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Abstract: The effects of postweld heat treatment on the microstructure and metallurgical properties of a bronze–carbon 
steel (st37) explosively bonded interface were studied. Explosive welding was done under 1.5- and 2-mm standoff 
distances and different conditions of explosive charge. Samples were postweld heat treated for 4 and 16 h in the furnace 
at 250 °C and 500 °C and then air cooled. Laboratory studies using optical microscopy, scanning electron microscopy, 
and microhardness testing were used to evaluate the welded samples. Microstructural examinations showed that by 
increasing the standoff distance and the explosive charge, the interface of bronze to steel became wavier. The 
microhardness test result showed that the hardness of the samples was higher near the joint interface compared with 
other areas because of the intensive plastic deformation, which was caused by the explosion force. The results show that 
increasing the heat treatment temperature and time caused the intermetallic compounds’ layer thickness to increase, and, 
because of the higher diffusion of copper and tin, the iron amount in the intermetallic compounds decreased. Also, 
because of the increase in heat treatment temperature and time, internal stresses were released, and the interface 
hardness decreased. 
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1 Introduction 
 

Explosion welding utilizes the explosion 
energy to form a metallic bond by electron sharing 
between two components that are kept at a specified 
standoff distance. Two welding surfaces approach 
each other with very high localized pressure when 
the collision occurs. Because of the collision 
between surfaces, a local pasty area forms at the 

interface, which causes the joining [1]. 
Explosion welding is an advanced solid-state 

welding process that is used for similar and 
dissimilar materials and alloys that could not be 
welded by fusion welding methods due to 
differences in their liquid points and the formation 
of harmful intermetallic compounds. The main 
metallurgical limitation of this process relates to 
forming joints with good flexibility and enough 
f r ac tu r e  r e s i s t ance  t o  endu re  f a s t  p l a s t i c  
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deformation during welding [2–4]. 
Cladding via explosion welding is making 

inroads into such industries as shipbuilding, 
vacuum equipment, aircraft and aerospace 
industries, automatic industries, and other 
machinery. The joining of bronze to steel is difficult 
to perform by fusion welding because of the 
difference in the component’s temperature, 
chemical, and physical properties [5, 6]. 

In the studies performed by SONG et al [7] for 
cladding of pure titanium on low-carbon steel, 
KACAR et al [8] for joining 316 L stainless steel to 
a steel tank (DIN- P355GH), ETTAQI et al [9] for 
deposition of cobalt-base superalloy on 
X38CrMoV5 steel, ZHAO et al [10] for joining of 
Inconel alloy-800 to 304 stainless steel, and 
AKBARI MOUSAVI [11] for joining of pure 
titanium to 304 stainless steel, the effects of 
standoff distance, explosive load, and other 
parameters of explosion welding have been 
investigated. They reported a waveform of the 
formed interface with alternation and fixed wave 
amplitude, also they also observed stretching of 
grains around the joint interface, increasing of 
wavelengths because of the explosive load, and 
grain refining caused by intensive plastic 
deformation at the joint interface. Microhardness 
results showed that the hardness of areas near the 
interface has increased at the flyer and base plates. 

FINDIK et al [12] have studied the effects of 
temperature and time on the explosion welding of 
low-carbon steel and austenitic steel 304. Also, 
these effects have been investigated by ACARER  
et al [13] for explosion welding of steel on steel, 
AKBARI MOUSAVI et al [14] for explosion 
joining of 304 steel and titanium, and 
SAMARDZIC et al [15] for the threefold joining of 
AlMg5–Al–St 52-3. Their results indicated that 
increasing temperature causes more formed 
intermetallic compounds in the microstructure and 
that heat treatment after welding causes grain sizes, 
strength, and ductility to be significantly affected. 

PENGSAKUL et al [16] researched the 
influence of temperature (300 °C) on intermetallic 
compounds of triple explosion joints of Al 5083–Al 
1050–St 52-3N for 5 and 15 min. Their research 
shows that the amount of intermetallic compounds 
in Al 5083 increases considerably after the critical 
condition at 300 °C, but it did not have a significant 
effect on the amount of intermetallic compounds of 

Al 1050 and St 52-3N. 
TRICARICO et al [17] evaluated the effect of 

standoff distance and heat treatment on the interface 
of aluminum and steel intermetallic layers. LOKAJ 
et al [18] joined aluminum to an austenitic steel by 
explosion welding and evaluated the heat treatment 
process. Also, DANESH MANESH et al [19] 
investigated the effect of annealing heat treatment 
on mechanical properties of aluminum cladding on 
steel. BANKER et al [20] also studied the influence 
of temperature and time variations on mechanical 
properties of an aluminum–steel joint. They 
concluded that the intermetallic compounds form or 
develop gradually with increasing temperature 
because of diffusion mechanism activation. 
Intermetallic compounds between aluminum and 
iron have formed more quickly than 
aluminum–titanium and aluminum chrome 
intermetallic compounds. Because of fast 
intermetallic compounds forming, the tensile 
strength of the joint decreased. 

In the present study, the effects of heat 
treatment (temperature and time) on the 
microstructure of intermetallic compounds at the 
interface and mechanical properties of an 
explosion-welded joint of bronze and ST37 steel are 
investigated. 
 
2 Experimental 
 
2.1 Materials 

In this study, bronze was used as the flyer plate 
and ST37 steel as the base plate with the following 
dimensions: 1) steel base plate: 150 mm×150 mm 
with a thickness of 4 mm; 2) bronze flyer plate:  
150 mm×150 mm with a thickness of 2 mm. The 
chemical compositions of the utilized alloys are 
given in Table 1. 
 
Table 1 Chemical compound of bronze and steel 

Material w(C)/% w(Cu)/% w(Sn)/% w(P)/% w(S)/%

Steel St37 0.17 — — 0.04 0.04 

Bronze — 93.8 5.92 0.0892 — 

 
2.2 Selection of welding method 

In this investigation, the dissimilar joint of 
ST37 carbon steel and bronze was explosion 
welded. Figure 1 shows the primary arrangement of 
the plates for explosion welding. Flyer and base 
plates were prepared with dimensions of 150 mm× 
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150 mm. The explosive material was amatol with a 
composition of 5 wt% TNT and 95% ammonium 
nitrate. The detonator was M8 with the detonation 
velocity of 2507 m/s. 

The velocity of the explosive material was 
measured by a fiberoptic system. The explosion- 
welding parameters are presented in Table 2. The 
standoff distance was 1.5 and 2 mm, and the 
thickness of the explosive material was adjusted to 
form enough collision kinetic energy. 
 

   
Figure 1 Initial configuration of plates for explosive 

welding 

 

Table 2 Characteristics of explosive welding and heat 

treatment after welding tests 

Sample 
Standoff 
distance/ 

mm 

Thickness of 
explosive 

material/mm 

Temperature/ 
°C 

Time/
h 

Cooling 
ambient

BS1a 2 45 250 4 Air 

BS1b 2 45 500 4 Air 

BS1c 2 45 500 16 Air 

BS2a 2 30 250 4 Air 

BS2b 2 30 500 4 Air 

BS2c 2 30 500 16 Air 

BS3a 2 20 250 4 Air 

BS3b 2 20 500 4 Air 

BS3c 2 20 500 16 Air 

BS4a 1.5 20 250 4 Air 

BS4b 1.5 20 500 4 Air 

BS4c 1.5 20 500 16 Air 

 
2.3 Postwelding heat treatment 

To determine the influence of the heat 
treatment parameters (temperature and time) on 
intermetallic compounds and their properties, the 
welding samples were heat treated at 250 °C and 
500 °C for 4 and 16 h according to Table 2. The 
effects of the standoff distance, thickness of the 

explosive material, heat treatment temperature, and 
time on diffusion at the interface were studied. 
 
2.4 Microstructure and metallurgical evaluation 

of joint interface 
2.4.1 Joint interface evaluation by optical 

microscopy (OM) 
Some samples were prepared with dimensions 

of 10 mm×10 mm×8 mm. For more-accurate 
dimensions and prevention of warming up during 
cutting, a wire cut device (Model: GT600 DIN) was 
used. To study the microstructure of the samples, 
the prepared samples were sanded by papers of 60 
to 3000 grades, and the final polish was performed 
by alumina solution. After polishing of the samples, 
the steel sections were etched using nital (2%) 
solution for 8 s and then washed with alcohol and, 
finally, dried. The microstructures of the interface 
and intermetallic compounds were analyzed by the 
OM (Model: Olympus). Afterward, the bronze 
sections were polished again and etched using the 
nitric acid solution (100 mL) and distilled water 
(100 mL) for 20 s and then washed with alcohol 
and dried. 
2.4.2 Joint microstructure evaluation by scanning 

electron microscopy (SEM) 
In this study, the shape, amount, and kind of 

intermetallic compounds and cracks around the 
interfaces were analyzed by SEM (SEM-model: 
VEGA\\ TESCAN-LMU), which was equipped 
with an energy dispersive X-ray spectrometry (EDS) 
analysis system. 
2.4.3 Microhardness test 

Microhardness tests (Vickers) were performed 
by a microhardness measurement device (model: 
KOOPA) with an applied load of 200 g for 20 s. 
The device measured 8 microhardness traces from 
different areas of weld and base metal with 
distances of 50, 100 and 200 µm from the joint 
interface. 
 
3 Results and discussion 
 
3.1 Joint interface evaluation by OM 
3.1.1 Microstructure evaluation of BS1 samples 

Figure 2 presents the OM images of BS1 
samples taken at the longitudinal direction of the 
joint in the form of waves. As seen, the joint 
interface has a wavelike form in this condition. 
Because of the higher explosive load of this sample 
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Figure 2 OM images of joint interface for BS1 samples: (a) Before heat treatment; (b) With heat treatment at 250 °C for 

4 h; (c) With heat treatment at 500 °C for 4 h; (d) With heat treatment at 500 °C for 16 h 

 

compared with BS2, BS3 and BS4 samples, it had a 
thicker melted layer before heat treatment and 
thicker diffusion layer after heat treatment    
(Table 3). 
 

Table 3 Thickness changes of local melted layer at 

different temperatures and time of heat treatment 

Sample 
Thickness/μm 

Before heat 
treatment 

250 °C , 
4 h 

500 °C, 
4 h 

500 °C, 
16 h 

BS1 41.54 46.90 54.05 65.02 

BS2 38.28 38.11 45.79 51.36 

BS3 34.19 36.48 42.29 50.19 

BS4 29.02 32.83 35.95 44.83 

 
The studies also showed that the increase of 

temperature caused an enhancement of the diffusion 
layer thickness [1, 4, 21]. The flyer plate’s 
minimum velocity also had the minimum amount of 
collision kinetic energy, which is essential for 

joining. As a result of the flyer plate’s collision, the 
consumable kinetic energy changes to potential 
energy that finally causes the plastic deformation of 
collision surface. If the plastic deformation amount 
is not enough, the short waves form, and the local 
melted area does not appear. Increasing of collision 
kinetic energy causes an intensive plastic 
deformation at beneath and the peak of the wave.  

Because of higher collision pressures, vortices 
can form at the joint interface, and they could create 
local melted areas in the vicinity of the interface. 
These areas could be formed by internal heating 
created by higher pressure from the explosion shock 
waves and intensive plastic deformation; also, the 
production of adiabatic heat could result from the 
sticking vortices ahead of some wave fronts, which 
causes conversion of kinetic energy to thermal 
energy during the collision. Also, the adiabatic heat 
could be produced by trapped gasses between plates. 
These areas are surrounded by cold metal, and they 
would be under a high solidification velocity of 
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105–107 K/s [11]. 
3.1.2 Microstructure evaluation of BS2 samples 

Figure 3 shows the waves formed in the 
perpendicular direction of the explosion axis. The 
maximum thickness of the melted layer was   
38.28 µm for this sample, which decreased 
compared with the BS1 samples (4.26 µm). Also, 
the maximum thickness of the diffusion layer was 
51.36 µm, which was less than that of BS1 samples 
(13.66 µm). The main reason is the decrease of the 
explosive load amount that causes a reduction of 
the collision velocity. Other studies also indicated 
that increasing temperature and time of heat 
treatment caused the width of the intermetallic 
compound area to develop [7, 9, 22]. 
3.1.3 Microstructure evaluation of BS3 samples 

According to Figure 4, the thickness of the 
local melted layer and diffusion layer of the joint 
interface decreased compared with BS2 samples 
with constant standoff distance (2 mm) before and 
after heat treatment. Because of the lower thickness 
of the explosive charge compared with the BS2 
samples, the velocity of the flyer plate decreased 

and lower plastic deformation occurred at the joint 
interface [23]. Before heat treatment, the collision 
kinetic energy also decreased, and the shape of the 
interface was not greatly similar to the vortex 
compared with BS2 samples [8]. 
3.1.4 Microstructure evaluation of BS4 samples 

The joint interface of the BS4 samples is 
shown in Figure 5. The results demonstrated that 
the decrease of the explosive load and velocity of 
the flyer plate caused a reduction of the collision 
kinetic energy, so the required energy for diffusion 
at the interface decreased, leading to a reduction of 
the local melted layer thickness before heat 
treatment and for the diffusion layer after heat 
treatment. 

Table 3 shows the thickness changes of the 
local melted layer before heat treatment and the 
diffusion layer after heat treatment. The increase in 
the local melted layer and diffusion layer thickness 
resulted from the temperature and time of the heat 
treatment, which simplified the diffusion condition, 
and the increase of explosive material thickness and 
standoff distance caused by the enhancement of 

 

 
Figure 3 OM images of joint interface for BS2 samples: (a) Before heat treatment; (b) With heat treatment at 250 °C for 

4 h; (c) With heat treatment at 500 °C for 4 h; (d) With heat treatment at 500 °C for 16 h 
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Figure 4 OM images of joint interface for BS3 samples: (a) Before heat treatment; (b) BS3a; (c) With heat treatment at 

500 °C for 4 h; (d) With heat treatment at 500 °C for 16 h 

 

  
Figure 5 OM images of joint interface for BS4 samples: (a) Before heat treatment; (b) With heat treatment at 250 °C for 

4 h; (c) With heat treatment at 500 °C for 4 h; (d) With heat treatment at 500 °C for 16 h 
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collision velocity and transferred kinetic energy to 
the interface, which plays the role of the diffusion 
motivation energy during heat treatment and causes 
the increase of diffusion layer thickness at interface. 
These results were obtained before in other 
investigations [7, 10]. 
 
3.2 Microstructure evaluation of samples by 

SEM 
3.2.1 Microstructure evaluation of BS4 samples 

Figure 6 shows the SEM images of the 
interface and the melted layer of the BS4 samples 
with a standoff distance of 1.5 mm and an explosive 
charge of 20 mm (thickness); EDS analysis of the 
local melted layers and diffusion layers of the 
interface are presented in Figure 7. Due to the lower 
standoff distance and the explosive load of this 
 

 
Figure 6 SEM images of local melted layer variations 

and specified diffusion layer at interfaces of BS4 

samples: (a) Before heat treatment; (b) At 500 °C for 4 h; 

(c) At 500 °C for 16 h 

 

  
Figure 7 EDS analysis of specified local melted layer 

areas and diffusion layer of BS4 sample: (a) Before heat 

treatment; (b) At 500 °C for 4 h; (c) At 500 °C for 16 h 

 

sample, the thickness of the melted layer decreased. 
The reason for the higher copper amount (at%) was 
related to the high diffusion coefficient of copper. 
Because of the changes in collision angle during 
explosion welding and collision velocity variations, 
the shape of the waves changed along the joint 
interface; the interface energy differed for different 
vicinities. Because of these changes, the energies of 
alloying elements varied after postweld heat 
treatment, which acted as the diffusion motivation 
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energy. Increasing the temperature and time of the 
heat treatment enhanced the amounts of copper or 
iron; this depended on the amount of collision 
energy change along the interface. 
3.2.2 Microstructure evaluation of BS3 samples 

The thickness of the melted layer before heat 
treatment and the diffusion layer after heat 
treatment for BS3 samples increased compared with 
the BS4 samples. As shown in Figure 8(a) for the 
BS3 samples before heat treatment, the thickness of 
the local melted layer decreased compared with the 
diffusion layer after heat treatment at 500 °C for  
16 h (point A, Figure 8(c)). The reason for this was 
 

  
Figure 8 SEM images of local melted layer variations 

and specified diffusion layer at interfaces of BS3 

samples: (a) Before heat treatment; (b) At 500 °C for 4 h; 

(c) At 500 °C for 16 h 

the effect of heat treatment and diffusion of the 
alloying elements compared with the pre-heat 
treatment, which also increased the thickness of the 
diffusive layers. An EDS analysis of the local 
melted layers and diffusion layers of the interface is 
presented in Figure 9. The EDS results show that 
the melted layer chemical composition at point A 
before heat treatment (Figure 9(a)) included   
64.44 at% of Fe, 34.42 at% of Cu, and 1.14 at% of 
Sn; the main reason for this composition was 
related to forming the local melted layer area and  

 

 
Figure 9 EDS analysis of specified local melted layer 

areas and diffusion layer of BS3 sample: (a) Before heat 

treatment; (b) At 500 °C for 4 h; (c) At 500 °C for 16 h 
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combining the base and flyer plates because of the 
rotation of the trapped jet at the joint interface. As 
the heat treatment time increased due to the reduced 
heat conduction of steel (ST37), the percentage of 
the iron element slightly decreased, and the 
percentage of copper increased considerably. The 
available copper at the joint copper part penetrated 
to the interface. The diffusion activation energy 
increased because of the temperature rise; therefore, 
the width of the reactant was enlarged. Diffusion 
layer variations depend on several major 
elements—diffusion, residual stresses of welding 
that cause strain at the diffusion area, the formation 
of strains due to the physical incompatibility of 
material during heat treatment, and the softening of 
the base metal matrix caused by the complete 
destruction of structural defects [24]. 
3.2.3 Microstructure evaluation of BS2 samples 

Figure 10 shows the SEM images of the local 
melted layer and diffusion layer of BS2 samples 
with a standoff distance of 2 mm and an explosive 
charge of 30 mm (thickness). The reason for the 
thickness enhancement was related to increasing the 
explosive load and the collision kinetic energy at 
the interface. EDS analysis of point A is given in 
Figure 11, and the SEM image of the specified area 
is shown in Figure 10. According to results, the 
composition of the local melted layer at point A 
before heat treatment included 31.25 at% of Fe, 
66.88 at% of Cu, and 1.87 at% of Sn (Figure 11(a)). 
For the chemical composition of the diffusion layer 
after heat treatment at 500 °C for 4 h at point A 
(shown in Figure 11(b)), the atomic percentages of 
Fe, Cu, and Sn were 27.56 at%, 71.19 at% and  
1.25 at%, respectively. For the chemical 
composition of the diffusion layer after heat 
treatment at 500 °C for 16 h at point A (shown in 
Figure 11(c)), the atomic percentages of Fe, Cu, and 
Sn were 53.42 at%, 45.87 at% and 0.7 at%, 
respectively. Comparing the local melted layer 
compositions before heat treatment and after heat 
treatment at 500 °C for 4 h (Figures 11(b) and (c)) 
indicates that the Sn amount decreased from   
1.87 at% to 1.25 at%, the Cu amount increased 
from 66.88 at% to 71.19 at%, and the Fe amount 
decreased from 31.25 at% to 27.56 at%. Comparing 
the compositions before heat treatment and after 
that for 16 h demonstrated that the amount of Sn 
decreased from 1.87 at% to 0.7 at%, the Cu 
amount decreased from 66.88 at% to 45.87 at%,  

 

 
Figure 10 SEM images of local melted layer variations 

and specified diffusion layer at interfaces of BS2 

samples: (a) Before heat treatment; (b) At 500 °C for 4 h; 

(c) At 500 °C for 16 h 

 

and the Fe amount increased from 31.25 at% to 
53.42 at%. 
3.2.4 Microstructure evaluation of BS1 samples 

Figure 12 shows the SEM images of the local 
melted layer and diffusion layer of the BS1 samples. 
The reason for the thickness enhancement was the 
increase of the explosive load and more collision 
kinetic energy at the interface, as shown in   
Figure 12. Because the copper diffusion coefficient 
is higher than that of steel and there is more thermal 
conductivity, higher amount of copper is present at 
the diffusion layer. The diffusion layer composition 
of the samples heat treated for 16 h at the interface 
and point A (shown in Figure 13) showed that the 
atomic percentages of Fe,  Cu,  and Sn were 
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Figure 11 EDS analysis of specified local melted layer 

areas and diffusion layer of BS2 sample: (a) Before heat 

treatment; (b) At 500 °C for 4 h; (c) At 500 °C for 16 h 

 
60.86 at%, 38.25 at% and 0.89 at% respectively; 
the amount of Fe increased, and the Sn and Cu 
atomic percentages decreased. 
 
3.3 Mechanical properties evaluation 
3.3.1 Microhardness test 

In explosion welding, the flyer and base plates 
are exposed to an intense stress wave because of the 
material explosion. These intense stresses cause 
some changes in metallurgical properties and lead  

 

 
Figure 12 SEM images of local melted layer variations 

and specified diffusion layer at interfaces of BS1 

samples: (a) Before heat treatment; (b) At 500 °C for 4 h; 

(c) At 500 °C for 16 h 

 

to increasing microhardness. Microhardness is a 
function of chemical compositions, percentage of 
alloying elements, intermetallic compounds, heat 
changes, explosive load, and standoff distance [13, 
18]. 

According to the results, the shock hardening 
would happen because of the explosion waves and 
microhardness increases when approaching the joint 
interface. The reason for this increase is the 
explosive load increase, which causes an 
enhancement of the flyer plate velocity and 
dynamic angle of collision for the samples with 
higher standoff distance. Because of the increasing  
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Figure 13 EDS analysis of specified local melted layer 

areas and diffusion layer of BS1 sample: (a) Before heat 

treatment; (b) At 500 °C for 4 h; (c) At 500 °C for 16 h 

 
standoff distance, the kinetic energy grows, an 
intense plastic deformation occurs at the joint 
interface, and hardening happens due to explosion 
waves. Increasing interface microhardness caused 
by raising the standoff distance has been reported [4, 
10]. 

Tables 4 and 5 present the bronze and steel 
microhardness variations before and after heat 
treatment at a distance of 50 µm from the joint 
interface. 

In the areas close to the joint interface, the 

Table 4 Microhardness (Vickers) variations of steel 

before and after heat treatment 

Sample 
Vickers microhardness 

Before heat 
treatment

500 °C,  
4 h 

500 °C, 
16 h 

250 °C, 
4 h 

BS1 158 148 157 181 

BS2 188 149 161 200 

BS3 183 175 162 189 

BS4 176 161 148 178 

 
Table 5 Microhardness (Vickers) variations of bronze 

before and after heat treatment 

Sample
Vickers microhardness 

Before heat 
treatment

500 °C, 
4 h 

500 °C, 
16 h 

250 °C, 
4 h 

BS1 165 90 90.6 237 

BS2 180 89 86 228 

BS3 178 91 91 248 

BS4 170 92 92 237 

 
amount of microhardness was high. By increasing 
the distance from the interface, the hardness was 
reduced. Because of the explosive force at the 
collision area, the flyer plate (bronze) and base 
metal (ST37 steel) collided intensely, causing 
plastic deformation of the flyer and base metal at 
the areas close to the interface. Plastic deformation 
causes work-hardening, and the amount of hardness 
increases at these areas; the increase of the 
microhardness of steel was more than that for 
bronze. The cause of the hardness reduction for 
bronze was related to the stress relief formed due to 
collision stresses after heat treatment; further 
increases of temperature and time caused further 
reduction of microhardness. However, for the 
heat-treated sample at 250 °C for 4 h, the hardness 
amount increased from two sides compared with 
those before heat treatment, which were HV 237 for 
the bronze part and HV 181 at the steel area. The 
reason for this increase was dislocation movement 
formed during the passing of the explosion shock at 
the material; because of the temperature increase, 
the possibility of forming new dislocation locks is 
enhanced, and the microhardness amount also 
increases. 
 
4 Conclusions 
 

In this study, the influence of heat treatment on 
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the microstructure and microhardness of explosion- 
welded ST37 steel sheets and bronze was studied, 
and the following results were obtained. 

1) The increase of standoff distance and 
explosive material thickness caused the formation 
of a vortex-shaped joint interface, and local melted 
areas were created due to the enhancement of the 
collision pressure at the vicinity of the interface 
vortex waves. The composition of these areas was a 
mix of the alloying elements of the flyer and base 
plates, which combined due to the rotation of the 
jet. 

2) Because of internal stress relief, the 
hardness of bronze decreased after heat treatment; 
the highest reduction occurred at a distance of    
50 µm from the interface (from HV180 to HV86), 
which was related to the sample that was heat 
treated at 500 °C for 16 h and had a standoff 
distance of 2 mm and explosive charge of 30 mm. 

3) For the samples heat treated at high 
temperatures for longer time, significant diffusion 
happened at the interface, and the thickness of the 
intermetallic compounds increased subsequently. 

4) Because of the dynamic nature of the 
collision and collision kinetic energy variations, the 
compositions of the diffusion layers differed along 
the interface. 

5) When the heat treatment time was increased 
from 4 to 16 h at 500 °C, the intermetallic 
compound layer thickness reached 30 to 65 µm 
because of the higher diffusion of Cu and Sn and 
the reduction of the Fe amount in the intermetallic 
compounds. 

6) The increase of the temperature and time of 
the heat treatment caused less hardness near the 
interface area. 

7) Heat treatment of the samples caused the 
enhancement of the intermetallic compound layer 
thickness at a distance of 50 µm from two sides of 
the interface, and the hardness amount decreased. 
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中文导读 
 

焊后热处理对爆炸焊接青铜–碳钢界面组织和冶金性能的影响 
 
摘要：研究了焊后热处理对青铜–碳钢爆炸结合界面组织和冶金性能的影响。在不同装药条件下，分别在

1.5 mm 和 2 mm 距离下进行了爆炸焊接。在 250 °C 和 500 °C 的炉中进行 4 和 16 h 的焊后热处理，再进行

风冷处理。采用光学显微镜、扫描电子显微镜和显微硬度测试对焊接试样进行了实验研究。显微组织测试

表明，随着距离的增加和装药量的增加，青铜与钢的界面逐渐变薄。显微硬度测试结果表明，由于爆炸力

引起的强烈塑性变形，接头界面附近的硬度较高。结果表明，随着热处理温度的升高和热处理时间的延长，

金属间化合物的层厚增加，金属间化合物中的铁含量降低，铜和锡的扩散越快，金属间化合物中的铁含量

越低。同时，由于热处理温度的升高和热处理时间的延长，内部应力释放，界面硬度降低。 
 
关键词：热处理；爆炸焊接；金属间化合物；凝固距离；扩散层 


