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Abstract Phased array-based ultrasonic testing has

emerged as a powerful tool in enhancing the understanding

of soundness of joints, particularly for non-conventional

joining techniques such as explosive welding. This tech-

nique is quite promising and provides a good co-relation

between bonded and de-bonded regions in terms of dif-

ferent colours and varied intensities. In this paper, explo-

sively welded stainless steel and aluminium joint was

inspected with the help of phased array-based ultrasonic

inspection technique. The experimental set-up as well as

the inspection process using phased array technique has

been discussed in detail. A-scan, B-scan and C-scan have

been generated for the entire plate. The bonded regions and

de-bonded area of the plate have been differentiated as well

as recorded using the varied colours and their intensities in

C-scans. The results of phased array confirmed the %

bonded area for SS–Al combination to be more than 70%.
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1 Introduction

Non-destructive testing (NDT) techniques have been

remarkably used in test and evaluation of critical compo-

nents of defence and space and in industrial applications.

Ultrasonic testing (UT) is one such technique that has

proven its capability in defect detection in a variety of

components used in different applications such as space-

crafts, heat exchanger tubes, aerospace [1] and nuclear

power plants [2]. Earlier this technique was primarily used

in medical applications but subsequently gained popularity

because of in situ inspection as well as its radiation-free

operation. Phased array-based UT is a relatively new

technique that has become increasingly popular among

researchers and scientists in test and evaluation of cast and

welded components, particularly in inspection of explo-

sively welded plates of different metal combinations.

In the present work, phased array-based ultrasonic

testing (PAUT) machine [3] has been used to check the

bonded area in the explosively welded metal plate of pure

aluminium and stainless steel combination. The explosive

welding process [4] [5] is a solid-state welding process, in

which two metal plates are joined under high oblique

impact caused by explosive energy. It is followed by jetting

action which causes cleaning of surfaces, and then under

high pressure, these virgin surfaces come in contact and

metallurgical bonding occurs [6]. Conventional UT has a

very limited crystal element to generate the ultrasonic

waves in a particular direction, while phased array UT has

multiple active elements in which it is individually excited

by electric pulses. It is based on the principle that the

velocity of particular material in the form of sound energy

travels through a medium, which can be in liquid, solid or

gas form and will continue to propagate until it reflects

from the boundary. Acoustic impedance, which is the
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product of density and velocity of sound, helps to deter-

mine the acoustic transmission and reflection at the

boundary and the percentage of reflection (R). Due to the

difference in acoustic impedances, ultrasonic waves get

reflected. The delivery of energy at the boundary depends

on the impedance mismatch. The more the mismatch is, the

more the energy received at the boundary of the plates.

Sound travels in every medium with a velocity which is

constant for that particular medium, whereas the wave-

length and the frequency vary. The frequency of the probe

is selected on the basis of wavelength or the minimum

detectable defect size and type of material. Depending

upon the material, whether it is metallic or non-metallic,

probe frequency is selected: in non-metallic it is 50 kHz to

100 kHz and in metallic it is 0.5–10 MHz. The systematic

view is shown in Fig. 1, where in the first case, the echo

transmits completely from one end and returns with 100%

refection as shown in the pulse graph (Fig. 1), but in the

second case there is a crack inside the material, so the echo

is reflected from the crack portion with low pulse. In this

paper, A-scan and B-scan along with C-scans are generated

and analysed to find the bonded regions.

2 Experimental Work

In this research work, two different materials, that is, alu-

minium (300 mm 9 100 mm 9 5 mm) and stainless steel

(300 mm 9 100 mm 9 19 mm), were bonded with the

help of explosive welding process, in which the two plates

were kept at particular stand-off distance and detonated

with the help of an explosive. The explosively welded plate

was sent for test and analysis of joint using phased array-

based ultrasonic inspection system (Sonatest) with 16:64

configuration and 5 MHz probe frequency as shown in

Fig. 2. There are different modes through which we can

scan the plate in phased array, i.e. A-scan, B-scan and

C-scan [7]. In the current research work, we have inter-

preted the bonded area using A-scan, B-scan and C-scan.

The probe was placed on the stainless steel side because on

the other side aluminium plate thickness was less, and so

examination would be difficult as well as erroneous. The

lubricant in the form of water was spread over the surface

of the plate in order to have a close contact with no air gap.

3 Results and Discussion

During inspection and analysis of the bimetallic bonded

plate, it is divided into three different regions, i.e. 1, 2 and

3. The plate as shown in Fig. 3 has been examined from

one end to the other end by dividing into number of grids.

A-scan of the joint at different regions is shown in terms of

time and amplitude of an ultrasonic signal, which is same

as conventional UT results [8]. Two different peaks are

shown in A-scan (Fig. 3), in which the first peak is

reflected from the interface of the bond and the next peak is

reflected from the bottom of the plate or the other side of

the plate (back wall). The first peak amplitude is less as

compared to that of the next peak, which indicates that the

energy has travelled through it and the remaining energy

got diverted, depicting the sign of bonded material at the

interface. Similarly, the presence of relatively higher

amplitude of the first peak as compared to back wall echo

indicates the presence of gap or discontinuity between two

materials at the interface; thus, maximum amplitude peak

is present and so maximum energy is diverted from that

particular area, which is a sign of de-bonded area. Flat-

bottom holes (FBH) have been made at the interface with

diameters of 5 mm and 3 mm as shown in Figs. 4 and 5,

respectively, to use as a reference for inspecting the welded

plates. It is observed that with an increase in size the back

wall echo amplitude decreases considerably as given in

Table 1. So, it should be noted that further increase in FBH

size or de-bonding area size will eventually result in

complete loss of back wall signal. In our work, almost all

Fig. 1 Systematic view of

phased array ultrasonic testing

machine

Fig. 2 PAUT machine
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the area has fairly bonded except from the edges and the

area excluding 1, 2 and 3 regions. The conformation of this

echo signal can also be verified from the B-scan (Fig. 3), in

which the section view of the plate is observed with two

Fig. 3 Complete image of A-scan, B-scan and C-scan

Fig. 4 L-scan, B-scan and A-scan interpretation at 5-mm FBH
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lines, showing one obtained from the interface and other

from back wall. The first image is obtained from Region 1

followed by Region 2 and Region 3, in which clear image

can be observed in Region 3 as compared to the first two

regions. This clear bond is due to the stable detonation state

achieved in the explosive.

The numbers of elements used in PAUT are 64 so as to

provide better apertures. Selection of probe frequency is an

important factor in phased array, as it helps to detect the

flaws based upon critical defect size related to the partic-

ular wavelength. Transmission receiver (TR) probe of

5 MHz has been used to cater defect size of about 1 mm.

The results of C-scan are shown in Fig. 3. From the colour

contrast/intensity as evident from the results, it is con-

firmed that the plate area is more than 70% bonded (shown

in green colour). Patches of red colour near the corners

show de-bonded areas. It is to be mentioned that some

patches of greyish colour are visible in C-scan which are

primarily due to the lack of proper surface contact between

the probe and bonded plate. This is because of the lack of

continuity of couplant in these areas which can be cross-

checked from A- and B-scans in which these areas are

found to be bonded.

4 Conclusions

Aluminium and stainless steel plate have been successfully

joined through the explosive welding process. Phased

array-based ultrasonic testing machine has been used to

check the bond quality of the welded plate and the bonded

area has been found to be more than 70% bonded area. The

areas have been verified by different scans, i.e. A-scan,

B-scan and C-scan. These are de-bonded at the outer edge

of the plate and slight small path of de-bond at the middle

portion. It is one of the best known NDT techniques to

detect the bonded and de-bonded area in different material

joints and has proved to be very useful for the explosively

Fig. 5 L-scan, B-scan and A-scan interpretation at 3-mm FBH

Table 1 Scan results of explosively welded Al–SS plates using PAUT

Sr.

No.

Description Depth Diameter Amplitude of

FBH (%)

Amplitude at

interface (%)

Amplitude of back

wall (%)

Remarks

1 Good

region

16.85 (interface) – – 85–90 100–135 –

2 5-mm FBH 17.75 4.87 134.3 9 91.5 30 –

3 3-mm FBH 16.85 – – 101.4 68.1 FBH echo was merged with

interface echo
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welded sample’s inspection. It becomes very useful when

one has to interpret bonding based on colours and inten-

sities, for qualitative estimation of bonded area in plates of

larger sizes.
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