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An AA5083 aluminum alloy plate and an SS41 steel plate were cladded by an explosive
welding method using an AA1050 aluminum alloy interlayer plate. The effects of the
interlayer thickness on the interface morphology and the shear deformation behavior of the
cladded plates were studied. The interfacial zone was composed of an intermetallic
compound, FeAl3, formed by the AA1050 interlayer. The intermetallic compound acted as a
crack source at the AA1050/SS41 interface, and the thickness and morphology of the
interfacial zone were depended on the thickness of the AA1050 interlayer. In a shear
deformation test, the crack propagation behavior varied according to the morphologies of
the interfacial zone, and the shear strength of the cladded plates decreased with the
interlayer thickness. C© 2003 Kluwer Academic Publishers

1. Introduction
The explosive welding of two different kinds of metal-
lic plates is achieved by the intensive deformation due
to high pressure and high temperature generated at the
collision point. Extensive researches on explosive weld-
ing have been focused on the microstructural changes
at the interface between the different kinds of metals
[1–4] and the effects of base plate or flyer plate on the
wave morphology in welded interfaces [5]. Most ex-
plosive welding processes have been performed with-
out any interlayer. However, depending on the material
pairs, the third material was introduced as an interlayer
[6, 7]. For example, when an aluminum bush-bar in an
aluminum refining factory is welded by an explosive
welding method, a titanium interlayer plate is inserted
between the steel and the aluminum to suppress the
formation of the brittle intermediate phase which plays
a deadly effect on lifetime of the cladded product. It
is also very difficult to weld directly the combination
of aluminum alloy and stainless steel plates. For this
combination, Hokamoto et al. [7] used another stain-
less steel plate as an interlayer in welding an Al-Mg
alloy and a stainless steel plate, and the interlayer lead
to changes in morphologies and mechanical properties
of interface.

Although the interlayer has been used to minimize
a brittle interfacial zone and to improve the weld-
ability, the study on the effects of the interlayer has
still been limited. In this work, the multiplates with
AA5083/AA1050(interlayer) aluminum alloys/SS41
steel sequence were manufactured by the explosive
welding method, and the variations of the interface mor-

phology and the shear properties with thickness of the
AA1050 aluminum alloy interlayer were investigated.

2. Experimental procedure
Fig. 1 shows a schematic illustration of the explo-
sive welding process. A single-shot explosion process,
which is welded at one shot, was conducted to cut down
cost and simplify process parameters. A 9 mm thick
steel (SS41) plate and a 5 mm thick aluminum alloy
(AA5083) plate were used as a base and a flyer plate,
respectively. The thickness of the AA1050 aluminum
alloy interlayer was varied from 0.2 to 2 mm. All the
plates were polished both mechanically and chemically
to obtain a clean surface before explosive welding. Ex-
plosive was packed on the flyer plate and a detona-
tor was set on one corner of the flyer plate, as shown
in Fig. 1. The chemical compositions of the AA1050,
AA5083 aluminum alloys, and the SS41 steel plate are
presented in Table I. The process parameters such as
explosive thickness, stand-off distance, and collision
angle were constant in this work. The direct welding
without an interlayer plate was also conducted under
the same welding condition for comparison with other
specimens with an interlayer.

The microstructures of each welded interface were
observed using the backscattered electron (BE) de-
tected attached to a scanning electron microscope
(SEM) and a transmission electron microscope (TEM).
In particular, the phase analysis of the interfacial zone
formed at the AA1050/SS41 boundary was conducted
from selected area diffraction (SAD) and convergent
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beam electron diffraction (CBED) patterns taken
by TEM.

To evaluate bond strengths at the AA5083/AA1050
and the AA1050/SS41 boundaries, a shear deforma-
tion test was performed, with the specimen designed
as shown in Fig. 2, using a tensile test machine

T ABL E I Chemical compositions of AA5083, SS41, and AA1050
used as flyer, base, and interlayer plate, respectively

Chemical composition (wt%)

Fe Si Mn Mg Cr Al

AA1050 0.24 0.12 <0.01 bal.
AA5083 0.9 4.5 0.15 bal.

C Si Mn Fe
SS41 0.12 0.27 0.72 bal.

Figure 1 Schematic illustration of explosive welding.

Figure 2 The shape and dimensions (in mm) of shear deformation test
specimen.

Figure 3 Backscattered electron (BE) images of the specimens explosively welded using the interlayer thickness of (a) 0.2 mm, (b) 0.5 mm,
(c) 1.0 mm and (d) 2.0 mm. The arrows indicate interfacial zone formed and two images showing upper and lower interface are shown together in
(b), (c), and (d).

(INSTRON) at a constant crosshead speed of
1.0 mm/min. The center line of the AA1050 aluminum
alloy interlayer was parallel to the longitudinal di-
rection of the specimen, as shown in Fig. 2, and
was aligned along a loading axis of the INSTRON.
Thus the two welded boundaries, AA5083/AA1050 and
AA1050/SS41, between the notches, were under the
same shear stress. The maximum shear strength and
elongation were obtained from an average of 5 shear
tests per specimen. After the shear deformation test, the
fractured surfaces were investigated by the BE image
mode. An area fraction of each phase on the fractured
surfaces was analyzed using Image-Pro 4.01 software.

3. Results and discussion
3.1. Microstructure of welded interface
The direct-welded AA5083 aluminum alloy/SS41 steel
plate without the AA1050 aluminum alloy interlayer
had so weak a bond strength that separation at the in-
terface took place during the flattening of the as-welded
plate. From this result, it was confirmed that it was very
difficult to weld the AA5083 aluminum alloy plate and
SS41 steel plate without a soft interlayer. In most cases
of explosive welding, the wavy shapes of the interface
were formed due to a fluid-like behavior of the mate-
rials under high pressure and high strain rate. In this
study, interfaces with shapes different from the wavy
shape were formed, as shown in Fig. 3, depending on
the thickness of AA1050 interlayer plate. The inter-
face shape of AA5083/AA1050 pair appeared almost
straight, irrespective of the interlayer thickness. On the
other hand, a new layer (interfacial zone) was formed
at the AA1050/SS41 boundary, as indicated by arrows
in Fig. 3, and irregular wavy interfaces were found be-
tween the interfacial zone and base plate (SS41). The in-
terfacial zone could be formed at high temperature due
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Figure 4 (a) Bright field image of interfacial zone, (b) selected area diffraction (SAD) pattern, and (c) convergent beam electron diffraction (CBED)
pattern taken by transmission electron microscope.

to the collision energy resulting from explosion. How-
ever, the morphological changing mechanism in forma-
tion of the interfacial zone has not clearly known yet.

A uniform interfacial zone was observed at the in-
terface of all specimens, except the specimen with the
0.2 mm-thick interlayer (Fig. 3a), in which it was found
to be discontinuous but only at the front vortex area of
the interface. On the other hand, the thickness of the
interfacial zone increased with interlayer thickness as
shown in Fig. 3b, c and d. This was attributed to the
fact that the loss of kinetic energy from the collision
was proportionate to interlayer thickness [7]. Internal
cracks were appeared in the interfacial zone, as shown
in Fig. 3, and were attributed to the combination of the
brittle nature of the interfacial zone itself and the dif-
ference in the thermal expansion coefficient of the ma-
terials at the interfacial zone/SS41 boundary or the
AA1050/interfacial zone boundary.

Detailed observations and phase analysis in the inter-
facial zone were conducted by TEM, and Fig. 4 shows
(a) a bright field image, (b) SAD pattern, and (c) CBED
pattern of the specimen with interlayer thickness of
1 mm. The interfacial zone was composed of nano-sized
grains. From SAD and CBED patterns obtained from
a grain among the nanocrystal grains, the nano-sized
grains were confirmed to be an intermetallic compound
with a crystal structure of FeAl3, which had the zone
axis of 〈112〉 and the cell volume of 1401.3Å3. There-
fore, the AA1050 interlayer lead to the formation of an
interfacial zone composed of FeAl3 intermetallic com-
pounds at AA1050/SS41 boundary, and the thickness
and morphology of the interfacial zone was depended
on the interlayer thickness.

3.2. Shear deformation
and fractographic analysis

The engineering shear stress and strain curves of the
welded specimens in Fig. 5 show the variation of the de-
formation behavior with interlayer thickness during the
shear test. Fig. 6 also shows the variation of maximum

Figure 5 The engineering shear stress and strain curves showing the
deformation behavior of welded specimens with interlayer thickness
during shear test.

Figure 6 Variations of maximum shear strength and total elongation
with interlayer thickness.

shear strength and elongation with interlayer thickness.
The specimen with interlayer of the thinnest thickness
(0.2 mm) showed the highest shear strength, which was
due to the second hardening, that indicates the extra
hardening appeared after the normal work hardening in
the plastic deformation region of the stress-strain curve.
This implies that some welded interface with a stronger
bond strength was acted as other routes for crack
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Figure 7 A side view (BE image) of the fractured specimen with 1.0 mm-thick interlayer showing the route of crack propagation. The upper AA1050
part is matched with a lower SS41 steel part at the fracture surface. The right edge of AA1050 part was disappeared after test. The label 1 and 2 are
interfacial zone (FeAl3) and AA1050, respectively.

propagation, which is explained in detail in Fig. 9. The
specimens with a thicker interlayer have a higher elon-
gation due to plastic deformation of the soft AA1050
aluminum alloy layer. On the other hand, the maximum
shear strength decreased with the interlayer thickness.
The dependence of the shear deformation properties
on the interlayer thickness can be clearly illustrated
through the fractography of the fractured surfaces.

Fig. 7 shows a side view (BE image) of the fractured
specimen with a 1.0 mm-thick interlayer. The regions
labelled 1 and 2 were analyzed as the interfacial zone
(FeAl3) and the AA1050, respectively. A line tracing
along the fractured surface indicates that cracks propa-
gated through very diverse routes. Most cracks propa-
gated along the interfacial zone/SS41 boundary, and the
remaining cracks penetrated the interfacial zone and at-
tacked some local parts of the AA1050 layer just above
the AA1050/interfacial zone boundary.

Fig. 8 shows the BE images of the fractured surfaces,
in which (a) and (b) are a pair of the fractured surfaces in
the specimen with the 0.2 mm-thick interlayer, and (c),
(d) and (e) are one side of the fractured surfaces with
0.5, 1.0 and 2.0 mm-thick interlayer, respectively. The
BE images of Fig. 8b, c, d and e were taken from the
surfaces including the base plate (SS41 plate) of two
fractured surfaces. EDS analysis from each fractured
surface were carried out parallel with the observation of
the fractured surfaces. All the specimens had a similar
surface morphology, like a group of islands, except the
specimen with the 0.2 mm-thick interlayer. In Fig. 8b,
c, d and e, the fractured surfaces generally consisted
of two distinct parts, the black part (AA1050) and the
gray part (SS41), and their counter surfaces were com-
posed of the AA1050 and the interfacial zone except for
the specimen with 0.2 mm-thick interlayer. The speci-
men with 0.2 mm-thick interlayer showed additionally
different features from the thicker specimens. A steel
component in the interfacial zone and a wide region of
AA5083 were exposed on the fractured surface of the
counter part as shown in Fig. 8a.

From the above results, two kinds of schematic dia-
grams detailing the crack propagation mechanisms with
the interlayer thickness are shown in Fig. 9. In the spec-
imen with the thin interlayer (0.2 mm-thick), there were
some regions without an interfacial zone, in which the
cracks propagated through an other route, such as the
AA1050/AA5083 boundary. Therefore, as can be com-
prehended from the Fig. 8a and b, the crack propagation
occurred together at two interfaces, AA5083/AA1050
and interfacial zone/SS41 boundaries, which is in
agreement with the reason why the second harden-
ing in Fig. 5 occurs; the AA1050/AA5083 boundary
has a higher bond strength than the SS41/interfacial
zone boundary. In the specimens with thicker interlay-
ers of 0.5 mm, 1.0 mm, and 2.0 mm, however, the crack
propagated through three routes; it split the interfacial
zone/SS41 boundary, cut across the interfacial zone,
and attacked partially the AA1050 plate just above the
AA1050/interfacial zone boundary. Most cracks prop-
agated along the interfacial zone/SS41 boundary. In ad-
dition, image analysis from the Fig. 8c, d, and e revealed
that the thicker interlayer increases the area fraction of
interfacial zone in contact with steel, in the order 45.4%,
50.7%, and 70%, on the fractured surface. This means
that the interfacial zone/SS41 boundary is weaker than
other interfaces, since the strength decreased with the
interlayer thickness, as shown in Fig. 6.

Therefore, it should be considered that the AA1050
aluminum alloy interlayer makes it possible for the
welded AA5083/SS41 plates to get good weldabil-
ity, while generating the interfacial zone between the
AA1050 and the SS41 steel plate. The interfacial zone
has two detrimental effects on the bond strength; one
is to initiate the cracks in the interfacial zone itself and
the other is to generate the weak interfacial zone/SS41
boundary. In order to improve the bond strength in ex-
plosive welding of an AA5083 aluminum alloy plate
and a SS41 steel plate, therefore, a thin interlayer has
to be used to minimize the formation of the brittle in-
terfacial zone.
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Figure 8 Back scattered electron images of the fractured surfaces, in which (a) and (b) are a pair of the fractured surfaces in the specimen with
0.2 mm-thick interlayer, and (c), (d) and (e) are one side (SS41 part like the Fig. 8b) of the fractured surfaces with 0.5, 1.0 and 2.0 mm-thick interlayer,
respectively.

Figure 9 Schematic diagrams about the variations of the crack propaga-
tion behavior with the interlayer thickness. (a) thin interlayer (0.2 mm-
thick), (b) thicker interlayer (0.5, 1.0, and 2.0 mm-thick).

4. Conclusion
An AA5083 aluminum alloy plate and an SS41 steel
plate were cladded by an explosive welding method us-
ing an AA1050 aluminum alloy as an interlayer plate.
Variations of the interface morphology and the shear de-
formation behavior depending on the interlayer thick-
ness were investigated.

1. The AA1050 interlayer generated the interfacial
zone (FeAl3) which included some cracks in all the
specimens. Exceptionally, a discontinuous interfacial
zone was formed in the specimen with the 0.2 mm-
thick AA1050 interlayer.

2. In the specimen with a thin interlayer (0.2 mm-
thick), the crack propagation occurred at the AA5083/
AA1050 boundary as well as the interfacial zone/SS41
boundary. Since the AA5083/AA1050 boundary has
higher bond strength than the interfacial zone/SS41
boundary, the maximum shear strength of the speci-
men was higher than in the specimens with the thicker
interlayer.

3. In the specimens with a thicker interlayer (0.5 mm,
1.0 mm, and 2.0 mm-thick), most cracks propa-
gated along the weak interface (interfacial zone/SS41
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boundary) and the remains of the cracks attacked some
inner regions of the AA1050 plate just above the
AA1050/interfacial zone boundary. By increasing the
thickness of the interlayer, the thickness of the gener-
ated interfacial zone increased, and the maximum shear
strength gradually decreased, since the area of the weak
interfacial zone/SS41 boundary increased.

4. In the case of explosive welding of AA5083
aluminum alloy plate and SS41 steel plate, the thin
AA1050 aluminum alloy interlayer plate enhanced the
bond strength and suppressed the formation of the brit-
tle interfacial zone.
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