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INTRODUCTION

ABSTRACT

Aerospace, automobile, and marine industries prefer aluminium-magnesium weld joints
for the fabrication of lightweight, corrosion-resistant structures. However, at elevated tem-
peratures, they suffer from reduced strength and display potential for cracking. Hence, in
this study, a innovative approach of combining explosive energy and reinforcement materi-
als to improve the strength, thermal stability, ductility, and performance of the aluminium
5052-magnesium AZ31 clads, through explosive cladding is attempted. The interface micro-
graph of the conventional clad (no reinforcement) shows the continual presence of molten
intermetallic layer. The layer formation is inhibited by introducing a stainless steel wire-mesh
between the mating alloys, which reduces the velocity of the aluminium sheet owing to the
enhanced friction. Similarly, the addition of silicon carbide particles along with the wire-mesh
evades the straight impact of mating alloys and thereby suppresses the formation of reaction
compounds. With respect to mechanical strength, the clad having both wire-mesh and silicon
carbide reinforcement attains the maximum hardness (285 Hv), ram tensile (302 MPa), and
shear strength (175 MPa), followed by wire-mesh-reinforced clad (hardness-245 Hy, tensile
strength-254 MPa, shear strength-146 MPa), and conventional clad (hardness -98 Hy, tensile
strength-102 MPa, shear strength-59 MPa).

Cite this article as: Saravanan S. Effect of reinforcements in aluminium 5052-magnesium
AZ31 explosive cladding. Sigma ] Eng Nat Sci 2025;43(6):2084—-2093.

industrial applications [3]. To counter this, magnesium is
welded with other alloys, such as aluminium, in order to

Magnesium alloys are promising candidates in automo-
bile, and aircraft manufacturing due to their lower density,
higher strength, good machining ability, and high damping
capacity [1]. In addition, magnesium alloys are eco-friendly
in nature [2]. However, detrimental qualities, such as strong
chemical vulnerability, low resistance to corrosion, poor
room temperature ductility, and wear resistance, limit their
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utilize the beneficial characteristics of both [4]. Aluminium
alloys are preferred due to their better strength-to-weight
ratio, greater resistance to corrosion, better plastic defor-
mation capacity, and higher ductility [5]. The alumini-
um-magnesium weld joints are used to construct light
weight corrosion resistant components in ship building,
aircraft and automotive components. Earlier researchers
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employed various welding techniques to join aluminium
and magnesium and are recapitulated below.

In an earlier study, Wang et al. attempted Al-Mg laser
welding and reported the presence of y-Mg,,Al,, and
B-Mg,Al; compounds, which affected the strength
adversely [6]. To mitigate the intermetallic compound
formation, Meng et al. successfully employed a titanium
interlayer between Al and Mg alloys in the laser-arc hybrid
lap welding [7]. Likewise, a similar result was obtained by
Kumar and Wu, who performed friction stir welding with a
nickel interlayer [8]. Varmazyar and Khodaei, on the other
hand, used a copper interlayer in diffusion bonding of
Al-Mg alloys at various strain conditions (0, 30, and 60%)
and holding durations. They concluded that the interlayer
reduces the hardness and shear strength [9]. In order to
attain higher strength and a defect-free Al 1050-AZ31
alloy magnetic pulse weld, Zhu et al. optimized the process
parameters, such as discharge energy and standoff distance
[10]. In this context, Jian et al. analyzed the fatigue crack
behavior in Al-Mg metal inert-gas welding. They con-
cluded that the stress, bubble formation, orientation of the
grain, and coarse grain formation dictated the crack growth
[11]. Meanwhile, Liang et al., while friction welding Al-Mg
alloys, determined the correlation between constitutional
liquation and microstructure [12]. Based on the literature,
the main challenge in Al-Mg welding is the development
of deleterious reaction compounds and crack formation,
which impacts the weld strength negatively. To counter
this, explosive cladding provides a feasible solution due to
its rapidity and ability to clad larger areas.

With respect to Al-Mg explosive cladding, the metal-
lurgical, mechanical, and corrosion properties of AZ31-Al
5005 clad were studied by Acarer et al. [13]. Meanwhile,
Chen et al. concluded that the process parameters, such
as explosive mass and standoff distance, are directly pro-
portional to the clad strength [14]. Similarly, Ghaderi et
al. [15] developed a welding window and correlated the
microstructure and strength characteristics with its posi-
tioning [16]. In this context, Paul et al. attempted explosive
cladding of eleven Al-Mg foil layers and reported cracks
and poor formability due to inadequate energy [17]. In
a different attempt, Zeng et al. conducted their explosive
cladding trials in a helium atmosphere and obtained supe-
rior mechanical properties [15]. Numerical simulation of
Al-Mg explosive cladding was separately attempted by Feng
etal. [18] and Kumar et al. [1] to determine the temperature
and pressure created during the process. In a recent study,
Su et al. observed delamination due to impact in Al-Mg
explosive cladding [19]. The novelty of this study lies in the
innovative use of wire-mesh and silicon carbide reinforce-
ments in the explosive cladding of aluminium-magnesium
alloys. By integrating these reinforcements, the study aims
to enhance the microstructural refinement and mechani-
cal properties of the clad. The combination of explosive
energy and reinforced materials creates a unique interfacial
bonding mechanism that improves strength, hardness, and

corrosion resistance. This approach offers a new pathway
for producing high-performance clad materials with tai-
lored properties, suitable for applications in industries like
aerospace, automotive, and defence where lightweight yet
strong materials are crucial.

MATERIALS AND METHODS

Al 5052 sheets (chemical composition wt. %: Si-0.25,
Mg-2.9, Cr-0.25, Cu-0.1, Mn-0.1, Zn-0.1, Fe-0.4, Al-Bal.)
and AZ 31B plates (chemical composition wt. %: Al-2.8,
Zn-1.75, Si-0.1, Mn-0.2, Cu-0.05, Mg-Bal.), purchased
from Parshwamani Metals, Mumbai, India, were employed
as flyer and base plate, respectively. The dimensions of the
flyer and base plate are 110 mm x 80 mm (length x breadth),
with thicknesses of 2 mm and 6 mm, respectively.

Three explosive cladding experiments, viz., Al-Mg,
Al-Mg with stainless steel wire-mesh (purchased from
Sysco Piping Solutions Inc., Mumbai, India), and Al-Mg
with stainless steel wire-mesh (mesh size of 0.704 mm) and
SiC (purchased from Parshwamani Metals, Mumbai, India:
100-120 um size), were performed at a uniform loading
ratio, R (ratio of the mass of the explosive and flyer plate)
of 0.8 and 5 mm standoff distance, SD (between flyer and
base plates). The parameters were chosen based on pre-
liminary experimental trials. The energy source was the
SUN 90 chemical explosive (manufactured by M/s. Vetrivel
Explosives Private Limited) having a density of 1.15 g/cm®
and a detonation velocity of 4200 m/s and was mounted on
a 2 mm thick cardboard buffer plate. The reinforcements,
viz., stainless steel wire-mesh (chemical composition wt. %:
C-0.085, Cr-18, Mn-2, Mo-3, Ni-14, Si-1, S-0.03, Fe-Bal.)
of dimension (110 x 80 mm x 0.3 mm) and SiC (micro-
graph shown in Fig.1) having 1% by weight of flyer plate,
are dispersed, separately and together, on the base plate and
were cladded by parallel explosive cladding (Fig. 1). Further
increase in SiC reinforcements resulted in agglomeration
resulting in increased brittleness.

Prior to cladding, the participant alloys and stainless
steel wire-mesh (Fig. 2a) were annealed for one hour, fol-
lowed by furnace cooling (Wire-mesh-900°C, Al-400°C,
AZ31B-425°C) to homogenize the metallurgical structure.
To ensure good quality, the roughness of the mating sur-
faces is maintained below 1 um. Based on the experimental
parameters of the welding window, an analytical estimation
to determine the nature of the explosive clad interface is
determined. The welding window comprises lower and
upper boundaries, which are calculated by equations 1 and
2, respectively [20, 21].
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angle B, which is calculated by [22] of the welding window (Fig. 3). The photographs of the
resulting explosive clads are shown in Figure 2b.
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Figure 3. Welding window for Al 5052-AZ 31B explosive cladding.
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Figure 4. (a) Ram tensile test (b) Shear test.

(JSM-6610LV) scanning electron microscope equipped
with EDS were utilized to analyze the microstructures. The
constituents of various phases in the interface were iden-
tified with a CuK-equipped XRD (Philips X’PERT MPD
diffractometer). The phases present in the sample are iden-
tified by comparing the observed diffraction peaks with
standard reference card numbers. A ZWICK micro-hard-
ness tester with an indenter load of 50g for 10s determines

(a)

Molten layer

(b)

the Vickers hardness across the interface. Ram tensile (Fig.
4 a: MIL-J-24445A) and shear (Fig. 4b: ASTM B 898) tests
were performed using 0.2 mm/min and 0.5 mm/min tensile
and shear loads, respectively.

RESULTS AND DISCUSSION

Micrograph of the Conventional Al 5052-AZ31B
Explosive Clad

The dissimilar explosive clad interface micrograph
reveals an undulating nature along with an incessant molten
layer (Fig. 5a). The molten layer, weak and fragile regions, is
formed due to the utilization of whole kinetic energy (AKE)
at the interface (0.79 MJ/m?) followed by rapid cooling. The
kinetic energy utilization is analytically determined by [24],

m,m, sz

2(m, +my) )
The effective utilization of kinetic energy promotes
a wavy interface; otherwise, a molten layer is formed, as
seen in Fig. 5a, if the additional kinetic energy is utilized.
Somasundaram et al., while cladding titanium-steel, also
observed a streak of molten layer at a higher kinetic energy
environment, consistent with the present study [25]. The
presence of a molten layer holds a negative impact on the
strength characteristics, detailed in sections 3.3 and 3.4.
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Figure 5. (a) Al 5052-AZ 31B micrograph (b) EDS (c) XRD.
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The interface region (depicted by a circle in Fig. 5b)
subjected to the EDS examination confirmed higher
atomic percentages of aluminium and magnesium, along
with a very lower concentration of Cr, Mn, Fe, Cu, and Si
elements. Further analysis by the XRD (Fig. 5¢) substan-
tiates the existence of Al;,Mg;; and ALLMg, compounds
(card number: 00-025-1207) at the interface. To counter
the intermetallic compound formation, reinforcements are
introduced between the mating alloys, and the results are
presented below.

Effect of Reinforcements on the Interface Micrograph

The variation in dissimilar clad micrographs, with and
without reinforcements for the same parametric condi-
tions, is noteworthy and obvious. The continuous presence
of molten layer found in Al 5052-AZ 31B cladding (Fig. 5)
is absent in the clads having reinforcements (Fig. 6, 7). The
SiC is visible as a black strip, while the stainless steel wire-
mesh is seen as white oval dots.

The insertion of a stainless steel wire-mesh transforms
the molten layer prevailed in Al 5052-AZ 31B explosive clad
into a defect free clad (Fig. 6 a,b). The dynamic collision of
aluminium sheet with the wire-mesh instead of magnesium
plate, promotes this transformation. The surface variations
on the wire-mesh enhance the friction, and reduce the
flyer plate velocity (V,,). In addition, the weight of the base

plate, my (Eq. 5) increases as well. As a consequence, AKE
improves to 0.81 MJ/m?, and hinders the interfacial molten
layer. The XRD (Fig. 6 c) analysis displays taller Fe, Mg, and
Al peaks and a smaller Fe;Al peak (card number: 03-065-
1477). The marginal presence of reaction compounds at the
interface is consistent with Gulenc et al [26].

The usage of both stainless steel wire-mesh and SiC par-
ticles, as reinforcements, on the base plate further increases
the weight of the base plate (m), and hence AKE (Eq. 5)
increases to 0.83 MJ/m? The increased AKE deforms the
SiC particles further, forcing them to trap inside the open-
ings in stainless steel wire-mesh, visible as a thin black strip
(Figs. 7 aand b). This band formation at the interface by the
SiC particles is consistent with earlier researchers [27, 28].

In addition, the primary chemical relationship between
wire-mesh and SiC is quite weak [29]. Subsequently, an
intermetallic free clad emerges between the flyer and base
plates. The superior thermal conductivity, K of SiC (350 W/
mK), accelerates the solidification and prevents the forma-
tion of a molten layer as well. The XRD spectrum confirms
the existence of Fe, Al, and SiC elements at the interface
and the nonexistence of element diffusion across the alloys
(Fig. 7¢). Since the SiC streak prevents the direct contact,
the intermetallic compounds formed in the Al-Mg clad
without reinforcements are eliminated. Further, the higher
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Figure 6. (a,b) Al 5052-WM-AZ 31B explosive clad micrograph (c) XRD.
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Figure 7. (a,b) Al 5052--AZ 31B explosive clad microstructure with wire-mesh and SiC reinforcements (c) XRD.

strength of these reinforcements improves the strength of
the dissimilar clads, detailed in the next section.

Hardness

The average of two hardness measurements across the
dissimilar reinforced explosive clad is higher than the clad
having no reinforcements (Fig. 8). Further, the highest
hardness is observed at the interfaces in all three experi-
ments. The augment is attributed to the sudden impact
and the existence of reinforcements. In addition, the rapid
nature of the process restricts the interface to experienc-
ing the increase in temperature. As a result, the impact of
annealing is mitigated, and hence the hardness of the inter-
face increases.

The interface of the stainless steel wire-mesh and SiC
reinforced clad (Fig. 8c: 285 H,) achieves the highest hard-
ness as both reinforcements have great adhesion to the
participating alloys. The existence of wire-mesh and the
absence of SiC reduce the interface hardness by 16% to
result in a hardness of 245 H, (Fig. 8 b). The hardness of
the Al 5052-WM-AZ 31B interfaces devoid of wire-mesh
attains 120H,, which is higher than the Al-Mg explosive
clads (Fig. 8 a: 98Hv). However, the lower interface hard-
ness is higher than the base alloys (Al -68 H, and Mg -76
H,), consistent with Inao et al [30]. Further, it is noted that
the increase is not evident at locations 200 pm distant from

the interface owing to the negligible plastic deformation, as
reported by Chen et al. [31].

Ram Tensile and Shear Strengths

Figure 9 illustrate the ram tensile and shear strengths
of the parent alloys and the dissimilar explosive clads
attempted (stress-strain curves are given in Fig. 10). The
use of reinforcements enhanced the ram tensile and shear
strengths of the clads, and the maximum is obtained when
both wire-mesh and SiC are reinforced (ram tensile-302
MPa, shear strengths-175 MPa). This is due to the cohe-
siveness of reinforcements and the absence of intermetallic
compounds.

The Al 5052-AZ 31B explosive clad reinforced with a
wire-mesh attains an 18% lower strength (ram tensile-254
MPa and shear-146 MPa). The reduction in strength is due
to the absence of SiC particles. However, the obtained values
are higher than the conventional Al 5052-AZ 31B explosive
clad (102 MPa and 59 MPa) and base alloys. The reports of
earlier researchers who attempted dissimilar cladding are
consistent with this behaviour [32, 33].

The fractograph of Al 5052-AZ 31B explosive clad
obtained from the ram tensile test (Fig. 11a) reveals a ductile
fracture mode with a cup-cone shape. The fracture surface
is dominated by a uniform distribution of bigger alumin-
ium (flyer plate) shatter, confirming its larger flow before
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Figure 8. Hardness variation across the interface (a) Al 5052-AZ 31B (b) Al 5052-SS WM-AZ 31B (c) Al 5052-SS WM-
SiC-AZ 31B.
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Figure 9. Ram tensile and shear strengths of the base alloys and explosive clads.

fracture. The impression created by the pulling of wires is
visible in the fracture surface of the wire-mesh reinforced
clad (Fig. 11b). Also, the fracture surface exhibits the evi-
dence for a ductile mode of fracture. No significant defects

are seen on the fractured surface. The fracture image of the

Al 5052-WM-SiC-AZ31B explosive clad (Fig. 11c) is free
from cleavage or intergranular fracture characteristics of
the brittle fracture, as stated by Kumar et al [34]. Likewise,
the evidence of wire-mesh and SiC sheared surfaces (Fig.

11d) with fibrous networks along with dimples is seen on
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Figure 11. (a-c) Ram tensile interface fracture (a) Al 5052-AZ31B (b) with wire-mesh (c) with wire-mesh and Sic (d) Shear

fracture surface of wire-mesh and SiC.

the shear surface obtained from the dissimilar explosive
clad.

Therefore, we conclude that the industry offers signif-
icant potential for the application of SiC and wire-mesh
reinforced Al/Mg explosive clad due to its ability to cre-
ate strong, lightweight, and corrosion-resistant materials.
The scalability of explosive cladding hinges on optimizing

the process parameters to attain larger plates, enabling
mass production. The long-term benefits such as reduced
material waste, improved performance, and durability
make it attractive. Explosive cladding of Al/Mg is suitable
for aerospace, automotive, and marine industries where
light weight coupled with high-performance materials are
inevitable.
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CONCLUSION

The salient findings of the novel study on the usage
of reinforcements in explosive cladding of aluminium
5052-magnesium AZ31B explosive cladding are summa-
rized here. The use of reinforcements in explosive clad-
ding of weaker aluminium and magnesium alloys reduce
the intermetallic formation and improve the ram tensile
and shear strengths. The friction between the aluminium
and magnesium is improved by the insertion of wire-mesh
due to its potholed nature. Subsequently, the wire-mesh
penetrates inside the mating alloys to create a strong bond.
The silicon carbide particles form a band between dissim-
ilar alloys to avoid the formation of reaction compounds,
resulting in improved ram tensile (302 MPa) and shear (175
MPa) strengths. It is recommended to employ reinforce-
ments in aluminium-magnesium explosive cladding.

NOMENCLATURE

AKE Kinetic energy available (M]/m?)

Al Aluminium

C Carbon

C,H,0, Oxalic acid

Cs Compressive wave velocity (m/s)

CH,COOH Acetic acid

Cr Chromium

Cu Copper

E Young’s modulus (N/m?)

EDS Energy Dispersive Spectroscope

Fe Iron

H, Vickers hardness (N/m?)

my, Mass of the base plate per unit area

my Mass of the flyer plate per unit area

Mg Magnesium

Mn Manganese

Mo Molybdenum

NaOH Sodium hydroxide

Ni Nickel

R Loading ratio (mass of explosive /mass of
flyer plate)

S Sulfur

SD Standoff distance (mm)

SEM Scanning Electron Microscope

Si Silicon

SiC Silicon carbide particle

t Flyer plate thickness

V., Collision point velocity(m/s)

vV, Detonation velocity of the explosive

v, Velocity of the flyer plate (m/s)

WM Wire-mesh

XRD X-ray diffraction

Zn Zinc

B Dynamic bend angle (degree)

v Poisson’s ratio

p Density ( kg/m?)
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