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Abstract
The study aimed to investigate the impact of varying stand-off distance (SOD) on the weld interface of pure titanium (Ti)/
stainless steel (SS316) clads. Microstructural examination revealed a wavy interface morphology of welded clads. The mor-
phological changes of the bonding interface under different SOD conditions showed that both the wavelength and amplitude 
increased with an increase in the SOD, with the wavelength demonstrating a more pronounced effect. In addition, a scratch 
test was also employed to characterize the weld interface. It is an important tool for evaluating the mechanical properties 
of a material. During scratch tests, an oval-shaped scratch morphology was observed on the Ti side, with the appearance 
of first divergent and then convergent behavior at the weld interface. In the tensile shear test, the Ti/SS316 clads exhibited 
higher tensile shear strength in the longitudinal direction compared to the transverse direction. The observed tensile shear 
strength values were in the range of 352.7–404.6 MPa for the longitudinal direction and 295.7–359.3 MPa for the transverse 
direction. The study found that the tensile shear strength increased in both the longitudinal and transverse directions as the 
SOD was increased from 5 to 10 mm. However, at an SOD of 15 mm, a decrease in tensile shear strength was observed in 
both directions. This decrease was attributed to the presence of non-uniform defects, such as cracks, voids, and high plastic 
deformation, at the interface zone. The fracture study revealed a combination of ductile and brittle fracture, with ductile 
fracture dominant at lower SOD and brittle fracture at higher SOD. The study found that the SOD had a substantial effect 
on the output of the weld results, and a SOD of 10 mm was determined to be the optimal welding parameter for Ti/SS316 
clads based on microstructure and mechanical properties.
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1  Introduction

Despite titanium’s abundance as one of the most prevalent 
elements in the Earth’s crust, it is classified as a rare metal. 
Over the past few decades, there has been a growing scien-
tific and industrial interest in titanium attributed to its excep-
tional physical and chemical properties, such as superior 
corrosion resistance, high tensile strength, low density, and 
excellent biocompatibility [1]. These distinctive character-
istics make titanium highly desired for diverse applications, 
particularly in the field of medical implants [2]. On the other 
hand, stainless steel, renowned for its passivation ability, 
high mechanical strength, remarkable thermal stability, and 
minimal susceptibility to environmental degradation, has 
found extensive utilization across various industrial sec-
tors, including but not limited to laboratory equipment, food 
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processing, and nuclear reactor [3]. In applications involving 
thick materials, the use of titanium as an individual material 
is too expensive. Thus, joining of titanium/steel plates pro-
vides a more cost-effective solution as it results in improved 
mechanical properties, enhanced corrosion resistance, and 
substantial cost reduction compared to using titanium alone. 
The bimetallic materials, consisting of two or more different 
materials, offer superior and manifold properties compared 
to single materials. However, conventional welding meth-
ods to manufacture titanium/steel clad plates are challeng-
ing due to dissimilarity in the metallurgical properties of 
titanium and steel, which leads to the formation of brittle 
intermetallic compounds at the welding interface [4]. In 
addition, the mechanical property incompatibilities between 
the two materials produce large residual stresses in the Ti/
steel interface region, further degrading the bonding inter-
face [5]. Currently, the primary methods for joining titanium 
and steel plates are vacuum brazing [6], laser welding [7], 
friction welding [8], oscillating laser welding [9], and pulsed 
laser welding [10]. However, unlike explosive welding, these 
methods are not efficiently applicable to large-area welding.

Explosive welding is a solid-state welding process that 
uses controlled explosives to create a high-pressure shock 
wave for cladding. It is well suited for welding similar and 
dissimilar materials due to its distinctive features, such as 
the capability to join large surface areas, the non-existence 
of a heat-affected zone (HAZ), and the fabrication of high-
strength bonds. This welding technique is based on an explo-
sive energy-driven mechanism, where the kinetic energy 
released during an explosion is applied to accelerate the 
flyer plate to strike with the base plate [11, 12]. The kinetic 
energy of the flyer plate is utilized to create high pressure 
in the weld zone upon impact, leading to a hydrodynamic 
flow of the metal surfaces in the impact region and resulting 
in solid-state bonding [13]. The energy released during an 
explosion is important for welding the two plates together, 
and this process enables the fabrication of composite materi-
als that cannot be manufactured through conventional tech-
niques [13, 14]. However, during explosive welding, a large 
amount of heat is produced at the weld interface, and there 
is insufficient time for heat dissipation. Moreover, the kinetic 
energy released during the collision causes partial melting 
and the formation of a local melted zone. To minimize the 
local melted zone in the bonded material, Hokamoto et al. 
[15] have initiated the use of an intermediate plate posi-
tioned between the flyer and base plate and witnessed that 
the energy lost during impact can be reduced by using an 
intermediate plate. Additionally, an improvement in both 
weld strength and the welding zone can be attained. Fur-
ther, an investigation of other welding parameters was also 
executed by several researchers. Mousavi and Sartangi [16] 
conducted a study to analyze the impact of various loading 
ratios on the explosively welded Ti/304SS. Their findings 

revealed that an increase in explosive loading ratio leads to 
an increase in the amplitude and wavelength of the wave. 
However, a substantial increase in the amount of melting 
zone was witnessed at the weld interface due to the simul-
taneous increase in collision pressure and plastic deforma-
tion with the increase in loading ratio. Prasanthi et al. [17] 
examined the influence of loading ratio on titanium grade 2 
and mild steel explosive welding and witnessed the forma-
tion of a mixed zone in the front slope of the waves at high 
loading conditions, along with the formation of large vorti-
ces. Chu et al. [18] investigated the microstructural behavior 
of explosively welded pure titanium (T-1) and mild steel 
plate (Q345), both experimentally and numerically. A wavy 
structure interface with melted region in crest, resulted from 
a trapped jet, was observed. Zhou et al. [19] explosively 
welded Ti (TA2)/mild steel plates (Q235). The authors 
studied the microstructure of welded interface and observed 
straight to wavy and irregular interface morphology. Along 
with this non-uniform defects such as cracks, cavities, and 
brittle intermetallic were also observed. The mechanical 
properties of welded interface were significantly affected 
by the microstructure of weld interface. Previous research 
shows that successful joining of Ti/Steel and attaining good 
weld strength involves precise control of bonding conditions, 
as well as a thorough understanding of the microstructure 
and mechanical properties at the welding interface. Among 
various parameters effecting explosive welding, stand-off 
distance is quite crucial and can have substantial effect on 
the weld interface. However, no study have thoroughly inves-
tigated the effect of different SOD on the bond interface of 
titanium and steel bimetals specifically stainless steel. Stain-
less steel (SS) is available in different grades such as SS304 
and SS316 which are frequently used for various applica-
tions. However, SS316 can offer various industrial benefits 
over SS304. SS316 contains a higher nickel content than 
SS304 and 2–3% molybdenum, resulting in superior corro-
sion resistance compared to SS304, particularly in chloride 
environments that tend to cause pitting [20]. Therefore, this 
research aims to explosively weld titanium plate with SS316 
and to examine the impact of different SOD on the micro-
structure and mechanical properties of the cladded plates.

2 � Materials and methods

Characterization of the interface of Ti/SS316 plates to study 
the effect of different SOD on microstructural and mechani-
cal properties was performed using different mechanical 
tests, including the scratch test. The scratch test is a valuable 
tribological testing method for evaluating the performance 
characteristics of thin films, including their wear resistance 
and mechanical failure behavior. In this test, the indenter 
drags across the material’s surface to create a scratch or 
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groove. The scratch test has also been employed in vari-
ous fields, including coatings and thin films [21] to evalu-
ate the adhesion strength and durability of the coating/film, 
microelectromechanical systems (MEMS) [22] to assess the 
mechanical reliability and tribological properties of micro-
scale devices, and in biomedical devices [23] to evaluate 
the surface properties of implant materials and coatings. 
The scratch test has exhibited great potential to evaluate the 
surface properties of different materials. However, it has not 
been applied in the interface characterization and in exam-
ining the material behavior both near and across the weld 
interface in explosively welded samples. Our research find-
ings have demonstrated the feasibility of using the scratch 
test to evaluate the interface bond of explosively welded 
samples and provide insights into the mechanical properties 
of the interface. Additionally, to comprehensively examine 
the quality of the explosively welded Ti/SS316 clads, the 
tensile shear strength was performed in two different direc-
tions, i.e., longitudinal and transverse directions. Moreover, 
the fracture morphology of the welded interface after the 
tensile shear test was thoroughly examined to elucidate the 
underlying mechanisms.

2.1 � Experimental procedure

Ti/SS316 clads were fabricated using the parallel plate con-
figuration method of the explosive welding process. The 
flyer plate used in the present study consisted of pure com-
mercial titanium TP 270C, and SS316 stainless steel was 
used as a base plate. The dimensions of both the flyer and 
base plates were 200 mm × 100 mm × 3 mm. Both plates 
were gently cleaned and polished to achieve good surface 
bonding. The schematic representation of the experimental 

setup for the explosive welding procedure is demonstrated in 
Fig. 1. The initial set-up before the experiment is shown in 
Fig. 1a, while Fig. 1b shows the explosive welding process at 
the intermediate stage. Here, the SS316 plate was placed on 
top of the anvil (mild steel), followed by the titanium plate. 
The two plates were separated by SOD, which was placed at 
a particular gap of 5 mm, 10 mm, and 15 mm for respective 
trials. The explosive used in the experiment was ANFO-A, 
which is a mixture of ammonium nitrate and fuel oil, having 
a density of 530 kg/m3. The initiation of the explosive was 
performed using a booster, composed of the high explosive 
SEP with a detonation velocity of 7 km/s and density of 
1300 kg/m3. Furthermore, the booster was triggered by an 
electric detonator.

2.2 � Microstructure analysis

For the microstructural analysis, specimens were pre-
pared from the central region of the weld surface and were 
prepared in a plane parallel to the direction of explosive 
detonation. The specimens underwent grinding processes, 
where different sandpaper ranging from 400 to 1200 grit 
sizes were used. Subsequently, to enhance the quality of 
the results, the specimens were subjected to a polishing 
procedure applying abrasives ranging in size from 9.0 to 0.1 
μm. To observe the grain structure near the weld interface 
of SS316, a solution comprising a 3:1 mixture of concen-
trated hydrochloric acid (HCl) and nitric acid (HNO3) was 
used for etching. The microstructural and morphological 
information of the interface was obtained using an optical 
microscope (Measurescope UM-2, Nikon) and scanning 
electron microscope (JCM-5700, JEOL Ltd), respectively. 
Furthermore, electron probe microanalysis (EPMA) was 

Fig. 1   Schematic view of explo-
sive welding process: a initial 
set-up before the experiment; b 
at intermediate stage
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used to evaluate the elemental composition of the interface 
for a comprehensive assessment of the element distribution 
in the interface zone.

2.3 � Mechanical examination

The tensile shear strength of the bonded clads was measured 
using a similar method that was used by Xiang et al. [24]. 
The specimens were prepared using a wire-cutting machine 
with a wire diameter of 0.3 mm and were cut in both direc-
tions, i.e., longitudinal and transverse directions. The tensile 
shear test was carried out by a universal testing machine 
(UTM) (AG-250kNXplus, Shimadzu) with a loading speed 
of 0.1 mm/s. The experimental parameters are shown in 
Table 1. The microhardness examination was conducted on 
the weld interface using a Vickers hardness tester (HM-200, 
Mitsutoyo) to evaluate the hardness properties of the mate-
rials. The load applied for measuring the hardness of tita-
nium and SS316 was 0.98 N. Scratch test was performed to 
evaluate the material property across the weld interface. The 
scratch test was conducted using the scratch tester (Anton 
Paar, RST³ Revetest) with a constant applied load of 1 N, 

a scratch length of 1000 μm, an indenter radius of 200 μm, 
and a speed of 2 mm/min. Overall, the microstructural analy-
sis and the mechanical examination have provided valuable 
information on the material properties of the welded clads, 
which can aid in the evaluation of the quality and reliability 
of the welded structure.

3 � Results and discussion

3.1 � Microstructural examination

3.1.1 � Study of the weld interface

The typical micrographs of the bonding interface between 
pure titanium and SS316 are shown in Figs. 2 and 3. The fig-
ures show the presence of a wavy interface characteristic and 
periodic progression along the explosive welding direction. 
The formation of the wavy interface at the bonding zone is 
a significant hallmark of the explosive welding process and 
is consistent with Chu et al.’s study [25]. These findings 
further support the validity and consistency of the explosive 
welding process. The kinetic energy generated during the 
explosive welding process was sufficient to accelerate the 
flyer plate onto the base plate, resulting in substantial plastic 
deformation and the formation of a wavy interface. Exami-
nation of the micrographs showed the presence of a con-
siderable local melted zone mainly at the front of the crest 
[18]. Etching the samples helps to reveal the grain structure 
behavior near the weld interface [26]. The grain structure 
of SS316 with an austenitic matrix is visible after etching. 
The grain structure exhibited significant elongation parallel 

Table 1   Experimental parameters

Sample 
no.

Thick-
ness of 
explosive 
(mm)

Stand-off 
distance 
(mm)

Thick-
ness of 
flyer plate 
(mm)

Thick-
ness of 
base plate 
(mm)

Welding 
results

1 48 5 3 3 Welded
2 48 10 3 3 Welded
3 48 15 3 3 Welded

Fig. 2   Optical microscopy images of Ti/SS316 weld interface: a sample 1; b–c sample 2
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to the welding direction, indicating substantial deformation 
within the welding zone [27]. The vortex characteristics 
within the interface were clearly evident in the microstruc-
ture images. The vortex exhibited a periodic structure and 
was formed along the explosive welding direction at the 
interface wave front. Examination of the micrographs of the 
bonding interface at a low SOD-5 mm (Fig. 2a) revealed a 
clear, wavy interface at the weld zone. While at a SOD-10 
mm (Fig. 2b, c) revealed a local melted zone at the weld 
interface with vortex formation. The energy released dur-
ing the high-impact explosive welding process has resulted 
in friction, shearing of cladding materials, and high plastic 
deformation which are responsible for localized melting at 
the front vortex [28]. The formation of the vortex is due to 
the trapping of the jet. Bahrani et al. [29] have provided a 
clear explanation for this phenomenon, stating that the hump 
which is formed ahead of the collision point, deflects the jet 
upwards, and traps the re-entrant jet.

At SOD-15 mm (Fig. 3), a wavy morphology with vorti-
ces is observed. The increase in SOD results in the formation 
of melted zones ranging from 8 to 62 μm on the steel side 
due to partial melting. Figure 3c shows a typical microstruc-
ture having peninsula-type morphology on the SS316 side, 
which is commonly observed as a result of the combined 
action of the detonation force exerted by the explosive and 
the metal vortex flow [30]. Additionally, the formation of 
local melted zones can also be witnessed at the vortices 
of the bonding region. An increase in the SOD results in 
an increase in dynamic impact and kinetic energy. Simi-
lar results were also reported by Gloc et al. [31] in which 

they have explosively welded titanium/low alloy steel and 
observed local melted zones with a thickness ranging from 
5 to 70 μm. The cause of these local melted zones was due 
to the high kinetic energy present in the jet formed during 
the explosion. Yang et al. in their study explained the forma-
tion of a vortex structure with a molten pocket as a result of 
the combined actions of circular motion induced by shear 
instability and subsequent crest extrusion caused by hump 
growth [32].

3.1.2 � Analysis of wavelength and amplitude at the weld 
interface

During the explosive welding process, the choice of param-
eters can lead to the formation of either a flat or wavy inter-
face. However, the wavy interface is preferred over the flat 
one due to its superior bonding force, primarily attributed 
to the larger bonding area it offers [33]. The morphology of 
the wavy interface is significantly influenced by the propaga-
tion of plastic deformation ahead of the collision point [29]. 
Microstructural analysis, as demonstrated in Figs. 2 and 3, 
illustrates a direct relationship between the SOD and the 
waviness of the weld interface. Increasing the SOD results 
in an observable increment in the waviness. Specifically, 
specimens welded at SODs of 5 mm, 10 mm, and 15 mm 
exhibit bonding interfaces with wavelengths and amplitude 
of 339 μm and 63 μm, 731 μm and 155 μm, and 1200 μm 
and 179 μm, respectively. Notably, an increase in SOD leads 
to a simultaneous increase in both wavelength and ampli-
tude. However, there is a more pronounced variation in 

Fig. 3   Optical microscopy 
images of Ti/SS316 weld inter-
face: a–d sample 3
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wavelength compared to amplitude with changes in SOD. 
This observation aligns with the previous research by Dur-
gutlu et al. [34], where significantly higher wavelengths were 
reported for welds with higher SODs. Moreover, Fig. 4 vali-
dates the findings, showing that both wavelength and wave 
amplitude increase with higher SOD values. The mechani-
cal locking of metals, resulting from increasing SOD, con-
tributes to the enhanced bonding strength of the welded 
metals. Additionally, in the explosive welding process, an 
increase in explosive loading causes a rise in both wave-
length and amplitude. Furthermore, an increase in impact 
velocity is directly associated with an increase in wavelength 

[16]. Wang et al. [35] in their study on explosively welded 
titanium and copper bimetals also observed a consistent 
relationship between SOD and the weld interface’s wavi-
ness, where increasing SOD led to higher wavelength and 
amplitude.

3.1.3 � EPMA of Ti/SS316

To analyze the bonding mechanism in specimens subjected 
to welding at varying SOD, EPMA was performed. The 
results obtained for the specimens welded at SOD-5 mm 
and SOD-10 mm are shown in Fig. 5, while those obtained 
for the specimen welded at SOD-15 mm are shown in Fig. 6. 
The EPMA was carried out to evaluate the distribution of Ti 
and Fe in the welding interface zone. The results obtained 
indicate the absence of any significant element diffusion 
into the adjacent matrix, except in the transition zones. At 
SOD-5 mm (Fig. 5a), a well-defined and uniform welding 
interface was observed. The two elements, Ti and Fe, were 
in their respective positions, and intermixing of elements 
was barely observed, indicating a uniform and defect-free 
bonding interface. The presence of a vortex formation at 
the bonding zone, as demonstrated in Fig. 5b, c, confirms 
the inter-diffusion of Ti and Fe elements at SOD-10 mm. 
EPMA conducted by Xiang et al. [24] showed that the vor-
tex zone consisted of a complex composition, primarily of 
titanium, stainless steel, and Ti−Fe alloy phases. Manikan-
dan et al. [36] observed the presence of dispersed FeTi and 
Fe2Ti intermetallic compounds within the vortex. Figure 6 
depicts a more complex bonding microstructure at SOD-15 Fig. 4   Variation of wavelength and amplitude with stand-off distance

Fig. 5   EPMA results of Ti/SS316 weld interface: a sample 1; b–c sample 2
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mm, which is due to the presence of more intense vortex 
formation and defects. At higher SOD, the vortex exhibits 
localized melting at the wave front due to the heating of 
trapped jets. This is confirmed by the proper intermixing of 
Ti and Fe elements observed at the vortex, particularly the 
uniform intermixing observed at the tip of the wave front, as 
shown in Fig. 6a–c. Moreover, the vortex zone experiences 
a high cooling rate ranging between 105 and 107 K/s. As 
a result of this rapid quenching by the surrounding mate-
rial, a melting pocket is formed within the vortex [36]. The 
thickness of the mixed zone for the specimen welded at 
SOD-15 mm was found to be large compared to that for the 
specimen welded at SOD-10 mm. This is due to the increase 
in pressure between the bonding plates and collision veloc-
ity as the SOD is increased [37]. Various defects such as 
porosity and microcracks were observed across the vortices. 
These defects were mainly due to the rapid solidification 
that occurs in the vortex region, characterized by an abrupt 
increase in temperature followed by high cooling rates [38]. 
As shown in Fig. 6c, it was also observed that the crack was 
initiated at the local melting zone, though it did not result 
in significant instability. The formation of fine grains dur-
ing recrystallization has the ability of energy absorption 
which reduced the development of cracks [33]. Figure 6c 
clearly demonstrates the formation of island-like morphol-
ogy in the vortex. The color of the islands is identical to 
that of the base metal, indicating that they are fragments of 
the base metal. The intense explosive detonation force and 
metal vortex flow resulted in the formation of this island-
like morphology [30].

3.2 � Mechanical examination

3.2.1 � Hardness distribution study at the bonding interface

The Vickers microhardness test results are shown in Fig. 7. 
The microhardness examination was executed perpendicular 
to the weld interface to assess the hardness variation across 
the weld zone. In general, the weld interface experiences an 
increase in hardness value. However, in the present study, 
the microhardness values of the titanium side experienced 
a reduction near the weld interface (Fig. 7a). The decrease 
in microhardness values near the weld interface of the tita-
nium side is due to the fact that Ti is comparatively softer 
than SS316. It is likely that most of the plastic deforma-
tion occurred only in the vortexes of the flyer plate. This 
finding is consistent with the results reported by Chen et al. 
[39] where they have performed numerical simulations of 
TP 270/SUS821L1 and found that the percentage of jet-
ting volume originating during welding was higher in the 
case of the Ti side. Paul et al. [40] have also demonstrated 
intense recovery, and recrystallization processes can result 
in reduced microhardness as the stored energy is the pri-
mary driving force for recrystallization, ultimately leading 
to material softening. On the other hand, SS316 revealed a 
distinct hardening behavior, with a sharp rise in hardness at 
the immediate vicinity of the weld interface, followed by a 
subsequent decline in hardness as one moves away from the 
weld interface. An increase in hardness value was observed 
due to work hardening and high levels of plastic deformation 
near the deformed area [41, 42]. Moreover, the current study 

Fig. 6   EPMA results of Ti/SS316 weld interface: a–c sample 3
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witnessed that the variation in hardness value was larger on 
the SS316 side as compared to the Ti side, which was due 
to the greater work hardening effects during impact loading. 
This result is consistent with the earlier works reported by 
Zhao and Sheng [43] where they conducted a study on Ag/
SS316L clad materials and reported an increase in hardness 
values at the weld interface. They further witnessed that the 
fluctuation and decreased amplitude of microhardness values 
on the 316L side were more pronounced than those on the 
Ag side. The observed phenomenon was due to grain refine-
ment near the weld interface.

3.2.2 � Scratch test for explosively welded Ti/SS316 clads

To explore the behavior of materials across the weld inter-
face, a scratch test was performed in this study. A diamond 
indenter was passed across the weld interface. A scratch 
test was conducted for each SOD in which the direction 
of the indenter was first moved from the Ti side to the SS 
side and from the SS side to the Ti side, respectively. The 
bidirectional scratch results are presented in Figs. 8 and 9, 
respectively. This approach enabled the investigation of the 

material behavior during the transition from lower to higher 
hardness and vice versa. During the scratch test, when the 
indenter was moved from the Ti side to the SS side, the 
scratch width became shallower as a result of the higher 
resistance to plastic deformation shown by the harder SS 
compared to Ti. The average scratch widths obtained on the 
Ti side for different SODs of 5 mm, 10 mm, and 15 mm 
were 29.8 μm, 29.5 μm, and 29.0 μm, respectively, while 
on the SS side, they were 24.7 μm, 24.3 μm, and 23.2 μm, 
respectively. The decrease in scratch widths exhibited a cor-
relation with the phenomenon of the work-hardening effect. 
Near the bonding interface on the Ti side, an oval shape 
was witnessed that exhibited divergent behavior followed 
by a convergent one. The scratch test results showed that 
an oval-shaped scratch morphology was observed at 10 μm 
from the weld interface in SOD-5 mm, while in the case of 
SOD-10 mm and 15 mm, it was observed at 15 μm and 24 
μm, respectively. The formation of the oval shape near the 
weld interface is due to two main factors. Firstly, when the 
indenter moves from the Ti side to the SS side across the 
weld interface, a resistance force is developed at the inter-
face due to differences in mechanical properties between 

Fig. 7   Microhardness results: a hardness profile across the weld interface; b sample 1, Ti side; c sample 1, SS316 side; d sample 2; e sample 3
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the two materials. This resistance force increases due to the 
change in the strength of two materials, resulting in defor-
mation. Secondly, the hardness value obtained near the weld 
interface can also contribute to this behavior. In the present 
study, both factors were observed. Similar interpretations 
were made when the indenter was moved from the SS to the 
Ti side, as there is an abrupt decrease in resistance due to the 
change in strength between the two materials. This decrease 
in resistance has caused the indenter to accelerate and poten-
tially cause deformation on the Ti side near the interface. 
Moreover, the formation of an oval shape on the Ti side was 
less noticeable when the indenter was moved from the SS 
to the Ti side. The increase in scratch width just before the 
weld interface shows a decrease in the hardness value. This 
result is consistent with the hardness values obtained using 
the Vickers hardness test, which also showed a decrease in 
hardness value on the Ti side near the weld interface (Fig. 7).

During the scratch test in the vortex zone, the presence of 
microcracks was witnessed, as shown in Fig. 10. This was 
mainly due to the composition of the vortex zone, which 
consisted of a mixture of intermetallic compounds, oxides, 
and amorphous compounds. Manikandan et al. [36] have 
witnessed microcracks across the vortex. These microcracks 
were mainly due to residual stresses resulting from disparate 
heat transfer characteristics, intermetallic brittleness, shear 
stresses, and rapid cooling effects. Moreover, due to the pres-
ence of stronger and stiffer FeTi and Fe2Ti intermetallics, the 
microhardness test results of the vortices exhibited a signifi-
cant difference in their hardness values. These components 
contributed to increased brittleness in the region, prominent 
to cracking [24]. Moreover, bidirectional scratch tests con-
ducted on all clad materials showed no observable cracks at 
the bonding interface, demonstrating that clads welded at 
various SOD possessed robust mechanical properties and 

Fig. 8   Scratch test from titanium 
to stainless steel side: a sample 
1; b sample 2; c sample 3

Fig. 9   Scratch test from stainless 
steel to titanium side: a sample 
1; b sample 2; c sample 3
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could withstand various loading conditions. The bonding 
strength of the clad materials was subsequently evaluated 
and discussed in the following section.

3.2.3 � Evaluation of the joint strength of Ti/SS316 clads

The evaluation of the bonding strength of welded plates is 
quite challenging. However, the use of focused ion beam 
(FIB) technology has facilitated the exploration of diverse 
ultra-small testing techniques for evaluating the mechanical 
properties of welded clads [44]. However, these techniques 
have some limitations, such as the high cost and significant 
expertise and skill required for sample preparation. In this 
study, a methodology for evaluating shear strength, similar 
to the one utilized by Xiang et al. [24], was employed to 
measure the bonding strength. Xiang et al. [24] have previ-
ously reported the shear strength of welded plates only in 
the longitudinal direction. However, in our study, we have 
thoroughly investigated the mechanical strength of the Ti/
SS316 clads by implementing a tensile shear test in both 
longitudinal and transverse directions. The pre- and post-test 
tensile shear samples are shown in Fig. 11a, b, respectively. 
The results of the tensile shear test for both directions are 
shown in Fig. 11c, d, respectively. The results of the ten-
sile shear test reveal that the explosively welded Ti/SS316 
clads exhibit a shear load capacity that ranges from 352.7 to 
404.6 MPa in the longitudinal direction and 295.7 to 359.3 
MPa in the transverse direction (Table 2). The tensile shear 
strength of the composite was found to be greater than that 
of the base parent material, demonstrating that the explo-
sively welded composite fulfils the requirements for a high-
quality joint. Similar kinds of results were also documented 
by Acarer et al. [45] and Kaya and Kahraman [46] in their 
respective studies. In the longitudinal direction, the shear 
strength of the bonding interface increases from 393.0 MPa 

for SOD-5 mm to 404.6 MPa for SOD-10 mm. A similar 
pattern is witnessed for the transverse direction, where the 
shear strength of the bonding interface increases from 347.5 
MPa for SOD-5 mm to 359.3 MPa for SOD-10 mm. This 
enhancement in shear strength is due to the grain refinement, 
strain hardening, and strong interlocking that occur at the 
welding interface with an increase in SOD [47].

However, when the tensile shear strength was investigated 
at the higher SOD-15 mm, the results showed a decrease in 
the tensile shear strength of the welded clads in both lon-
gitudinal and transverse directions. The decrease in tensile 
shear strength was found to be 352.7 MPa and 295.7 MPa, 
respectively, for the longitudinal and transverse directions. 
The findings of the tensile shear strength investigation 
are in accordance with the findings of the microstructural 
study (Section 3.1), which showed the formation of various 
defects, including porosity, microcracks, and mixed zones, 
at the vortex of the weld interface. These defects act as 
stress concentration points, thereby degrading the mechani-
cal properties of the composite material [48]. Moreover, 
the observed reduction in shear strength was found to be 
greater than the strength of the constituent materials of the 
composite. This is shown in Fig. 11e, where the fracture 
morphology of the tensile shear test is shown, indicating 
that fractures have occurred from the titanium side. These 
results suggest that the bonding strength of the Ti/SS316 
clads was higher than the measured value. Similar kinds of 
results were also shown by Xiang et al. [24]. Additionally, 
the results of the tensile shear test show that both in the 
longitudinal and transverse directions, there is an increase in 
the shear strength with an increase in the SOD, as shown in 
Fig. 11f. It is noteworthy that the transformation in the ten-
sile shear test values obtained for the longitudinal and trans-
verse directions when shifting from SOD-5 mm to SOD-10 
mm was nearly the same, with a difference of 11.6 MPa for 

Fig. 10   Scratch test across the 
local melted zone in sample 3
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the longitudinal direction and 11.8 MPa for the transverse 
direction. However, the difference in the tensile shear test 
values when shifting from SOD-10 mm to SOD-15 mm was 
significant, with a difference of 51.9 MPa for the longitu-
dinal direction and 63.6 MPa for the transverse direction. 
Additionally, at SOD-5 mm, the difference in the tensile 
shear test values obtained for the longitudinal and transverse 
directions was 45.5 MPa, while at SOD-10 mm, it was nearly 
the same at 45.3 MPa. However, at SOD-15 mm, the differ-
ence was 57 MPa. These findings specify that the shift from 
SOD-10 mm to SOD-15 mm has a significant impact on 

Fig. 11   Tensile shear test results: a tensile shear samples before the 
test; b tensile shear samples after test; c shear strength value along 
the longitudinal direction; d shear strength value along the transverse 

direction; e fracture morphology at SOD-15 in the longitudinal direc-
tion; f relationship between shear strength and SOD with the longitu-
dinal and transverse direction

Table 2   Tensile shear test results

Samples Specimen along welding 
direction

Maximum 
shear strength 
/MPa

SOD-5 mm Longitudinal 393.0
SOD-10 mm Longitudinal 404.6
SOD-15 mm Longitudinal 352.7
SOD-5 mm Transverse 347.5
SOD-10 mm Transverse 359.3
SOD-15 mm Transverse 295.7
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the tensile shear strength of the composite material in both 
the longitudinal and transverse directions. A comparison 
of the tensile shear strength values for the longitudinal and 
transverse directions revealed that the shear strength value 
was higher in the longitudinal direction compared to the 
transverse direction. This finding aligns with previous results 
reported by Liangyu et al. [49] who conducted an explosive 
welding of TA1/304SS and witnessed a higher shear strength 
value in the longitudinal direction (350 MPa) compared to 
the transverse direction (309 MPa). These results highlight 
the influence of the directionality of the composite mate-
rial on its tensile shear strength, emphasizing the need to 
consider the orientation of the composite material in appli-
cations where the mechanical properties are critical. The 
higher tensile shear strength in the longitudinal direction 
as compared to the transverse direction can be attributed to 
the formation of front vortices in the longitudinal direction, 
which results in improved mechanical bonding between the 
flyer and base material [34].

3.2.4 � Fracture analysis

The results of the tensile shear tests have confirmed that the 
explosively welded Ti/SS316 clads had good shear strength. 
To further understand the failure mechanism of the welded 
specimen, SEM fractography of the fractured samples was 
done. Tian et al. [50] have shown that the microstructure 
of the weld interface shows a well-defined wave bonding 

structure when observed along the longitudinal direction. 
Furthermore, an irregular, undulating weld interface was 
witnessed in the transverse direction. SEM fractography, 
as represented in Fig. 12, demonstrated that the mode of 
fracture in the longitudinal direction is a combination of 
ductile and brittle fracture. Figure 12a shows the fractog-
raphy behavior of the sample subjected to a tensile shear 
test at SOD-5 mm, where the presence of numerous shear-
elongated dimples can be observed. Furthermore, when the 
SOD was increased to 10 mm, more intense shear-elongated 
dimples were observed, as shown in Fig. 12b, indicating 
significant plastic deformation before fracture. This is con-
sistent with the fact that at this SOD, the highest tensile 
shear test value was obtained (Table 2). Venkateswara Rao 
et al. [51] stated in their study that good shear strength was 
accomplished when the fracture mode was dimpled rupture. 
At SOD-15 mm (Fig. 12c), the presence of tear ridges, voids, 
dimples, and cleavage planes on the fracture surface was 
observed. This can be correlated with the fact that the tensile 
shear test value obtained at this point was lower than the 
value obtained at SOD-10 mm. The cleavage plane also indi-
cates that the material has undergone a brittle fracture. This 
brittle fracture is the result of a high degree of shock harden-
ing which has occurred during explosive welding at the weld 
interface [48]. Similarly, SEM fractography for the tensile 
shear test in the transverse direction is presented in Fig. 13, 
which also reveals the mode of failure in the material was 
the combination of both ductile and brittle fractures. At an 

Fig. 12   Fractography of tensile 
shear test samples along the 
longitudinal direction: a sample 
1; b sample 2; c sample 3
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SOD-5 mm, the formation of dimples and a cleavage plane 
can be observed, as shown in Fig. 13a. At SOD-10 mm, it 
resulted in a higher density of dimples and cleavage planes, 
as presented in Fig. 13b, signifying the occurrence of both 
ductile and brittle failure at the surface. Figure 13c dem-
onstrated the formation of microcracks, dimples, and tear 
ridges, largely due to the poor toughness and high impact 
developed during the explosive welding process [52].

4 � Conclusions

In this research work, clads comprising pure commercial tita-
nium (TP 270C) and stainless steel (SS316) were successfully 
fabricated using an explosive welding process. Subsequently, 
an extensive investigation was conducted to thoroughly 
explore and characterize the microstructural and mechanical 
properties of these weld clads. The acquired data and analysis 
from this study led to the following noteworthy conclusions:

1.	 The microstructure of the welding interface changes with 
increasing SOD. At low SOD-5 mm, a clear, wavy inter-
face with negligible defects was witnessed. At SOD-10 
mm, a non-uniform local melted zone at the weld inter-
face was observed. At SOD-15mm, a wavy morphology 
with vortices, melted zones, and porosity was witnessed 
in the welding region. As SOD increases, dynamic 
impact and kinetic energy also increase, resulting in 
microcracks perpendicular to the welding interface.

2.	 Higher SOD leads to an increase in wavelength and 
amplitude, but the wavelength shows greater variation 
compared to the amplitude. EPMA shows that the poros-
ity was likely to act in the peninsula and island mor-
phologies near the welding zone.

3.	 The scratch results showed that an oval-shaped scratch 
morphology was observed near the weld interface, 
which increased with an increase in SOD. This suggests 
that the recrystallization distance near the weld interface 
increases with an increase in SOD. The formation of the 
oval shape can be attributed to differences in mechanical 
properties between the two materials and a decrease in 
the hardness value near the weld interface.

4.	 The tensile shear test was measured in two differ-
ent directions at three different levels of deformation 
(SOD-5 mm, SOD-10 mm, and SOD-15 mm). Higher 
tensile shear strength was witnessed in the longitudinal 
direction as compared to the transverse direction. The 
results showed that the difference in strength between 
the two directions was small when the level of defor-
mation changed from SOD-5 mm to SOD-10 mm but 
decreased significantly when it changed from SOD-10 
mm to SOD-15 mm. These results provide important 
insights into the microstructural characteristics of the 
explosively welded Ti/SS316 clads and suggest that the 
longitudinal direction is more favorable for achieving 
good mechanical bonding than the transverse direction.

5.	 SEM fractography showed that the fracture mode in the 
longitudinal direction of a material subjected to tensile 

Fig. 13   Fractography of tensile 
shear test samples along the 
transverse direction: a sample 1; 
b sample 2; c sample 3
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shear tests is a combination of ductile and brittle frac-
ture. An increase in SOD leads to an increase in the 
intensity of plastic deformation. The transverse direction 
also showed evidence of both ductile and brittle failures, 
as well as microcracks and tear ridges due to poor tough-
ness and high impact from explosive welding.

The study established a noteworthy correlation between 
the stand-off distance (SOD) and the resultant weld charac-
teristics in Ti/SS316 clads, indicating the critical influence 
of this parameter. By extensively scrutinizing the micro-
structural and mechanical properties, an SOD of 10 mm 
was identified as the optimal welding parameter, leading to 
superior weld quality in the fabricated weld clads.
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