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Abstract Dynamic bend angle (b) is an important

parameter that should satisfy the range defined by the

weldability window for successful joining in the explosive

welding process. In this manuscript, we studied the

dynamic bend angle (b) for the newly developed low

velocity of detonation explosive welding (LVEW) process

theoretically and then experimentally with the help of flash

X-ray radiography (FXR) technique. The FXR system

captured the real-time image of the event where proper

explosive welding process with clear flight shape and

appropriate collision bend angle was observed. The FXR

results were in good agreement with numerically calculated

b values and demonstrated the suitability of LVEW process

for joining of dissimilar metal plates. This was further

justified by phased array-based ultrasonic testing (PAUT)

results where complete bonding area with slight non-bon-

ded area was observed across the edges of the welded metal

plate.

Keywords Dynamic bend angle � LVEW process �
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1 Introduction

To study the dynamic behaviour of a high velocity impact

process especially in the field of detonation and explosion,

flash X-ray radiography (FXR) technique is considered as

one of the competent diagnostic technique. There are many

conventional diagnostic techniques to capture the events

such as schlieren photography, high-speed photography,

laser interferometry etc., but they are not suitable for

capturing the inside view of the events (point of interest) as

during explosion many things occur simultaneously in

microseconds. FXR has the capability to penetrate through

the events and capture the dynamic phenomenon despite

the hindrances such as luminescent gas cloud, kinetic flash

as well as the formation of debris during explosion [1, 2].

FXR diagnostic technique has been used by many

researchers for analysis of high-velocity impact process,

high-speed thermal jets, debris clouds as well as dwell

phenomena in the ballistic event [1, 3–6].

These advantageous features of the FXR diagnostic

technique can also be applied to study the high impact

phenomenon of the explosive welding process. In the

explosive welding process, flyer plate velocity (Vp) and the

dynamic bend angle (b) determine the pressure and the

shear stress at the weld area (collision zone) [7]. This

combined pressure and shear stress result in the develop-

ment of a jetting phenomenon, which is one of the

important criteria in explosive welding process for joining

to take place and directly depends on the b angle [7–9].

During the collision process, jetting phenomenon occurs at

the collision point as a result of high impact pressure

generated from explosion effects. It is a small jet of soft-

ened metal which is formed at the collision front which

thoroughly cleans the mating surfaces leaving behind vir-

gin surfaces free from contaminants. As a result, the two
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mating surfaces can interact at the atomic level during the

collision process and form a strong metallurgical bond. In

the explosive welding process, there are two types of the

set-up, i.e. inclined (plates to be welded are kept at a

particular angle) set-up as shown in Fig. 1a and the parallel

set-up (plates are kept parallel to each other) as shown in

Fig. 1b [10, 11] and b is formed between the flyer and the

base plate. There is a critical boundary in explosive

welding after which joining is not possible if the dynamic

bend angle is less than the minimum limit. Bahrani and

Crossland studied dynamic bend angle for the explosive

welding process and observed that for a proper bond to

occur b should lie between 2–3� and 31� [12, 13]. While

Lysak and Kuzmin experimentally observed that the

transformation to waveless joint not only depends on col-

lision velocity (Vc) but also influenced by b [14]. During

the explosive welding process, collision point velocity (Vc)

and plate velocity (Vp) should be less than that of the

Fig. 1 Explosive welding process set-up: a Inclined, b Parallel
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velocity of sound in either of the welded material. Where

Vc governs the time available for bonding and Vp is the

velocity with which flyer plate impact on the base plate due

to explosion pressure. Using Vc and Vp, dynamic bend

angle (b) is calculated numerically. b and Vp have a direct

relationship and an increase in Vp will result in enhanced

kinetic energy loss during the collision process, as a result,

defected weld is formed. Moreover, a jetting phenomenon

which is one of the main criteria for welding is also

effected by b. Therefore, there is a need to study dynamic

bend angle as it should be in a defined range for a smooth

weld to form. Dynamic bend angle is one of the critical

parameters, and limited work has been reported related to

detailed study of b (experimentally). Considering this, the

present work aims to study the dynamic bend angle (b) for
a newly developed low velocity of detonation explosive

welding (LVEW) process (Vd\ 2000 m/s) [15]. Here, we

have employed flash X-ray radiography (FXR) technique to

have a clear and real-time visualization of explosive

welding which is a microsecond phenomenon and difficult

to observe with naked eyes. FXR films were used to

measure dynamic bend angle (b) and matched with theo-

retically calculated values. To check the integrity of the

bond quality after welding, an advanced form of ultrasonic

testing (UT) namely phased array-based ultrasonic testing

(PAUT) was employed.

2 Materials and Methods

2.1 Materials

In this work, aluminium (Al) plate with dimensions of

300 mm 9 30 mm 9 5 mm was used as flyer plate and

low carbon steel (LCS) plate with 300 mm 9 30 mm 9

21 mm as a base plate. The two plates were explosively

welded using low velocity of detonation explosive welding

(LVEW) process with Vd\ 2000 m/s in the parallel set-

up. The study was executed both in static and dynamic

conditions.

2.2 Static Experiments

In a static experiment, no detonation happens. It is usually

performed to verify the actual distance required between

source to the event (SE) and event to film (EF) for dynamic

study. The experimental set-up for the static study is shown

in Fig. 2a. The set-up consists of 480 kV flash X-ray tube,

event and the X-ray film. In Fig. 2a, top view of the set-up

is shown where the event (explosive welding set-up) is

placed between the source (flash X-ray tube) and the film.

2.3 Dynamic Experiments

To study the dynamic bend angle in the explosive welding

process, a dynamic experiment was conducted, and the

schematic is shown in Fig. 2b. For this, three different

X-ray tubes and X-ray films were used. The dynamic

experiment was carried out on the explosive welding pro-

cess. In Fig. 3, complete experimental set-up for dynamic

experiment consisting of source (flash X-ray tube), event

(explosive welding set-up) & film is shown, while Fig. 3b

shows the front view of the event set-up with X-ray film

and Fig. 3c display the close view of event set-up. During

the experiment, X-ray tubes were triggered at three dif-

ferent time intervals, i.e. 80 ls, 120 ls & 150 ls to analyse
the dynamic behaviour of the LVEW process.

2.4 Dynamic Bend Angle (b)

In the explosive welding process, when the flyer plate

comes in contact with the base plate at a very high-pressure

dynamic bend angle is formed. The dynamic bend angle

should be in described limits for successful joining (within

weldability window). Abrahamson showed that collision

velocity can be related to dynamic bend angle as shown in

Eq. 1, while plate velocity is directly related to dynamic

bend angle as expressed by Eq. 2 [16].

Vc ¼
b
10

þ 5:5 ð1Þ

Vp ¼ 2Vc sin
b
2

ð2Þ

where Vp: plate velocity & Vc: collision velocity.

To get a good bond, there should be a balanced plate

velocity, so that the flyer plate can get bonded to the base

plate. Where, high Vp (upper limit) may lead to joining

with several defects such as intermetallic formation,

cracks, and voids. In the explosive welding process, the

jetting phenomenon is one of the most important criteria

which indicates the formation of a good bond. For jetting to

occur, the minimum value of the dynamic bend angle also

called critical bend angle (bc) is required which is calcu-

lated using Eq. 3.

bc ¼ k1

ffiffiffiffiffiffiffiffi

H

qV2
c

s

ð3Þ

where H: Vickers hardness, q = density, k1 = 0.6 (high-

quality surface) & 1.2 (rough/imperfectly cleaned surface).

In the explosive welding process for proper weld con-

dition, the dynamic bend angle should lie between 2–3�
and 31� [13]. In this regard, we have theoretically calcu-

lated dynamic bend angle (b) and the critical dynamic bend

angle (bc) using Eq. 2 and 3. Here, detonation velocity
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(VoD = Vc) 1607 m/s, H: 40 HV1 and flyer plate velocity

(Vp) 388 m/s were used. The obtained values of b and bc
are 13.9� and 8.2�, respectively.

2.5 Non-Destructive Testing (NDT)

Non-destructive testing (NDT) was performed through

PAUT (Sonatest) with the configuration of 16:64 having

5 MHz probe frequency. This technique is an advanced

form of ultrasonic testing (UT) and works on the simple

principle of sound energy (i.e. transmittance and reflection

of the sound waves). In this process, the sound waves are

passed (transmitted) through the material being inspected.

The reflection of the waves from the material provides

information about the debonded area as the waves get

Fig. 2 a Schematic of FXR set-up for static experiments, b Schematic of FXR setup for dynamic experiments

Fig. 3 Experimental set-up for dynamic experiment: a complete set-up for flash X-ray radiography, b front view of the event set-up with X-ray

film, c close view of event set-up
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reflected wherever any kind of discontinuity is observed

[17, 18].

3 Results and Discussion

3.1 Flash X-Ray Radiography

Figure 4a,b shows Al & LCS plates before and after the

experiment, respectively. Visual inspection of the welded

specimen demonstrates complete bonded surface. The

static record of the event is shown in Fig. 5a in which

separation of the two plates can be seen clearly by a stand-

off distance and for more visualization, schematic set-up is

shown in the left side of the static event result. These

observations provide a clear idea about the event being

suitable for dynamic experiment in terms of the distance

between sources to event & event to film. The experimental

details of the distance used in flash X-ray radiography are

shown in Table 1.

The FXR films of the explosive welding process at

different time intervals i.e. at 80 ls and 120 ls are shown

in Fig. 5b, c. Upon detonation, the flow of explosive

products can be seen moving throughout the flyer plate,

which is a clear indication of the explosive been initiated

during the explosive welding process. In the experiment,

two films at time 80 ls and 120 ls have been initiated

appropriately but unfortunately, the third record of 150 ls
is not obtained due to over-exposure of the film. In both the

films, dynamic bend angle (b) is revealed while the colli-

sion point moves smoothly in the direction of event prop-

agation. In both the cases almost parallel gap can be

observed during the collision process between the flyer &

the base plate with a constant dynamic angle [19]. Fig-

ure 5d shows the schematic representation of the dynamic

bend angle in which Vc = Vd, as in parallel set-up, colli-

sion velocity (Vc) is considered equal to detonation

velocity (Vd) [20]. The dynamic bend angle, when deter-

mined experimentally in above explosive welding trial,

using flash radiography, comes out to be 12–13�. Which is

very close to the theoretically calculated dynamic bend

angle value and a slight difference in value may have

resulted due to the non-ideal nature of the explosive. This

result confirms that the calculated welding parameters

based on which the above experiment was carried out are in

good agreement with the actual values. The remarkable

feature of this diagnostic evaluation is that, the critical

parameter (dynamic bend angle) has been achieved which

has led to uniform & sound joining as confirmed by PAUT

machine.

3.2 Analysis of the Weldability Window

The concept of the weldability window was first introduced

to check whether bonding will occur or not under miscel-

laneous welding conditions. The weldability window can

be plotted between any two preferred parameters [21].

Earlier Cowan et al. developed a weldability window

between flyer plate velocity and flyer mechanical proper-

ties [22]. Presently, the most used and well-known method

to develop weldability window is based on the idea of

Deribas et al. where they developed weldability window

using dynamic bend angle in ordinates and collision point

velocity in abscissa as shown in Fig. 6. [23]. Weldability

window is usually comprised of straight and curved

boundaries defining left, right, lower, and upper limits

along with the minimum and maximum bend angle and

critical angle required for jetting phenomenon. The first

boundary (left limit) describes the transition condition

required to achieve a wavy interface [22]. Second boundary

(right limit) discusses the formation of an interfacial jet

which is necessary for weld to occur at the collision point

[24]. The third boundary (lower limit) expresses the min-

imum energy required at the collision point to promote

plastic deformation [25], while the fourth boundary (upper

limit) defines the maximum energy which is needed to

avoid the interfacial melting [26]. Figure 6 illustrates the

weldability window in which Vp values corresponding to

both the theoretical and experimental values of b are pre-

sented. Where Vp (Num.) is the plate velocity obtained

through numerical calculations of b and Vp (Expt.) is the

plate velocity range obtained through FXR calculations.

From Fig. 6, it can be witnessed that the welding condi-

tions used are near the lower boundary. In explosive

welding, the lower boundary is more preferable as it leads

to minimum collision velocity and strong weld joints [14].

Welding conditions near the lower limit of the weldability

window will help to form defect-free joints as the maxi-

mum possibilities of defects arise when more energy is

involved. This was also discussed by M. Ahasan Habib
Fig. 4 Al-LCS plates: a before experimental trial, b after experi-

mental trial

123

Trans Indian Inst Met (2021) 74(2):511–519 515



et al. in underwater explosive welding where they sug-

gested that by decreasing the pressure, welding conditions

were enhanced and also the formation of the thick molten

zone was eliminated [27]. Therefore, the welding condi-

tions applied in this experiment has brought good results in

terms of bond formation, which was further verified using

phased array-based ultrasonic testing (PAUT).

3.3 Phased Array Ultrasonic Testing (PAUT)

Experimental results show that explosive welding of Al/

LCS is successfully achieved through LVEW process. The

bimetallic Al/LCS plate is subjected to PAUT, which is an

advanced form of ultrasonic testing for inspection of wel-

ded plate [28]. In this process, water is used as a couplant

Fig. 5 Flash X-ray radiography results: a Static event results, b Dynamic event results at t = 80 ls, c Dynamic event results at t = 120 ls,
d Pictorial representation of the b angle

Table 1 Experiment details of Flash X-ray radiography done using three X-ray tubes

Sr. no Distance of source to event (cm) Distance of event to film (cm)

01 180 90

02 235 125

03 240 110
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to ensure continuity of medium for sound waves to travel

from probe to the welded surface. The A-scan results of

explosively welded Al/LCS plates for bonded portion are

shown in Fig. 7a. The first peak with low intensity has been

reflected from interface, which shows that the sound waves

have passed through the interface and due to absence of air

gaps; the energy reflected is low resulting in low-intensity

peak. While the second peak from the back wall shows that

the sound waves have travelled across the welded material

[29]. Similarly, the debonded area is shown in Fig. 7b

where the single peak is observed, which indicates that the

sound waves have not gone through the interface and got

reflected from the interface itself due to the presence of air

gaps. This single high-intensity peak is a clear indication of

the debonded area. The complete pictorial views of the

welded Al/LCS bimetallic plate is shown in Fig. 7c which

shows that maximum area is welded with some portion of

around 5–10 mm at the outer edges on all sides is de-

bonded, which is also in agreement of the work done by

S.A.A. Akbari-Mousavi et al. [30], NV Rao et al. [31] & P.

Mastanaiah et al. [32].

4 Conclusion

In this research work, Al and LCS plates were explosively

welded, and simultaneous diagnostic analysis was per-

formed through flash X-ray radiography technique. In

addition to this, PAUT test was used for inspection of the

bimetallic plate. The study revealed certain interesting

observations which have been summarized as follows:

Fig. 6 Weldability window showing Vp obtained through FXR and

numerical calculations

Fig. 7 PAUT results: a A-scan for bonded portion, b A-scan for the non-bonded portion, c complete representation of explosively welded Al/

LCS plate

123

Trans Indian Inst Met (2021) 74(2):511–519 517



• To analyze the dynamic behaviour of the explosive

welding process, flash X-ray radiography is one of the

best suitable diagnostic techniques. Flash X-ray radio-

graphy images taken at different time intervals of 80 ls
& 120 showed proper explosive welding process with

clear flight shape and formation of a collision bend

angle, but due to overexposure of the film, the third

record of 150 ls was not obtained.
• The theoretically calculated value of dynamic bend

angle (b) was in good agreement with experimentally

calculated one. Only a slight difference in value was

observed, which may have resulted due to the non-ideal

nature of the explosive.

• PAUT of welded Al/LCS plates was performed, in

which it passed the test with no significant defects.

Debonded area was observed at the outermost edges

from all the sides.

• The FXR and PAUT results demonstrated the suitabil-

ity of LVEW process for joining of dissimilar metal

plates.
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