. Ingredients 
of 304L are listed in Table 1. 
 
Table 1 Ingredients of 304L stainless steel (mass fraction, %) 

Fe Cr Ni C 

Bal. 18.2 8.4 0.03 

 
Low speed ammonium nitrate mixture dynamite 

was used in this study. Cladding plate was placed parallel 
to the base plate. Dynamic parameters were selected in 
the window of up limitation. Experimental dynamic 
parameters are listed in Table 2. 

 
Table 2 Dynamic parameter for exploding processing  

Clad/ 
Base  

Detonation 
velocity/(m·s−1)

Collision 
velocity/(m·s−1) 

Impact angle/ 
(˚) 

Nb/304l 2 270 850 21.6 

Parameters for explosive cladding are selected 
according to the following experiential formula[8]: 

C=k 1 1δ ρ⋅                      (1) 
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S=0.2(δ1+H)                 (2) 

 
where C is unit area dynamite capacity; k is the 
coefficient related dynamite and cladding material; δ1 is 
thickness of cladding plate; ρ1 is the density of cladding 
plate; S is the clearance between base and cladding plate; 
H is thickness of placing dynamite. 

Specimens were cut from the center of the sheet in 
the plane parallel to the direction of jetting. After burnish 
and polish, specimens were eroded in corrosive 
((V(HCl)׃V(HNO3)=31׃). Microstructure and morphology 
along the interfaces were observed by optical microscopy 
(OM). Ingredients of interfaces was obtained by EDS 
based on JSM-5800 scanning electron microscopy 
(SEM). The microhardness around interfaces was 
measured by V-sclerometer. 
 
3 Results and discussion 
 
3.1 Nb/304L interface morphology 

Morphologies of the Nb/304L interfaces are shown 
in Fig.1. The large wavy interface with molten region in 
swirl was observed. The periodical near-sine wave can 
be clearly found. The wavelength λ is 0.648 2 mm, and 
the amplitude A is 0.305 mm. λ/A is 0.471. Intermittent 
molten layers also occurred along the Nb/304L interface.  

The waveform interface was formed just because of 
plasticity deformation of metal plate under the explosive 
impact wave. Molten region was formed at the wave 
peak because of thermal energy produced by high speed 
impact. Then the molten region at the wave peak was 
pressed for the later jet power. Finally, molten material 
fell down to the both sides of wave peak and formed the 
front and black molten region (Fig.1(b))[9]. 

On the other hand, large plasticity deformation 
occurred in base and clad plate after explosive cladding. 
From Fig.1(b), it can be found the stainless steel grains 
were elongated into streamline shape in 50−70 µm far 
from bonding boundary. 

The large wavelength, amplitude and the molten 
region on both sides of wave peak indicate that the 
collision velocity is very high during explosive cladding. 
Most materials in molten region located both sides of 
wave peak are jet material. All those material are harmful 
to the binding strength of cladding plate, which may 
cause failure during application later. Therefore, it’s 
necessary to adjust the process parameters for Nb/304l 
stainless steel explosive cladding. 
 
3.2 Composition distribution on cladding interface 

The feature of molten region in back swirl is shown 
in Fig.2. There exist particles distributing in back molten 
region. Compositions of back molten region (point 1) 
and particle (point 2) are listed in Table 3. 

Molten region is comprised of Fe-Nb-Cr-Ni alloy 

formed from melting and solidifying of Nb and stainless 
steel. The particle (point 2) consists of Fe, Cr, Ni. During 
deformation by explosive welding, grains of the stainless 
steel will be subjected to high-speed severe plastic 
deformation, grains will be elongated and brushed off, 
therefore, the particle, which may be the fragment of 
stainless steel, is remained. 
 

  
Fig.1 Nb/304L interface morphologies 

 

 
 
Fig.2 Molten region in back swirl and twins 

 
On the side, twins are also found on the stainless 

steel far away from the bonding boundary. Twinning is 
the main type for plastic deformation under high strain 
speed. And it is one of the characters for high speed 
deformation[10−12]. It is indicated that the plastic 
deformation mechanism for the 304L base plate would 



WU Jin-ping, et al/ Trans. Nonferrous Met. Soc. China 17(2007) s128 

be twinning. 
 
Table 3 Compositions in back swirl (mass fraction, %) 

Point Nb Fe Cr Ni 

1 20.87 57.52 14.46 7.16 

2 0.93 17.2 72.56 9.32 

 
The appearance of molten region in front swirl is 

shown in Fig.3. There also exist particles distributing in 
black molten region. Compositions of front molten 
region (point 1) and particle (point 2) are listed in Table 
4. The particles contains Nb over 98% (mass fraction). 
The particles might be formed from the solidification of 
Nb liquids from the content and appearance of particles. 
Cladding and base plate would be melted at nearly the 
same time during cladding plate impacting the base plate 
in short time. During the following quick cooling, large 
Nb drops might have little time to diffuse with nearby 
stainless steel liquids, then the Nb particles would occur 
just like forming of Nb inclusion during casting Nb alloy. 
 

 
Fig.3 Molten region in front swirl 

 
Table 4 Compositions in front swirl (mass fraction, %) 

Point Nb Fe Cr Ni 
1 98.01 1.07 0.27 0.65 
2 29.13 51.16 13.18 6.53 

 
Similar with composition of the point 1 shown in 

Fig.2, the composition in point 2 shown in Fig.3 is also 
comprised of Fe, Nb, Cr, Ni formed from melting and 
solidification of Nb and stainless steel. 

Besides the molten region on both side of wave 
peak, there exist some intermittent molten layers along 
the interface (Fig.4(a)). Element distribution lines from 
cladding plate to base plate (A→B→C) are shown in 
Fig.4(b). A, B and C are cladding layer, molten layer and 
base layer, respectively. The content of element Nb 
decreases slowly in molten layer, while contents of Fe, 
Cr, Ni increase slowly.  

 

 
Fig.4 Elements distribution lines in molten layers:          
(a) Morphology; (b) Elements distribution lines of Nb, Cr, Fe 
and Ni 

 
This suggests that the element in molten layer has 

very weak diffusion in cladding layer and base layer. The 
main component in intermittent molten layers is 
Fe-Nb-Cr-Ni alloy. 

Just like the situation in base plate, there exists a 
large plastic deformation which contributes to the 
formation of a swirl region in cladding plate as shown in 
Fig.5(a). Elements distribution line from cladding plate 
to base plate (A→B→C) are shown in Fig.5(b). A, B and 
C are cladding layer, molten region and base layer 
respectively. The major component in molten region is 
also Fe-Nb-Cr-Ni alloy. 

The element distribution in the Nb/304L stainless 
steel interface indicates that the main component in 
molten region and interface molten layer is Fe-Nb-Cr-Ni 
alloy formed from melting Nb and stainless steel. 
Furthermore, there also exist some Nb and stainless steel 
in molten region and molten layer. Diffusion is found on 
the both sides of molten layer. But the distance is very 
short because the explosive cladding process finishes in 
short time (about 10−5 s). There is little time for the 
diffusion of elements. 
 
3.3 Distribution of microhardness in interface 

With changing explosive cladding parameters, 
Nb/304L cladding plate was prepared. The interface 



WU Jin-ping, et al/ Trans. Nonferrous Met. Soc. China 17(2007) s129

 
 
Fig.5 Elements distribution lines between interfaces:        
(a) Morphology; (b) Elements distribution lines of Nb, Cr, Fe 
and Ni 
 

 

Fig.6 Interface of Nb/304L(a) and distribution of 
microhardness(b) 

waveform is shown in Fig.6(a). The size and quantity of 
molten region decrease. The distribution of 
microhardness beside the wave peak is shown in Fig.6(b). 
The microhardness has the trend as low→high→low 
from interface to stainless steel. On the cladding plate 
side, microhardness shows the feature as high→low from 
interface to Nb plate. These results of hardness are quite 
different from those of other reports in which the 
hardness at the bonding interface is the highest[13]. 

It has been reported that the change of 
microhardness is related to the thermal effect caused by 
explosion[14]. In this study, the working hardening and 
thermal effect are related with the change of 
microhardness beside interface. The microhardness has 
the trend as high→low from interface to Nb plate, which 
indicates that the influence of working hardening is 
larger than that of thermal softening. On the contrary, for 
stainless steel, recovery and recrystallization of grains 
near interface reduce the hardness caused by working 
hardening. Therefore, the microhardness of stainless steel 
reaches the maximum 200 µm distance far from 
interface. 
 
4 Conclusions 
 

1) In the up limitation of explosive window，molten 
region is found on both sides of wave peaks along the 
interface of Nb/304L stainless steel composite, and 
intermittent melting layer is generated at the interface. 
Nb/304L explosion composite plate would be given a 
suitable interface with the wavy by adjusting the 
parameters of the explosion. 

2) Nb and stainless steel with particle feature as 
well as Fe-Nb-Cr-Ni alloy solidified from Nb and 
stainless steel are found within the molten region and 
molten layer along the interface. 

3) Very short-distant diffusion is found on both 
sides of the molten layer. Severely deformed belt with 
width in 50−70 µm, featured in streamline shape, is 
found close to the side of 304L, while farther region 
deformed twins grains can be observed. 

4) The maximum microhardness is observed close 
to interfaces of Nb layer, while the same phenomenon is 
found some distant from the interface in stainless steel. 
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