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Abstract

Interfacial properties govern the metallurgical and mechanical behaviour of welded specimens. Hence to study the effect of
different parameters on weld interface is an important aspect to bring the desired output properties for various applications. In this
study, a newly developed low velocity of detonation explosive welding (LVEW) process was applied to clad aluminium (Al) and
low carbon steel (LCS) plates. Loading ratio (R) and stand-off distance (SD) were adopted for this study, as these two mostly
affect the welding behaviour and act as important welding parameters. Microstructural examination as well as mechanical tests
were performed. Three kinds of morphology were observed at the weld interface, i.e. large waves (LW), small irregular waves
(SIW) and smooth flat interface (SFI), where SIW and SFI contribute interface devoid of voids, intermetallic and melting pockets.
But at higher R and SD, AlFe and Al,Fe intermetallic were observed in non-continuous form in micron range. Elemental analysis
confirmed the local diffusion with very thin diffusion thickness of 0.8-2 um. Micro-hardness profile discloses the shock
hardening effects across the vicinity of the weld interface, where an increase in hardness value was above the parent value.
Chisel test and shear strength test also confirmed the good quality of bonding, while in shear fracture study, dimple structure was
dominated in all the specimens. All these observations concluded that for cladding AI/LCS, LVEW process is best suitable and
further, the practicability of these welded plates was checked by fabricating components like bi-metallic O-ring (push-fit type),
hollow cylinder and bolts.
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1 Introduction But welding of this combination by conventional means is

challenging due to wide differences in various physical proper-

Aluminium and steel are extensively known for low density
and high specific strength, good electrical conductivity, reflec-
tivity, thermal conductivity and corrosion resistance [1-3]. This
bi-metallic component has a great demand and wide applica-
tions in the marine industry, oil industry, automotive, nuclear
fusion engineering, acrospace and shipping industries [1, 4-7].
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ties of both the materials. Specifically, steel density is almost 3
times that of aluminium and the melting temperature double
that of aluminium. These differences either leads to difficulty
in joining process itself or results in the formation of interme-
tallic and thus affects the bond quality [8—11]. Therefore, to
circumvent these limitations, explosive welding is preferred as
one of the most suitable joining techniques, in which energy of
explosive is used as a source of joining two dissimilar metals at
atomic level [2, 12, 13]. It is a solid-state joining technique
where explosive is detonated with the help of detonator and
the detonation wave travels across the plates [14, 15].

During the explosive welding process, jetting phenomenon
occurs by high impact of flyer plate on the base plate and it is
considered as one of the important criteria for defining good
bond. Jetting phenomenon depends on the high temperature
and the molten area. To analyse the jet flow and molten area,
Zeng et al. studied the extracted melted particles and observed
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that high cooling rate was produced as the effect of thermal
conduction and inhibited the melting when the magnitude of
Fourier coefficient is higher than 10”7 [16]. During the explo-
sive welding process, kinetic energy transformed to thermal
energy which causes the adjoining surface metals to get par-
tially melted. As a result of these melted metals, when high
pressure is exhausted, a thin oxide film is swept away from
the top surfaces of the two materials leaving behind virgin
and clean surfaces to form a strong metallurgical bond [17,
18]. Further in explosive welding, the bond quality of welded
samples depends on weldability parameters such as stand-off
distance (SD), explosive loading ratio (R) and velocity of det-
onation (VoD), relative position of flyer and base plate, inter-
layer thickness, etc. [19-21]. For the practical application of
these welded plates, proper selection of welding parameters is
crucial as too high value of these parameters can lead to inter-
metallic or defects at bonding interface and too low values can
cause improper joining of plates. Various authors have joined
Al/Steel bi-metal using explosive welding technique and stud-
ied the effect of different welding parameters on bond quality
[4, 22-24]. Carvalho et al. explosively welded stainless steel to
aluminium alloys and examined the effect of physical proper-
ties of materials and their relative position as base and flyer
plates to achieve a sound weld joint. The authors observed that
proper joining of aluminium steel bimetal was achieved when
steel was chosen as a base plate. When steel was used as a flyer
plate no bonding was observed as the tensile stress reaches at
the interface before the complete solidification of the localized
melting. Moreover, very low thermal conductivity of SS as a
flyer plate compared to the aluminium base plate leads to the
dismantling of these joints [25]. Y. Kaya studied the effect of
loading ratio on Al/steel weld using Elbar-5 explosive with
VoD of 3000-3200 m/s [4]. M. Acarer and B. Demir also
investigated the effect of Elbar-5 explosive on the mechanical
properties of aluminium/dual-phase steel bimetal [26]. While
M. Yang et al. studied the meshing interface of Al/SS to in-
crease the mechanical properties of the bonding interface using
emulsion explosive with VoD 2500 m/s [27]. Although various
authors have worked on aluminium steel bi-metal but joining
of this combination is still a big challenge especially due to the
formation of intermetallic compound (IMC) at the weld inter-
face which lower down the mechanical properties. IMC at the
weld interface increases the solidification time of the molten
layer which thereby decreases the weldability of Al-steel plates.
Therefore, it is desirable to reduce the formation of different
intermetallic phases at the weld interface to produce sound
joints. In this regard, authors have applied different approaches
to minimize the intermetallic formation, an immediate refer-
ence is to the work reported by Aceves et al. who used the
concept of interlayer in the explosive welding process due to
difficulties in direct joining of Al 6061 to 304 SS. They exam-
ined the effect of three different interlayers (Ti, Cu and Ta) and
explored the properties of explosively welded aluminium/steel
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plates for cryogenic pressurized hydrogen storage application.
They concluded that Ti and Ta as interlayers have sufficient
joint strength and ductility compared to Cu. While Cu as inter-
layer forms a joint which fails at lower ductility at Al/Cu inter-
face [28]. Carvalho et al. also studied the effect of interlayer in
which they explosively welded aluminium to stainless steel
using two different interlayers, i.e. carbon steel and niobium.
When the two interlayers were analyzed and compared, both
showed the favourable interfacial microstructure but the joint
using carbon steel interlayer was better in terms of mechanical
properties as compared to niobium interlayer [29]. Shiran et al.
investigated the effect of heat treatment on the intermetallic
compounds of explosively welded steel/aluminium. They ob-
served that the thickness of intermetallic layer was increased
from 118.8 to 135.4 um when the heat treatment duration
increased from 6 to 8 h at constant temperature 450 °C.
Whereas a decrease in the thickness of intermetallic layer was
observed from 118.5 to 104.5 um by decreasing the heating
temperature from 450 to 350 °C [30]. As discussed above,
interlayer help to reduce the intermetallic formation but at the
same time selection of interlayer is very critical. While
selecting the interlayer, compositionas well as thickness of
the interlayer play a very significant role. As an improper se-
lection of interlayer may bring undesirable effects and also
hamper the mechanical properties of the bimetallic plates
[31]. Some previous studies concluded that low VoD explo-
sives are more appropriate for defect free joining of dissimilar
bi-metals. Recently, Carvalho et al. have also joined Al-Steel
combination by taking different VoD ranging from 2072-3514
m/s and witnessed very small pockets as well as the formation
of molten layer was reduced by using low VoD explosive [32].
At low VoD conditions, dissipation of kinetic energy at the
collision point is lower which can result in sound welds with
strong metallurgical bonding. Moreover, when VoD is very
high it will produce high shock waves across the weld material,
which will generate tensile stresses sufficiently high to destroy
already established bonds. The detonation velocity of most of
the explosives lies within range of 6000-7000 m/s and the
velocity of sound in metals found between 2000 and 6000
m/s. To obtain a sound weldthe collision velocity (V,.) which
is equal to detonation velocity (V,; = VoD) for parallel config-
uration, should not exceed the velocity of sound in either
of the participant metal. Although research work has been
conducted for Al-steel combination, influence of different
process parameters on the weld interface in low VoD
conditions (< 2000 m/s) is still unexplored. Therefore in
this present study, the low velocity of detonation explo-
sive welding (LVEW) process is exploited to weld alu-
minium to steel under different welding conditions, i.e. at
different loading ratio and stand-off distance and the
welded plates were characterized rigorously in terms of
microstructure and mechanical behaviour across the weld
interface.
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2 Material and methods

In the present work, Al (300 mm x 150 mm X 5 mm) as flyer
plate and LCS (300 mm % 150 mm x 19 mm) as the base plate
were joined using low velocity of detonation explosive
welding (LVEW) process. Low velocity of detonation explo-
sive (LVE-1) mixture having VoD less than 2000 m/s and
density of 800 kg/m® was used [33]. Five AVLCS composite
plates were manufactured at different loading ratio and stand-
off distance. Parameters of all the samples (1-5) are given in
Table 1. The chemical composition and the mechanical prop-
erties of the flyer and base plates are given in Tables 2 and 3,
respectively. The parallel setup was used during the welding
process where the two plates to be welded are placed parallel
to each other separated by stand-off distance. The schematic
of low VoD explosive welding (LVEW) process is shown in
Fig. 1 in which the whole procedure is described. Also, the
actual experimental setup is shown in Fig. 2 for better clarifi-
cation and understanding of the experiment.

2.1 Kinetic energy dissipation

On detonation of the explosive, the chemical energy stored in
explosive gets converted into the kinetic energy which forces
the flyer plate to impinge into the base plate, causing metal-
lurgical cladding of the two plates. At the collision point, the
kinetic energy of the flyer plate is converted into heat energy
[34]. The dissipation of the kinetic energy at the interface
plays an important role in the bond formation as this energy
dissipation results into melting at the interfacial zone during
the collision. The amount of kinetic energy loss due to the
collision is expressed by Eq. 1 [35].

mDmCVf]

AKE = ———~—
2(mp + mc)

(1)

where m, is the mass of the flyer plate per unit area, V), is
the flyer plate velocity and m is the mass of the collided

Table 1 Selected parameters for explosive cladding

plate per unit area. In this research work, five samples of
AI/LCS were prepared at different R and SD, and then
effect on the interface was analysed based on loss in ki-
netic energy (AKE).

2.2 Interface characterization
2.2.1 Metallographic analysis

Specimens from welded plates joined under different experi-
mental conditions were cut parallel to the explosive direction
to reveal and analyse the microstructure of the welded inter-
face of composites. These samples were grounded with emery
grades starting from coarser (120) till finer one (2000). The
morphological and microstructural variations due to different
impact loading in the welded interface were observed through
a scanning electron microscope (SEM). Along with this, ele-
mental analysis in terms of line and dot mapping was per-
formed to study the behaviour of elements across the weld
interface through energy dispersive spectroscopy (EDS)
(Model Carl ZEISS, USA, EVO15).

2.2.2 Mechanical tests

To analyse the change in mechanical properties of the ex-
plosively welded plates, various mechanical tests were car-
ried out. To check the variation of micro-hardness across
the welded interface, Vickers micro-hardness tester
(Model- Radical, India, RMHT201) with a load of 0.1 kg
and dwell time of 15 s was used. For which, series of
indentations were made at regular intervals of 200 um dis-
tance across the interface till 1000 um distance on either
side of Al and LCS interface. To evaluate the mechanical
strength of the welded specimens, shear testing was carried
out as per standard DIN 50612. In this test, the compres-
sive load was applied gradually at the weld interface of Al/
LCS using Universal Testing Machine (UTM) with a

Welds

Sample 1 Sample 2 Sample 3 Sample 4 Sample 5
Flyer plate Aluminium Aluminium Aluminium Aluminium Aluminium
Base plate LCS LCS LCS LCS LCS
Configuration Parallel Parallel Parallel Parallel Parallel
Explosive Trimonite + salt Trimonite + salt Trimonite + salt Trimonite + salt Trimonite + salt
Flyer thickness 5 mm 5 mm 5 mm 5 mm 5 mm
Base thickness 19 mm 19 mm 19 mm 19 mm 19 mm
Explosive ratio 0.6 0.8 1.0 1.2 14
Stand-off distance 5.1 mm 6.1 mm 7.1 mm 8.1 mm 9.1 mm
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Table 2 Chemical composition (wt. %) of low carbon steel and aluminium

Materials C Si Mn S Mg P Cu Cr Fe Al

LCS 0.21 0.17 0.68 0.13 0.27 - 0.16 Bal. -

Al - 0.179 0.0224 - 0.0673 - 0.122 - 0.494 Bal.

Table 3  Mechanical properties of participating materials

Materials Vickers hardness value Melting point (K) Density (kg/m3 ) UTS (MPa) Thermal conductivity Specific heat (J/kg K)
(measured HV) (W/mK)

LCS 157 1789 7800 340 51.1 486

Al 40 928 2700 90 235 904

capacity of 60 kN, until the joints get shear off. The testing
fixture, specimen and mode of loading are designed such
that the bonded area is subjected to shear stress leading to
failure at the interface of the weld. Another qualitative but
rigorous test known as chisel test was also done to check
the bond strength at the interface of welded joints for all
the samples. Along with this, fracture study was carried out
using SEM and EDS to observe the morphology of the
shear strength test fracture.

(b)

(a)

Aluminium (A]) Bond Interface of Al-LCS
\" = ‘

(d)

3 Results and discussion

The prime objective of this work is to analyse the effect of
different welding parameters (loading ratio and stand-off dis-
tance) on weld interface of aluminium-steel bi-metal joined by
a newly developed low velocity of detonation explosive
welding process (LVEW). The microstructural and mechani-
cal behaviour of Al-steel bi-metal in low-energy conditions is
as follows:

Detonator —[]

ooster

Flyer Plate

® + Sta ®

§ nd-off distance &

Detonator Direction l

——

Un-Burn Explosive Detonator Products

Flyer Plate 5

Base Plate

Collision Point Welded Portion

(©)

Fig. 1 Schematic view of the LVEW process: (a) represents the plates before the trial, (b) elaborated view of the setup shown for clear visualization of the
process, (c) cladding of plates when explosion has initiated, and (d) explosively welded plate
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Fig. 2 Practical experimental setup

3.1 Microstructural characterization

SEM images showing microstructural behaviour at the inter-
face of welded samples are presented in Figs. 3 and 4.
Translation of interface morphology from smooth to the wavy
was observed with an increase in R and SD values. These
translations can be attributed to the upsurge in deformation
rate due to increased flyer plate velocity (V,,) and pressure at

Al Mag = 500 X Sample 5

Island Weld Interface

LCS EHT=2000kV ' (a) WD=9.0mm 20 pm

Weld Interface

LCS EHT= 2000 kV. () - Wp=75mm 20 pm

Base Plate

high energetic conditions [36, 37]. At higher loading ratio
conditions (sample 5), shown in Fig. 3 (a and a’), large waves
(LW) were observed along with some island of melt layers
across the weld interface. The morphology of the weld inter-
face also reveals some small irregular waves (SIW) across the
joints for sample 4 with no melt layers. For samples 2 and 3
shown in Fig. 4, small irregular waves (SIW) along with
smooth flat interface (SFI) were found across the weld

Mag = 5000 X

Large wave

Island

EHT=20.00 kV

Mag =5000 X

Small irregular wave

LCS EHT=20.00 kV ®»)  WD=7.0mm 2pm

Fig. 3 SEM micrographs at different loading ratio and magnification: a sample 5 with 500X, (a') sample 5 with 5000X, b sample 4 with 500X, and (b’)

sample 4 with S000X
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Mag =500 X

Weld Interface

LCS EHT= 20.00 kV (a) WD = 10.5 mm

Mag = 500 X

Weld Interface

LCS EHT=20.00 kV ~(b) WD=10.0mm - 20 pm

Mag =500 X

Weld Interface

LCS EHT= 20.00 kV &) WD = 11.0 mm 20 pm

Small irregular wave

Mag = 5000 X

Smooth flat interface

WD = 10.5 mm

LCS EHT= 20.00 kV @) Zum

Mag = 5000 X

Small irregular wave Smooth flat interface

A

LCS EHT= 20.00 kV ) WD=10.0mm  2um

Mag = 5000 X

Smooth flat interface

N\

Fig. 4 SEM micrographs at different loading ratio and magnification: a sample 3 with 500X, (a) sample 3 with 5000X, b sample 2 with 500X, (b")

sample 2 with 5000X, ¢ sample 1 with 500X, and (c’) sample 1 with 5000X

interface and only a smooth flat interface (SFI) was observed
for sample 1. In the SEM micrographs of samples 1-4, no
major defects were observed at the weld interface.
Comparing the interface morphology of Al-LCS bimetal ob-
tained in present case with previously reported work, it was
observed that smooth flat morphology obtained for samples
welded in lower experimental conditions is in great agreement
with the observations reported by Carvalho et al. According to
the authors, flat morphology without irregularities are

@ Springer

observed with explosive of lowest detonation velocity. From
the results, it can be concluded that VoD of an explosive act as
a deciding factor for weld interface morphology [32]. The
wavy interface morphology at high loading ratio and stand-
off distance are not in good agreement with conclusions of
Carvalho et al. However, Yakup Kaya observed similar tran-
sition of interface morphology from flat to wavy with increas-
ing loading ratio suggesting that along with VoD, loading
ratio and stand-off distance also affect the morphology of
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Al-steel weld interface [4]. Compared to microstructural be-
haviour of weld interface with other works reported in differ-
ent VoD range, the weld interface obtained in present case is
more regular, devoid of cracks and pockets. Reason for this
can be VoD towards lower range compared to previous stud-
ies [4, 17, 38, 39]. EDS analysis of island obtained for sample
5 was done by taking four different points as shown in Fig. 5,
where the first two points were placed along the island
and next two across the interface. The first two points
show the presence of Al,Fe and AlFe intermetallic in
the non-continuous form in the micron range. The next
two points presented the same composition as parent ma-
terials. This microstructural behaviour at the weld inter-
face can also be explained based on kinetic energy loss
during the welding process. During the collision, the loss
in kinetic energy largely depends on flyer plate velocity
(V) which in turn correlated to detonation velocity of
explosive (V,) as shown in Eq. 2.
0.612R

Vp = VdTR) (2)

(

Element Weight% Atomic%
AlIK 31.50 48.76
Fe K 68.50 51.24

Totals 100.00

Spectrum 3

Element Weight% Atomic%

Full Scale 1225 cts Cursor: 4504 (17 cts)

Here R is the loading ratio (unit less parameter) and V, is
the detonation velocity of explosive in m/s. Therefore, low
VoD of the explosive mixture leads to decrease down the
possibility of intermetallic and vortex formation at the weld
interface. Kinetic energy loss for all experimental conditions
was calculated using Eq. 1 and correlated with the morpholo-
gy of the interface. Values of AKE obtained for different sam-
ples are given in Table 4. For sample 1, the value of AK.E is
1.51 MJm 2 which increased to 4.45 MJm > for sample 5.
From the obtained results, it was observed that at lower kinetic
energy loss conditions, the morphology of the interface is
smooth and at higher kinetic energy loss conditions morphol-
ogy of the interface is wavy as the reaction between the ma-
terials increased at high kinetic energy conditions which
causes a high rate of plastic deformation. This phenomenon
was also observed by P. Manikandan that the microstruc-
tural changes are directly affected by the plastic deforma-
tion caused by kinetic energy loss [40]. Shiran et al. also
witnessed that with an increase in stand-off distance the
thickness of the intermetallic layer has increased which

ectrum 1

Weight%
4934 66.84
m 50.66 33.16
100.00

Atomic%

Spectrum 4

Weight% Atomic%

100.00 100.00

|

uil Scale 1225 cts Cursor: 4504 (12cts)

20pm

Fig. 5 SEM micrographs with EDS analysis for sample 5
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Table 4 Kinetic energy loss at

Stand-off distance (mm) Kinetic energy loss AKE MJm™?)

different loading ratio conditions Sample no. Loading ratio (R)
1 0.6
2 0.8
3 1.0
4 1.2
5 1.4

5.1 1.51
6.1 2.24
7.1 2.98
8.1 3.72
9.1 445

was due to intense plastic deformation caused by an in-
crease in kinetic energy [30].

3.1.1 Elemental analysis

Elemental analysis of Al and Fe using EDS was performed to
show the distribution of participant elements across the clad-
ded interface. The concentration profiles of Al and Fe in terms
of line and dot mapping across the AI/LCS bimetallic are
shown in Fig. 6 (samples 5 and 4) and Fig. 7 (samples 3—1).
The obtained results (samples 4—1) show that the content of Al
and Fe remained constant, while for sample 5, there was some
kind of un-even slope in the content of Al, which is due to the
presence of some intermetallic component. For all the sam-
ples, there was a trend of forming “X” shape in line maps by

the two elements. This trend of X-shape formation is one of
the indications that the diffusion phenomenon has occurred.
Similar diffusion behaviour can also be observed for dot
mapping.

In the current work, very small diffusion layer was ob-
served with a minimum range of 0.8 pm and a maximum of
2 pum. This minor diffusion has occurred mainly due to the
microsecond time duration of the process due to which there
was no sufficient time to form a thick diffusion layer.
Simultaneously, occurrence of high temperature and pressure
during high-impact process at the collision point trigger and
promote the atoms near the surface to share their orbits and
diffused into one another [41, 42]. Collision velocity plays an
important role as observed by Zerui Sun et al. in their study.
At high collision-speed, diffusion thickness of 4-5 pm, and at

SEM Image

Line Mapping Dot Mapping
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Concentration at. %

200m Electron Image 1

Distance in pm

Sample

Concentration at. %
T

Al

20im Electron Image 1

T T
5 10 15

Distance in pm Hn

. LﬂlJlln I W S I S

Fig. 6 SEM image of A/LCS for samples 5 and 4 with EDX map analysis showing the distribution of Al and Fe (line and dot mapping)
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Fig. 7 SEM image of AI/LCS for samples 3—1 with EDX map analysis showing the distribution of Al and Fe (line and dot mapping)

low collision speed, the diffusion thickness of 2-2.5 um
across the interface was obtained. It was observed that the
atoms near the interface become more active and efficient at
higher collision speed [43]. Ye Cui et al. observed diffusion
thickness of 3 um and 1 pum across the Ti/steel bimetallic
combination, when they applied the detonation velocity of
2100 m/s [44]. In the current study, the diffusion thickness
was approximately 0.8-2 pum, which can be resulted due to
LVEW process as temperature and pressure generated was
low and hence the diffusion across the interface was very
small. As higher the diffusion layer thickness, chances of for-
mation of intermetallic compounds increases. Sun et al. explo-
sively welded bimetallic samples at different collision speeds
and observed that at higher collision speed, the atoms near the
weld interface become more efficient and active during

diffusion. More heat is generated at higher collision speeds
which resulted in more intermetallic compounds [43].

3.2 Mechanical testing
3.2.1 Micro-hardness examination

The micro-hardness test was performed and the hardness pro-
files near the weld interface are presented in Fig. 8. The max-
imum increase in hardness value was observed near the weld
interface, which is due to the work hardening process. The
work hardening was caused by the high impact of flyer plate
over the base plate during LVEW process and can be observed
that the effect of work hardening get decreased as the distance
from the weld interface increases. In the current work, for
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Fig. 8 Micro-hardness profiles of different samples at the interface of
welded plates

sample 5, the hardness values of Al and LCS increase from
base value 40 HV and 157 HV to a maximum value of 76 HV
and 195 HV, respectively. This increase in hardness value was
almost twice for Al as compared to LCS, which shows that the
flyer plate has experienced higher impact than the base plate.
Similar results were also witnessed by Athar and Tolaminejad
in which they observed a two-fold increase in hardness value
for Al compared to Cu [45]. Comparing the results with the
published work, the present observations concur with Yakup
Kaya where an increased in hardness value was noticed with
the increase in explosive loading ratio. Author concluded that
with increase in loading ratio, impact velocity of the plate
increases and as a result deformation level increases.
Therefore, this increase in deformation cause an increase in
hardness value near the weld interface [4]. Similarly, Kaya
and Eser also observed an increase in hardness value, where
they concluded that the increase in hardness was due to the
cold deformation and grain refinement near the weld interface
caused by high impact pressure at high velocities during the
explosion [46]. Yang et al. also observed similar trend at the
weld interface of Al-steel bimetal and concluded that the be-
haviour was due to work hardening caused due to plastic de-
formation at the weld interface [27]. Recently, using micro-
hardness values Sherpa et al. developed a model based on
adaptive network-based fuzzy inference system (ANFIS) to
predict the micro-hardness value at the weld interface of Al/
LCS, where the micro-hardness value predicted through the
ANFIS model was found to be in good agreement with the
experimental hardness values [47]. Comparing the two mate-
rials across the weld interface of AL/LCS bi-metal, the max-
imum hardness was observed at LCS side. This increase in
hardness was due to higher strain hardening of LCS with
respect to Al. Comparing the overall hardness values, it was
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observed that micro-hardness value was directly proportional
to R and SD.

3.2.2 Chisel test

To examine the bond strength of the welded specimens, chisel
test was performed. This test is one of the qualitative but
rigorous tests to check the strength of the bonded specimens,
in which manual force is applied at the weld interface.
Figure 9a shows the welded specimen hold in a vice and
subjected to chisel test, and Fig. 9b shows failure in the
welded specimen after chisel test. SEM analysis of the failure
region obtained during chisel test was also carried out and
shown in Fig. 9c, d. It was observed that the adherence of
Al layer was less at lower welding conditions (sample 1) com-
pared to higher conditions (sample 5), which is possibly due to
higher bond strength of AI/LCS interface in case of higher
loading ratio. SEM results (for all R and SD) revealed that
the joint was not separated from the interface; rather, failure
has been observed on the Al side in all the samples. This also
gives the observation that the failure occurred from the mate-
rial having weaker strength (flyer plate). Else the material has
been failed from the weld interface if the bond so formed was
not strong. But in the present study, in all the welded speci-
mens, the material got chipped out from the Al side slightly
above the weld interface, which shows the presence of a
strong metallurgical bond. This observation can also be cor-
related with the elemental study performed in Sect. 3.1.1,
which shows the two materials got diffused into one another
during LVEW process.

3.2.3 Shear test evaluation

The specimens used for the shear test (samples before and
after the test) along with results are shown in Fig. 10.
Throughout the shear strength test, the failure followed the
same pattern, in which failure occurred from the Al side,
which shows that the shear strength at the weld interface is
higher than the measured shear strength value. The shear
strength obtained from the test is shown in Fig. 10c, where it
can be observed that the results obtained for all the specimens
have acceptable shear strength value. These results confirm
strong interlocking between the flyer plate and the base plate
during the explosive welding process. Minimum and maxi-
mum shear strength values of 105.0 MPa and 126.2 MPa were
observed for samples 1 and 4, respectively. But due to the
presence of intermetallic phases at the weld interface of sam-
ple 5, there was a slight decrease in strength value. Similar
kind of results were also witnessed by Athar and Tolaminejad
where an increase in shear strength was associated with higher
loading ratio and impact velocity. As under higher loading
ratio wavy morphology is obtained which increases bonding
surface area and helps in improving the mechanical locking
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Fig. 9 Specimen before Chisel test (a), and after Chisel test (b), SEM image of specimen after Chisel test at 50X (c¢), SEM image of specimen after
Chisel test at 100X (d)

between two bimetallic plates [45]. Kaya and Eser in their ~ When compared with other researchers’ work, similar trend
study also experienced an increase in shear strength value with ~ was observed [48, 49]. Li et al. when used VoD of 2122 m/s
increase in loading ratio conditions [46]. Comparing the ob-  and performed explosive welding of aluminium and steel,
tained shear strength values of all the samples, it was observed ~ observed shear strength greater than the base material [22].
that it was higher than weaker parent material, i.e. aluminium.  Yakup Kaya when applied VoD 3000-3200 m/s for explosive
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Fig. 10 Shear strength specimens (a) before and (b) after the test (¢) hear strength values for sample 1-5
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welding steel and aluminium, observed an increase in shear
strength value with increase in loading ratio but the strength
obtained was not higher than the base material [4].

3.2.4 Fracture analysis

The micromorphology of the shear fracture as investigated by
SEM and EDS is shown in Fig. 11. In all the samples numer-
ous cup-like depressions and elongated dimple structures can
be observed. Mastanaiah et al. in their study also observed
similar fractured samples with dimple rapture [49]. These
dimple structures are usually formed during the shear phe-
nomenon. As during fracture, the material goes under plastic
deformation due to applied stress, which results in the forma-
tion of micropores at the interface. These micropores devel-
oped gradually with the increase of stress level until the ma-
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terial get fractured [50]. Wang et al. have discussed in their
study that the shape of shear dimples change with the stress
conditions. Equiaxial dimples are formed under normal stress
and the dimples extend along the shear direction to form elon-
gated dimples under the shear stress [51]. It can be observed
from Fig. 11 that for sample 1, the size of the elongated dimple
was small as compared to sample 5, which implies that more
plastic deformation has occurred with an increase of loading
ratio and stand-off distance. These kinds of elongated dimples
also indicate that a large amount of energy was absorbed be-
fore failure at high loading ratio conditions. Where for sample
5, along with elongated dimples some unambiguous cleavage
fracture was also witnessed, which can be attributed to inter-
metallic formed in this sample as discussed in Sect. 3.1 and
also due to high degree of shock hardening phenomenon [52].
In all the specimens, mostly elongated dimples have dominat-
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Fig. 11 Fractography after the shear test for samples 1-5
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ed and found in majorities confirming ductile nature of the
failure. EDS analysis of shear samples was also performed
for further visualization of shear fracture. It was observed that
all the samples exhibited 100% aluminium in chemical com-
position. EDS results also support that the fracture has oc-
curred from the aluminium side demonstrating strong bond
formation across AI/LCS weld interface in all the samples.
Comparing with the other reports, similar kind of dimple
structure and ductile fracture were also observed by Li et al.
and Yang et al. in fractography study of Al-steel sample [22,
27].

3.3 Fabrication of explosively welded products

Explosive welding is one of the promising joining tech-
niques and offers a solution to produce bimetals for prac-
tical applications such as fabrication of transition joints
for cryogenic applications, marine applications and appli-
cations related to use of bi-metallic components in ship-
building [1, 28]. In this regard, it is worth mentioning that
different configurations of components were fabricated
from the AI/LCS plates which were being joined during
this experimental study. This practical aspect of our ex-
perimental study has been realized in the form of actual
components that includes bi-metallic O-ring (push-fit
type), hollow cylinder and bolts as shown in Fig. 12.
Here, Fig. 12a shows aluminium towards the upper side
and in Fig. 12b low carbon steel is towards the upper side.
These components are further needed to be tested for dif-
ferent applications. During machining, various forces act
at the specimens and from the image it can be observed
that the welded bimetallic components have overcome
such forces. This result also confirms good mechanical
strength of welded plates; otherwise, the samples may
have dismantled during the machining process. This
shows that the bimetallic plates joined through LVEW
process are of good strength and can be used for fabrica-
tion of different products.

Fig. 12 Fabricated products of
AI-LCS showing (a) Al side and
(b) LCS side

4 Conclusions

The objective of present work was to study and analyse the
effect of varying loading ratio and stand-off distance on inter-
face morphology (microstructure) as well as mechanical prop-
erties of AI/LCS joints welded using a newly developed low
velocity of detonation explosive welding (LVEW) process.
The important conclusions are as follows:

* Low velocity of detonation explosive welding (LVEW)
process is feasible to clad Al and LCS plates with strong
metallurgical bonds at all loading ratio and stand-off dis-
tance conditions.

»  Straight to wavy interface morphology was observed with
increasing loading ratio and stand-off distance. Interface
morphology is greatly influenced by kinetic energy dissi-
pation which indirectly depends on VoD, loading ratio
and stand-off distance. Defect-free interface was obtained
for samples 1-4 while interface with high-amplitude
waves and intermetallic compounds Al,Fe and AlFe was
obtained for sample 5.

* The micro-hardness studies showed an increase in hard-
ness value near the weld and decrease as moving away
from the interface in all the samples, which was mainly
due to high impact pressure and intense plastic deforma-
tion at the weld region. Sample 5 with large-wave (LW)
morphology exhibited the highest value of micro-hardness
among all the samples.

* Chisel test showed strong bonding in all the five samples
as material got chipped from the Al side, rather than weld
interface. The obtained shear strength value was higher
than that of the weaker material (Al) in all samples. The
optimal shear strength was obtained for sample 4. Drop-in
shear value was observed for sample 5 due to intermetallic
formation. Fracture analysis shows the dominance of dim-
ple structure, while EDS of the fractured samples shows
presence of Al only, which confirms that the shear
strength at the interface was higher than the measured
value, as the material gets sheared from the Al side.
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» Different components that include bi-metallic O-ring
(push-fit type), hollow cylinder and bolts were fabricated.
Results show that the LVEW process enables defect-free
weld interface with good quality bonding and further can
be applied for different industrial and armament
applications.
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