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Abstract

In this study, an attempt was made to manufacture an AZ31-A15005 laminated composite by explosive welding. A mixture of ammonium
nitrate (90%), fuel oil (5%), and TNT (5%) was used as the explosive. The detonation velocity of the explosive material was approximately
3100 mes™!. The microstructure and mechanical and corrosion properties of the joint were comparatively investigated. Microstructural
characterisation of the joint was conducted by optical microscopy (OM), scanning electron microscopy with energy-dispersive spectroscopy
(SEM-EDS), high-resolution transmission electron microscopy (HR-TEM), and X-ray diffraction (XRD). The mechanical properties were
determined using micro-Vickers hardness, tensile, and Charpy impact tests. In addition, electrochemical tests were conducted on the AZ31-
AI5005 laminated composite and the individual components to determine their corrosion resistance. The corrosion behaviours of the structures
were determined in a 3.5% NaCl solution at room temperature using potentiodynamic scanning (PDS). The metallurgical structure and
mechanical properties of the joints were within the acceptable limits.
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1. Introduction

Explosive cladding or welding is a solid-state welding pro-
cess used to join a wide variety of similar and dissimilar met-
als and alloys with different physical and mechanical proper-
ties. Although this process is classified as a cold technique,
some local melted zones may form at the interface owing to
the high-pressure dynamics generated by the explosives [1-3].
The unique feature of this welding method is that it can join
metals with different melting temperatures. In addition, this
method can be used to produce laminated metallic composites
with different properties using very different metal combina-
tions. Therefore, the use of a combination of metal sheets and
an explosive welding method is considered to be an important
process for joining metals [4].
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Numerous attempts have been made to reveal the effects
of explosive welding parameters [2] on the microstructure
and mechanical properties of explosively welded bimetals,
such as stainless steel-carbon steel [5-7], aluminium-steel
[3,8,9], and copper-steel [10]. However, studies on the ex-
plosive welding of magnesium to other metals are limited.
Ghaderi et al. [11] attempted to determine the optimum weld-
ing conditions for the explosive welding of aluminium to
magnesium. Habib et al. [12] reported the explosive weld-
ing of titanium to magnesium using underwater shockwaves.
The effects of the welding parameters on the weld integrity
of explosively welded magnesium—aluminium joints were dis-
cussed in another study by Ghaderi et al. [13]. The reason
for the limited number of studies is probably the poor ductil-
ity and formability of magnesium alloys resulting from their
hexagonal close-packed (HCP) crystal structure. In explosive
welding, the welded metals must have at least 5% elongation.
Therefore, the weldability of magnesium alloys by explosions
is limited by their mechanical properties [14].
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Table 1

The chemical compositions of AZ31 and Al5005 sheets.

Element (wt%) Al Mg Zn Mn Fe
AZ31 2.5 bal. 1.0 0.2 -
Al5005 bal. 0.9 0.2 0.1 0.5

There are some studies [15—17] on the corrosion properties
of explosively welded laminated composites. Kaya [15] inves-
tigated the corrosion resistance of aluminium clad to ship steel
plates by explosive welding. The neutral salt spray test results
showed that cladding aluminium on top of ship steel using ex-
plosive welding protected the ship steel against corrosion in
a seawater environment. In another study [16], the corrosion
behaviours of steel-aluminium composite structures produced
via explosive welding were evaluated using immersion tests in
NaCl solutions. After the corrosion tests, the metallographic
observations revealed that the molten zones during the explo-
sive welding preferentially acted as corrosion initiation points
in the joint, and metal losses were mainly observed in these
zones. The study showed that corrosion degradation does not
depend on the explosive conditions owing to the complete
erosion of the molten zones. It has also been reported that an
area susceptible to intercrystalline corrosion can form owing
to the heat generated and rapid diffusion in the weld zone (or
non-diffusion mass transport) during explosive cladding [17].

Similar to studies on the explosive welding of Mg alloys,
studies on the corrosion properties of bimetals produced by
explosive welding are limited. However, detailed studies are
needed to understand the joining and corrosion damage mech-
anisms of bimetals with different crystal structures, such as
hexagonal close-packed (HCP) and face-centred cubic (FCC)
phases, produced by explosive welding. Therefore, the mi-
crostructure and interface characteristics, mechanical proper-
ties, and corrosion resistance of explosively welded AZ31-
AI5005 alloys were investigated in this study.

2. Experimental procedure

AZ31 magnesium alloy sheet was used as the flyer metal,
and 5005 aluminium alloy sheet was used as the parent metal
to produce laminated composites in this study. The chemical
compositions of the AZ31 and AI5005 alloys are listed in
Table 1.

The dimensions of the AZ31 and AI5005 sheets were
150 x 150 x 4 mm?® and 150 x 150 x 1.5 mm?, respec-
tively. Rubber layers were used as the buffer zone between
both the AZ31 and explosive and the Al5005 and anvil to
minimise the deformation of the AZ31 and Al5005 sheets
during the explosion. A mixture of ammonium nitrite (90%),
fuel oil (5%), and TNT (5%) was used as the explosive. The
detonation velocity of the explosive material was approxi-
mately 3000-3200 mes ~ .

The cross section of the joint was ground with increas-
ingly fine sandpaper to remove the cutting traces formed on
it. Then, the surfaces were polished with 1 wm diamond paste
and ultrasonically cleaned with ethanol. AZ31 was etched in
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Fig. 1. The microstructure of AZ31 magnesium alloy: (a) optical micrograph,
and (b) histogram of grain size distribution.

a solution containing 10 ml acetic acid, 5 g picric acid, 10 ml
ethanol, and 75 ml distilled water. The microstructural char-
acterisation of the joint was conducted by optical microscopy
(OM, NIKON Epiphot 200), scanning electron microscopy
with energy-dispersive spectroscopy (SEM-EDS, Jeol JSM
5600), high-resolution transmission electron microscopy (HR-
TEM, JEOL JEM-2100), and X-ray diffraction (XRD).

The mechanical properties were determined using a mi-
crohardness tester (LECO DM-400) under a 10 gf load for
15 s. The average values from across the weld interfaces were
reported. Tensile and impact tests were performed to deter-
mine the strength/elongation and toughness of the laminated
composite structure, respectively. The toughness of the AZ31-
Al5005 composite was measured by Charpy V-notch tests at
+25, 0, —25, and —50 °C using a DEVOTRANS test machine
with a 50 J hammer.

The corrosion behaviours of the joints and their base
metals were determined using the potentiodynamic scanning
(PDS) technique at room temperature. The changes in the po-
tential (E) vs. current (/) of the samples were recorded using
a potentiostat unit (Gamry, PCI14/750) in a 3.5% NaCl so-
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Fig. 2. (a) Wavy interface, (b) mapping and (c¢) EDS line analysis of the AZ31-Al5005 composite.

lution. Ag/AgCl and Pt wire were used as the reference and
counter electrodes, respectively, during the tests. The scan rate
of the PDS measurements was 1 mVes™!. The sample area
was approximately 0.5 cm?, and all data were normalised to
the surface area. Both the fractured and corroded surfaces
were investigated by SEM.

3. Results and discussion
3.1. Microstructure

The microstructure of the AZ31 magnesium alloy (before
the explosive welding process) used as a flyer metal is shown
in Fig. 1. The AZ31 Mg alloy consisted of almost equiaxed
a-Mg grains (Fig. 1b).

The AZ31-Al15005 laminate composite was produced by
an explosive welding technique. Even when precautions were
taken (such as annealing before the welding process and using
a buffer zone during the explosion), cracks were observed
locally on the Mg side because the number of slip systems
was insufficient to allow deformation of the Mg sheet under
the shock wave generated during explosive welding.

The microstructure of the welding interface and elemen-
tal mapping and line analysis of the AZ31-Al5005 composite
produced by explosive welding are shown in Fig. 2a—c, re-
spectively. A wavy interface was observed in the explosively
welded AZ31-A15005 composite (Fig. 2a).

The morphology of the interface was wavy (Fig. 2a) be-
cause the explosive loading was sufficient to produce a wavy
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interface. Straight and wavy interfaces can be formed be-
tween explosively welded materials. Increasing the explosive
loading increases the impact energy of the flyer plate, which
causes a transition from a straight to a wavy interface [5].
To further analyse the wavy interface formed by the explo-
sion, EDS mapping analyses were performed primarily for the
welding interface region, as illustrated in Fig. 3. Although al-
most the entire interface showed a sharp transition (Figs. 3
and 4), partially molten regions (Fig. 5) were also observed.
The presence of both Mg and Al in the crystal structures at
the interface indicates a sharp transition at the junction in-
terface. Fig. 4 shows a TEM image and diffraction patterns
of the Mg and Al sides of the joining interface shown in
Fig. 3a. Fig. 4a shows a representative HR-TEM micrograph
of the AZ31-Al15005 interface transition zone. As shown in
the upper area in Fig. 4a, the interplanar spacing was mea-
sured to be 0.2340 + 0.010 nm, which matches the (11-21)
reflection of Mg. The lattice spacing calculated from the up-
per region was 0.2032 £ 0.015 nm, which corresponds to
the (200) plane of Al. Nanometric grain boundaries were ob-
served because of the rearrangement of crystallites in different
orientations during the explosion. Furthermore, selected area
electron diffraction (SAED) indexing was conducted for qual-
itative phase analysis of the elements in the transition zone,
as shown in Fig. 4b. The four rings, consisting of continu-
ous diffraction spots, correspond to Mg (—1121), Al (200),
Mg (—1120), and Al (311), respectively, in the outward radial
direction.
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Fig. 3. (a) TEM image of welding interface in the AZ31-Al5005 composite, and (b,c) its elemental mapping analyses.

Local melted regions in the interface probably formed via
melting and solidification during explosive welding, in which
the kinetic energy between AZ31 and AI5005 during the ex-
plosion produced the required melting temperature. Ghaderi
et al. [11] reported that despite the high temperatures gen-
erated at the interface, the high velocity of the process and
immediate heat transfer to the bulk of the materials creates
conditions that are insufficient for melting or diffusion. How-
ever, they also observed that the eddy regions in which met-
allurgical changes occurred owing to the re-entrant jet caused
localised temperature increases and melting. The composi-
tional changes may have been caused by melting. Zhang et al.
[10] observed a diffusion layer in a AZ31B and Al6061 weld-
ing interface. They attributed this phenomenon to metallurgi-
cal bonding of the interface in the AZ31B/Al6061 composite
plates. In this study, intermetallic structures were also ob-
served (Fig. 6a and b), which were identified as MgzAl, and
Mg, Al; via SAED. As shown in the upper side of Fig. 6a, the
interplanar spacing was measured to be 0.2774 £+ 0.010 nm,
which is consistent with the (100) reflection of Mg. The lat-
tice spacing calculated from the lower region in Fig. 6a was
0.2290 £ 0.015 nm, which corresponds to the interplanar
spacing of the (1222) plane of Mg, Al;. These outcomes agree
to a great extent with the XRD results shown in Fig. 7. A
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closer examination of the 40°-60° region of the XRD data
showed that traces of some intermetallic phases were visi-
ble within the resolution limit of the XRD analysis. There-
fore, the XRD results, which are in good agreement with the
HRTEM and SAED indexing results, clearly show the forma-
tion of intermetallic phases generated by the combined effect
of the melting and solidification processes. Jonnard et al. [18],
Mofid et al. [19], and Wachowski et al. [20] reported the for-
mation of Mg;7Alj», MgsAly, and Mg, Alj intermetallic phase
in Mg—Al alloys and Mg—Al couples. It is thought that the for-
mation of these intermetallic structures is due to melting and
subsequent solidification. In the TEM investigation, no amor-
phous structures, which can form owing to the high cooling
rates (105-106 °C-s ~!) in the melting—solidification pro-
cess, were observed. Paul et al. [21] observed an amorphous
structure in carbon or stainless steel/Zr, carbon steel/Ti, and
stainless steel/Ta claddings. Nishida et al. [22] reported that
the interface of a Ti—stainless steel couple produced by explo-
sive welding had a sharp transition and an amorphous struc-
ture in a locally melted—solidified zone. The HRTEM images
(Figs. 4 and 6) suggest that the metals joined via metallurgical
bonding during explosive welding.

Two different microstructures were observed in the AZ31
magnesium alloy side near the interface, as shown in
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Fig. 4. (a) HRTEM image, and (b) diffraction pattern of the transition zone
of AZ31-A15005 interface.

Fig. 8a and b. The first was adiabatic shear bands (ASB),
which occurred only on the AZ31 side near the explosive
welding interface and originated from the interface. The sec-
ond was refined equiaxed grains, including twin structures due
to deformation.

Fig. 7 shows XRD patterns of the original Mg sheet and
Mg side of the AZ31-AI5S005 composite. After explosive
welding, the peaks shifted to lower angles owing to severe
plastic deformation.

3.2. Mechanical properties

The hardness values of the as-received Al5005 and AZ31
were 50 and 78 HYV, respectively. After the explosive weld-
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Fig. 6. The representative (a) HR-TEM image and (b) SAED pattern of the
composite, showing the presence of intermetallic phases.

ing process, the hardness of the AZ31 side of the composite
reached 120 HV near the interface, but it gradually decreased
to the original hardness away from the interface. Fig. 9 shows
the change in the hardness of the AZ31-AI5005 composite
with the distance from the interface. There was a similar trend
in the hardness on the AI5005 side. Severe plastic deforma-
tion caused an increase in hardness near the interface. During
the explosive welding process, the bottom surface of the flyer
plate (the Mg sheet) collides with the upper surface of the
base metal (the Al side) at a high velocity. Upon impact, the

Fig. 5. (a) SEM image of welding interface in the AZ31-A15005 composite, and (b) its elemental mapping analyses.
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Fig. 10. Charpy V-notch impact test results.
Fig. 9. The hardness of the AZ31-Al5005 composite.

kinetic energy is dissipated as heat through the surfaces of the  is insufficient time for recrystallisation to occur. Therefore,
plates or sheets. However, the increase in temperature is insuf- severe cold plastic deformation occurs at the interface, which
ficient to recrystallise the interface of the composite, or there is the reason for the increased hardness. However, owing to
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Table 2
Tensile test results of the AZ31-Al5005 composite.

Journal of Magnesium and Alloys 10 (2022) 1086—1095

Table 3
Corrosion parameters of the samples calculated from PDS curves.

Samples YTS, (Yield strength) Samples Ecorr MV)  Ieorr (WA-cm™2) Corr. Rate (mpy)
(MPa) UTS, (ultimate tensile strength) Original AZ31 —1510 111 106

(MPa) Strain Original 5005 Al —733 0.15 0.58

(%) AZ31-Al15005 composite —1259 453 336

Orfg?nal AZ3 170 290 1 The polarisation behaviour of the AZ31-A15005 composite was mostly sim-
Original 5005 Al 110 185 4 ilar to that of AZ31. However, the corrosion potential (E.or) of the explo-
AZ31-Al5005 composite 96 178 4 : ’ P corr P

To determine the toughness of the AZ31-AI5005 composite, Charpy impact
tests were conducted at +25, 0, —25, and —50 °C. The test results are shown
in Fig. 10.

the kinetic energy of the process, melted—solidified regions
can form locally, as explained in the microstructure section.
Therefore, the hardness near these regions can be lower than
that away from the interface.

The tensile test results for the AZ31-Al5005 composite
are summarised in Table 2. The results illustrate that the ten-
sile strength and yield strength of the composite were lower
than those of the individual components owing to the cracks
formed during the explosive welding process. It can be seen
from Table 2 that the elongation of the composite was lower
than that of the AZ31 magnesium alloy and similar to that of
the AI5005 alloy.

The impact energies of the AZ31-Al5005 composite var-
ied between 12 and 13 J at all temperatures. Decreasing the
temperature did not cause a significant change in the impact
strength. For body-centred cubic (BCC) metals, decreasing the
temperature causes a transition from ductile to brittle frac-
ture. The main reason for this, and the reason it does not
occur in FCC and HCP metals, is that BCC metals do not
have closed-pack planes. Atomic vibrations affect the defor-
mation (slipping) of metals, particularly at low temperatures.
However, with decreasing temperature, atomic vibrations de-
crease, and their contribution to slip is limited. Because BCC
metals do not contain close-packed atomic planes, this phe-
nomenon is more evident. While atomic vibrations are limited
at low temperatures in FCC and HCP metals, the high atomic
density of these crystalline metals in the close-packed planes
minimises the negative effect of low vibrations. As a result,
slipping is the most prominent ductile fracture feature and
plastic deformation mechanism in metals. Because the con-
tribution of atomic vibrations to slip at low temperatures is
limited, BCC metals show brittle fracture at low temperatures,
while they show ductile fracture at higher temperatures [23].
In addition, the number of slip systems in HCP metals is
low. Thus, ductile fracture does not occur in metals with this
crystal structure.

The fracture surfaces of the Mg and Al sides of the com-
posite showed the same characteristics at all temperatures
(Fig. 11). The AI5S005 surface had dimples, while there were
no dimples on the Mg side. The dimples are evidence of the
slip mechanism in metallic materials. Because the number of
slip systems in HCP metals is very low compared to those
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sively welded composite structure was nobler (+250 mV) compared to that
of AZ31.

in BCC and FCC crystalline metals, the Mg alloy fractured
without significant plastic deformation.

3.3. Corrosion test results

The polarisation curves (PDS) of the original metals and
explosively welded composite materials in 3.5% NaCl are
presented in Fig. 12. Some important corrosion parameters
calculated from these curves are listed in Table 3.

Undoubtably, aluminium and magnesium are popular be-
cause of their low densities. However, magnesium alloys are
not as widely used as aluminium alloys, primarily because
of their high sensitivity to corrosion, which is a major draw-
back that limits the widespread use of magnesium alloys in
industry. However, studies on Mg alloys with high specific
strength and corrosion resistance have increased in parallel
with technological developments [24,25].

Magnesium alloys have very poor corrosion resistance
when exposed to aggressive environments rich in chloride
ions, although they are resistant to atmospheric corrosion be-
cause of the protective oxide layer that typically forms on
their surface. Numerous different corrosion mechanisms can
be observed for Al and Mg alloys according to their alloying
components or thermomechanical history. The most common
mechanisms are pitting and transgranular corrosion. However,
galvanic corrosion occurs on Mg when Mg is in contact with
another metal that has a nobler electrochemical potential than
that of Mg [26]. Galvanic corrosion is also known as bimetal-
lic corrosion (or dissimilar metal corrosion) and should be ex-
pected in explosively welded materials. Heavy galvanic corro-
sion marks were observed on the explosively welded AZ31-
AIl5005 structure in this study (Fig. 13).

It is well known that corrosion reactions occur at the in-
flection points of the PDS curves of materials, which also
correspond to the E.o value. In this study, the steady-state
potentials of the original AZ31 and Al5005 alloys were calcu-
lated to be —1510 and —733 mV, respectively (Table 3). The
large difference between the E.., values of the original ma-
terials triggered galvanic corrosion in the explosively welded
structure. Thus, the corrosion rate of the explosively welded
structure increased owing to the high galvanic coupling be-
tween the AI5005 and AZ31 alloys (Table 3).

The corroded surfaces of the explosively welded structures
at different polarisation levels are presented in Fig. 14.
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Fig. 12. Potentiodynamic scanning (PDS) curves of the samples in 3.5%
NaCl.

Above the inflection points, the dissolution of the AZ31
matrix can be described by the Mg + 2e~— Mg>* anodic
reaction. In this stage (Fig. 14a), the AZ31 side of the explo-

Fig. 13. Formed galvanic couplings between Al5005 and AZ31 composite
structure after the corrosion tests.

sively welded metal corroded preferentially because its elec-
trode potential was lower than that of Al5005. Corrosion be-
gan at the A15005/AZ31 interface (marked with an arrow in
Fig. 14a). The decomposition of alloying elements in the orig-

Fig. 14. The corroded surfaces of the explosively welded structure during the different polarization levels.

1093



M. Acarer, B. Demir, B. Dikici et al.

inal materials in these regions was inevitable because of the
high temperatures generated at the interface during the weld-
ing process, which led to the formation of intermetallic phases
(Figs. 7 and 8). The cathodic character of the intermetallic
compounds in the interface, such as the B phase, also con-
tributed to the corrosion behaviour [26]. These compounds
increased the local cathode area in the interface. Corrosion
propagated into the Mg side (Fig. 14b) with increasing polar-
isation level. A Mg(OH),-based oxide layer formed on AZ31.
However, the magnesium oxide layer was very porous and
fragile. In addition, the layer only provided partial protection
owing to the occurrence of breaks and the porous structure
of the layer (Fig. 14c) [27,28]. Thus, the layer was exfoli-
ated from the surface owing to leakage of the electrolyte un-
derneath the layer. Consequently, more in-depth oxide films
formed on the AZ31 surface, as shown in Fig. 14d-f.

4. Conclusions

While different aspects of Mg and Al alloys were exam-
ined extensively in the context of the explosive welding pro-
cess, the interface characteristics and corrosion properties of
bimetals produced by this procedure seem to have received
only cursory attention in the open literature. Therefore, the
primary purpose of this study is to investigate microstruc-
ture, mechanical, and corrosion properties of joining inter-
faces of explosively welded AZ31 and Al15005 sheets within
the framework of process-structure-property-performance cor-
relation. For this purpose, the AZ31/A15005 bimetal compos-
ites were successfully produced via explosive welding. The in-
terfacial microstructure evolution, mechanical properties, and
corrosion resistance of explosively welded bimetal composites
were thoroughly characterized by SEM, XRD, HR-TEM, op-
tic microscopy, Vickers hardness, tensile, Charpy impact, and
corrosion tests. The key findings and the concluded remarks
could be summarized as follows.

* Explosive welding has been advanced with various
applications in the manufacturing industry. The pro-
cess has found chiefly commercial production in large
sheets/plates/tubes/pipes joining one similar or dissimilar
metals on another, especially for the automotive indus-
try and power plants. Explosive welding employed in this
study can be used to join the AZ31 Mg and Al5005 alloys.
Considering microstructural evaluation, a wavy interface
formed between the AZ31 and AlS005 alloys after ex-
plosive welding. Adiabatic shear bands and equiaxed fine
grains, including twin structures due to deformation, were
observed on the AZ31 magnesium side near the interface.
Metallographic observations showed that there was a sharp
transition from the Mg side to the Al side and that inter-
metallic phases (such as MgyAls and MgsAl,) formed at
the interface.

It was found that there was both a sharp transition from
two different metal sides to the other, as well as a tran-
sition with intermetallic phase formation, at the interface
formed after explosive welding process. Experimental re-
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sults and conducted detailed analyses showed a reasonable
agreement with each other.

According to mechanical characterization, the hardness of
the AZ31 and AI5005 sides of the composite decreased to
the original hardness away from the interface. Tensile test
results showed that the explosively welded AZ31-Al15005
structure had an acceptable yield strength, tensile strength,
and elongation. The toughness of the composite did not
vary with temperatures.

As expected, bimetallic corrosion occurred at the explo-
sively welded interfaces. Heavy galvanic corrosion marks
were also observed by SEM at the interfaces after the cor-
rosion tests.

The corrosion rate of the explosively welded structure in-
creased owing to the high galvanic coupling between the
Al5005 and AZ31 alloys.

The corrosion behaviour of the AZ31-Al5005 composite
in 3.5% NaCl was similar to that of AZ31. However, the
corrosion potential of the explosively welded composite
structure was nobler (+250 mV) compared to that of the
AZ31 alloy.

On the basis of the above discourses, this study’s outcomes
revealed that the interface characteristic was a critical ef-
fect on the microstructure, mechanical, and corrosion prop-
erties of end products, which still remains a blind spot in
the available literature regarding explosively welded Al-Mg
bimetallic composite systems.
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