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ARTICLE INFO ABSTRACT

Keywords: The influence of an interlayer on the microstructure and the mechanical behaviour of aluminium-carbon steel
Explosive welding and aluminium-stainless steel clads produced by explosive welding was studied. Different series of welds were
Weldability produced both with and without an aluminium interlayer, testing different welding parameters. The combina-

Solid-state processes
Dissimilar welding
Intermetallic phases
Interlayer

tion of aluminium to carbon steel presented a better weldability than aluminium to stainless steel. For both
couples, low-velocity welds presented the best microstructure and mechanical strength. The mechanical tests
showed that the aluminium to carbon steel joining did not benefit from the use of the interlayer. A joint with
good interfacial morphology and excellent tensile-shear properties was achieved by low-velocity direct welding,
with the fracture occurring outside the joining region. For the aluminium to stainless steel couple, the use of the
interlayer increased its weldability. However, the mechanical strength of the joint is restricted by the low
strength of the interlayer. The presence of intermetallic compounds at the weld interface, does not, by itself,
promote the poor-quality of the explosive weld. The way the interface accommodates and distributes these

intermetallics dictates the weld's quality.

1. Introduction

The impact welding processes present a great potential for joining
materials with very different physical properties and an easy formation
of intermetallic phases. Although high peak temperatures are locally
reached in impact welding, these processes present quite a short cycle
time, minimising the interaction of the welded materials under high
temperature. One of the main focuses of impact welding research has
been the dissimilar joining of aluminium (Al) and ferrous alloys, spe-
cifically, carbon steel (CS) and stainless steel (SS). These combinations
are of a very high technical interest due to enabling the combination of
the low density (light-weight components) and the excellent thermal
and electrical properties of the aluminium alloys with the low cost and
the strength of carbon steel or the high corrosion resistance of stainless
steels in a single component or structure. A proof of the scientific re-
levance of aluminium-steel joining by impact welding is the recent in-
crease in the works published in this field, such as the studies under-
taken by Carvalho et al. [1] in explosive welding of carbon steel and
aluminium; Geng et al. [2] in magnetic pulse welding of aluminium and
low alloy steel; Su et al. [3] in vaporising foil actuator welding of

aluminium and low alloy steel; and Wang et al. [4] in laser shock
welding of aluminium and stainless steel.

Among these processes, explosive welding is the most appropriate
process for the production of large clads [5], and is therefore of great
interest to many sectors for which the aluminium-carbon steel (Al-CS)
and aluminium-stainless steel (Al-SS) joining are especially relevant,
such as shipbuilding [6-8], automotive construction [9] or energy [10]
industries. Each application has its particularities and requirements
(such as corrosion resistance, fatigue, toughness), and authors like Kaya
[6] and Corigliano et al. [11] presented relevant contributions re-
garding the welding of aluminium with ferrous alloys, proving the
suitability of the explosive welding process for applications for alumi-
nium to steel joints. However, as studied by Carvalho et al. [1,12], if
thick and continuous intermetallic layers are formed at the interface of
Al-CS and AI-SS explosive welds, welding failure tends to occur. Car-
valho et al. [1] reported that this effect is mostly related to the physical
properties of the intermetallic phases. These researches pointed also
highlighted the detrimental effect of high collision point and impact
velocities on the joining of both combinations.

The Al-CS and Al-SS welding conditions can be improved by
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Table 1
Welding parameters.

Weld series

A.304-L A.1.304-L A.304-H A.1.304-H A.CS-L AICS-L A.CS-H A.LCS-H
Flyer plate AA6082 AA6082 AA6082 AA6082 AA6082 AA6082 AA6082 AA6082
Baseplate AISI 304 AISI 304 AISI 304 AISI 304 EN10130 EN10130 EN10130 EN10130
Interlayer - AA1050 N AA1050 - AA1050 - AA1050
Expl. mixture ANFO ANFO E + EPS E + EPS ANFO ANFO E + EPS E + EPS
R 2.5 2.5 1 1 2.5 2.5 1 1

decreasing the detonation velocity (V4) of the explosive mixture (and
consequently the collision point velocity (V.)) or the impact velocity of
the flyer plate. As decreasing the detonation velocity below a certain
value is especially difficult, the most straightforward strategy consists
in decreasing the impact velocity (V,), which can be achieved by in-
serting an intermediate plate between the flyer and the baseplate, i.e.
an interlayer [13]. This way, the flyer will first collide with the inter-
layer, losing velocity and kinetic energy before finally colliding with the
baseplate. This strategy has been tested for some combinations, such as
titanium alloys and stainless steel [14], titanium alloys and low-alloy
steel [15], titanium and magnesium alloys [16], titanium and alumi-
nium alloys [17], and aluminium and copper alloys [18].

Regarding the combination of aluminium and ferrous alloys, this
issue has been explored in only a few studies. Hokamoto et al. [19], on
the explosive welding of four different aluminium alloys (AA1100,
AA5083, AA2017, AA7075) to 304 stainless steel, reported that the
thickness of the intermetallic layer formed at the weld interface could
be decreased by welding with a stainless-steel interlayer. In turn, Han
et al. [20], concerning explosive welding of aluminium to carbon steel,
reported that consistent welds were achieved only when an AA1050
interlayer was used. These authors concluded that the increase in the
thickness of the interlayer promotes a decrease in the weld strength.
More recently, Aceves et al. [21], related to the explosive welding of
aluminium to stainless steel, studied the insertion of two interlayers in
the joint, i.e. a soft aluminium interlayer and a dissimilar interlayer.
Three different materials were tested for the dissimilar interlayer: ti-
tanium, tantalum, and copper alloys. According to these authors, the
highest weld strength was obtained with a titanium interlayer, while a
tantalum interlayer led to maximum ductility. Worse results were
achieved with a copper interlayer due to the formation of brittle in-
termetallic phases at the weld interface.

Although AI-CS and AI-SS explosive welding with an interlayer has
been studied in a few previous works, the analysis of the micro-
structural phenomena occurring at the interface and its effect on the
mechanical behaviour of the welds still requires more extensive re-
search. Moreover, studies relating the weldability of different alumi-
nium-ferrous alloy combinations to the effectiveness of welding with an
interlayer are very incipient. The comparison of the microstructure,
intermetallic formations and mechanical behaviour makes for a better
understanding of the phenomena occurring at the interface of these
welded combinations. So, the present research aims to study the in-
fluence of the interlayer on the microstructure and the mechanical
behaviour of Al-CS and Al-SS clads produced by explosive welding.
Different series of welds were produced with and without an interlayer,
testing different welding parameters. In order to characterise the mi-
crostructural and the mechanical properties of the welds in depth, a
broad range of techniques were used, such as optical microscopy,
scanning electron microscopy (SEM), energy dispersive X-ray spectro-
scopy (EDS), electron backscattering diffraction (EBSD), nanoindenta-
tions, and tensile-shear testing.

2. Materials and methods

Aluminium-carbon steel and aluminium-stainless steel clads were

manufactured by explosive welding. The base materials were 3 mm-
thick plates of AA6082-T6, EN10130 (DCO06) carbon steel, and AISI 304
stainless steel, with a hardness of 114 HVy 5, 99 HV 5, and 181 HV -,
respectively. Four weld series were produced for each welded combi-
nation. Two series were produced by direct welding (without an in-
terlayer), and two series were produced with an interlayer. The inter-
layer was a 1 mm-thick plate of AA1050, with a hardness of 40 HV ,.
The 6082 aluminium alloy was the flyer plate in all welds, while the
ferrous alloys were the stationary baseplate. All the welds were pro-
duced in a parallel full overlap joint configuration.

Regarding the explosives, two mixtures with different detonation
velocities were tested: an explosive mixture with a lower detonation
velocity (ANFO), and an explosive mixture with a higher detonation
velocity (emulsion-based mixture sensitised with expanded polystyrene
spheres: E + EPS) [22]. Two values of explosive ratio (R), which is the
ratio between the explosive mixture and the flyer masses, were used.
The explosive ratio of the welds produced with ANFO was 2.5, while
the explosive ratio of the welds produced with E + EPS was 1. The
stand-off distance (STD) was kept constant for each welding config-
uration. The direct welding was conducted with an STD of 4.5 mm,
while two STDs were defined in the welds produced with an interlayer:
the distance between the flyer plate and the interlayer was 4.5 mm, and
the distance between the interlayer and the baseplate was 1.5 mm. The
welding parameters used to produce the welds are summarised in
Table 1.

The nomenclature adopted for labelling the welds identifies the
flyer material (“A” for aluminium), the baseplate alloy (“CS” for carbon
steel or “304” for stainless steel), and the collision point velocity (“H”
for higher velocity and “L” for lower velocity). The welds produced
with an interlayer are identified with an “I”. So, A.304-L corresponds to
a direct weld in which an aluminium flyer was projected on a stainless
steel baseplate with a lower collision point velocity. In turn, the A.I.CS-
H designates a weld made between an aluminium flyer and a carbon
steel baseplate, using an interlayer and a higher collision point velocity.

The detonation velocity, which presents the same value as the col-
lision point velocity in parallel welding, was measured following the
procedure reported by Mendes et al. [23]. After welding, samples were
collected longitudinally to the welding direction and prepared for me-
tallographic analysis according to ASTM E3-11. The samples were ob-
served in an optical microscope, Leica DM4000M LED. The micro-
structure of the welds was also studied by SEM, in a field emission
scanning electron microscope, Zeiss Merlin VP Compact. This equip-
ment, which was equipped with EDS, was used to study the chemical
composition of the welds. The microstructural study was complemented
by EBSD, which was conducted in a field emission scanning electron
microscope, FEI Quanta 400FEG ESEM/EDAX Genesis X4M. The results
obtained were analysed with the software OIM Analysis. The mechan-
ical characterisation of the welds was conducted by nanoindentation
and tensile-shear testing. The nanoindentation tests were performed by
Micro Materials NanoTest equipment using a 30 mN load. The tensile-
shear tests were conducted in quasi-static loading conditions (0.5 mm/
min), using a 100 kN universal testing machine, Shimadzu AGS-X. The
geometries of the tested specimens are based on Athar and Tolamine-
jad's work [24] and three samples were tested for each weld series.
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Digital Image Correlation (DIC) by a GOM Aramis 5 M system was used
to acquire the local strain fields of the tested specimens. The surface
preparation of the specimens for the image acquirement was conducted
according to Leitdo et al. [25].

3. Results
3.1. Collision parameters and welding results

The impact velocity was computed for all weld series. For the
conventional direct welding, the impact velocity was calculated using
the equation presented by Kennedy [26] and reformulated by El-Sobky
[27], relating the impact velocity, the explosive ratio and the Gurney
velocity coefficient of the explosive mixture (Eq. (1)). The Gurney ve-
locity was estimated through an empirical correlation with the deto-
nation velocity obtained by Cooper [28] for ideal explosives:
J2E = V};/2.97. The limitations of this approach were discussed in detail
by Carvalho et al. [29].

3R 1/2
Vo pyer = N 2B (7)

R’ +5R + 4 1)

R is the explosive ratio (dimensionless) and JV2E is the Gurney ve-
locity coefficient of the explosive (ms™h.

In order to calculate the impact velocity for the welds produced
with an interlayer plate, a different approach must be used. After the
collision between the flyer and the interlayer, these plates remain at-
tached before colliding with the baseplate, and the impact velocity is
the velocity of the flyer and the interlayer set. An approximate method
to calculate the impact velocity consists of using the perfectly inelastic
collision theory and the momentum conservation. So, the impact ve-
locity of the final collision (Vpayer +intert), Was computed according to
Eq. (2).

Mayer Vogyer + Minterl. Vointer,

V; . =
Pflyer+interl
v Mflyer + Mingerl.

Miyer Vp flyer

:>Vp . = "7
flyer+interl
4 mﬂyer + Minterl. (2)

Vpfiyer+interl iS the impact velocity of the flyer and interlayer set,
Myyer is the mass of the flyer plate (kg), Vpayer is the velocity of the flyer
immediately before colliding with the interlayer (ms™ 1), Mypeen, is the
mass of the interlayer (kg).

Table 2 shows the collision point velocities measured, the impact
velocities computed and the welding result for all the weld series.
Among all the parameters tested, only the A.304-H series was un-
successful, with the separation of the plates after the impact. In Table 2,
the impact velocity values between parentheses would be the velocities
obtained if no interlayer was used, which are similar to the values
obtained by the direct welding with a similar collision point velocity. It
shows that the use of the interlayer reduced the impact velocity by
approximately 25%. This result is significant because it shows that this
welding strategy allows a reduction in the impact velocity and in the
energy lost in collision without changing the explosive ratio or the

Table 2
Values of collision point velocity, impact velocity and the welding result.

Weld series V. (ms™ ) Vo (ms™ Y Welding result
A.304-L 2300 703 Successful
A.1.304-L 1938 444 (592) Successful
A.304-H 2836 523 Unsuccessful
A.1.304-H 2734 377 (504) Successful
A.CS-L 1938 592 Successful
A.LCS-L 1938 444 (592) Successful
A.CS-H 2836 523 Successful
A.ICS-H 2734 377 (504) Successful
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Table 3
Results of the tensile-shear tests and the fractographic analysis.
Weld series Maximum load Fracture region Fracture
(kN) mechanism

A.CS-L Lowest 8.0 Interface Ductile

Highest 8.6 Outside the weld Ductile
(flyer)

A.CS-H Lowest 6.9 Interface Brittle
Highest 7.5 Interface Brittle

AICS-L Lowest 5.3 Interlayer Ductile
Highest 5.7 Interlayer Ductile

A.LCS-H Lowest 4.3 Interlayer Ductile
Highest 6.0 Interlayer Ductile

A.304-L Lowest  FDP - -
Highest FDP - -

A.304-H Lowest NT - -
Highest NT - -

AL304-L Lowest 5.8 Interlayer Ductile
Highest 6.0 Interlayer Ductile

A.1304-H Lowest FDP - -
Highest 4.7 Interlayer Ductile

FDP — specimen's failure during preparation.
NT — not tested due to weld failure.

* Fracture across the interlayer, with a small portion occurring at the inter-
layer/baseplate interface.

collision point velocity. Comparing the Al-SS series with high collision
point velocities (A.304-H and A.1.304-H), the insertion of the interlayer
allowed a good quality weld to be achieved.

3.2. Weld mechanical behaviour

The results of the tensile-shear tests are shown in Table 3. As three
specimens were tested per weld series, the table shows the lowest and
the highest values of the maximum load registered for each series as
well as the corresponding fracture region and mechanisms. The frac-
tographic study of the welds is illustrated in Fig. 1.

Regarding the mechanical behaviour of the Al-CS welds, the table
shows that the highest maximum load values were obtained for the
weld series produced by direct impact welding (A.CS-L and A.CS-H).
Among these series, better results were obtained for the welds produced
with a lower collision point velocity, i.e. the A.CS-L welds. For most of
the specimens of this series, the fracture occurred outside the weld
region (on the AA6082 flyer), with a ductile behaviour (Fig. 1a). This
indicates that the A.CS-L welding parameters provided good welding
conditions. Although one of the specimens fractured at the flyer/base-
plate interface (Fig. 1b), it presented a maximum load value that was
very close to the others as well as a ductile fracture.

The A.CS-H welds fractured at the flyer/baseplate interface, with a
brittle behaviour (Fig. 1c), resulting in a worse mechanical strength
compared to the lower velocity direct weld (A.CS-L). However, the
worst mechanical strength was presented by the welds produced with
an interlayer (A.I.CS-L and A.I.CS-H), which fractured across the in-
terlayer. The lower velocity specimens (A.L.CS-L) fractured exactly
across the interlayer, with a ductile morphology (Fig. 1c). This resulted
from the low strength of the interlayer material (AA1050), which was
weaker than the similar and dissimilar bonding interfaces. The higher
velocity specimens (A.I.CS-H) also fractured across the interlayer (with
a similar mechanism to Fig. 1c), but one of the specimens presented a
small portion of the fracture occurring at the interlayer/baseplate in-
terface, resulting in the lowest maximum load of all the Al-CS series.
The use of an interlayer for Al-CS joints did not result in an improve-
ment of the weld's mechanical strength.

Regarding the Al-SS welding, Table 3 shows that the use of an in-
terlayer had a positive effect on the mechanical behaviour of the welds.
Better mechanical properties were obtained by welding with an inter-
layer, using either lower (A.304-L vs A.1.304-L) or higher (A.304-H vs
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Fig. 1. Fracture surface micrographs of the Al-CS welds: (a) A.CS-L (ductile and outside the welding region), (b) A.CS-L (ductile at the interface), (c) A.CS-H (brittle at

the interface) and (d) A.I.CS-L (ductile through the interlayer).

 100pm

Fig. 2. Tensile-shear specimens from A.304-L weld that failed before testing
with a crack propagating directly through the intermetallic layer.

A.1.304-H) detonation velocity explosive mixtures. In fact, for a higher
collision point velocity, successful welding was only achieved with an
interlayer. While the A.304-H series failed to weld the plates, the A.304-
L series was consistent but cracked during the machining of the speci-
mens. The separation during machining occurred by the propagation of
a continuous and essentially rectilinear crack through the weld inter-
face (Fig. 2). In agreement with that observed for Al-CS welding, the
lower detonation velocity welds (A.I.304-L) presented the best me-
chanical behaviour, which fractured across the interlayer, with a duc-
tile fracture. As reported for the Al-CS welds, the mechanical strength of
the interlayered welds was also conditioned by the low strength of the

Fig. 3. Characteristic of the ductile fracture outside the welding region of A.CS-
L weld.

interlayer material.

Fig. 3 shows the longitudinal section of the specimens that fractured
outside the weld region (A.CS-L). As reported above, the interface was
able to withstand the testing stress, leading to a fracture in the alumi-
nium flyer. In turn, to characterise all the fracture types occurring at the
weld interface, Fig. 4 shows the strain distribution maps acquired by
DIC. The equivalent Von Mises strain at the maximum load is also
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A.1.304-L

(ductile fracture through the interlayer)

Fig. 4. DIC by GOM Aramis of each interfacial fracture: (a) A.CS-L (ductile at the interface), (b) A.CS-H (brittle at the interface) and (c) A.I.CS-L (ductile through the

interlayer).

illustrated in the figure. A.CS-L (Fig. 4a) and A.1.304-L (Fig. 4c) pre-
sented more deformation, which agrees well with the ductile behaviour
of the fractures, while A.CS-H (Fig. 4b) presented less deformation and
a brittle fracture. The interlayered weld presented the most intense
deformation because of the low strength and high ductility of the
AA1050 interlayer alloy, where the fracture took place.

Table 4 shows the results of EDS analyses conducted on each of the
fracture surfaces displayed in Fig. 1. The chemical composition of the
fracture surfaces corresponding to the fracture outside the welding re-
gion in the flyer plate (Fig. 1a) and the ductile fracture at the interface
(Fig. 1b) matches the chemical composition of AA6082 well. In turn,
both Al and Fe were detected in the fracture surfaces, associated with
brittle fracture at the interface (Fig. 1c). The fracture surface across the
interlayer (Fig. 1d), presented a pure aluminium composition, asso-
ciated with the AA1050 composition.

3.3. Weld interface analysis

After obtaining the mechanical strength and behaviour under ten-
sile-shear solicitation of the weld series, it is essential to perceive the
microstructural characteristics that led to each mechanical behaviour.
Fig. 5 shows the interface morphology of all the Al-SS welds. As re-
ported in Section 3.1, a consistent weld was obtained by direct welding
only by using a low collision point velocity (Fig. 5a). Using an inter-
layer, the welding was successful for both low and high collision point
velocities, as shown in Fig. 5c and d, respectively. Fig. 6 presents the
interface morphology of the Al-CS welds. No welding failure occurred
for both direct and interlayered welding. In Figs. 5 and 6 different
morphologies can be observed among the different configurations,
parameters and alloys.

The first feature to be analysed is the welding failure of the A.304-H
weld (Fig. 5b). The use of a high collision point velocity together with a
high impact velocity led to excessive interfacial energy, which resulted
in excessive melting and prevented successful bonding. However,
adding an intermediate plate (Fig. 5d), which led to a 25% decrease in
the impact velocity (and the energy lost in collision) for similar deto-
nation/collision point velocities, the weld was achieved.

The distinct morphologies found can be evaluated from several
points of views since they are related to the collision point velocity, the

Table 4

Chemical composition (atomic %) of the fracture surfaces.
Surface Al Mg Si Fe
Fig. 1a 96.7 1.6 1.7 -
Fig. 1b 99.0 1.0 - -
Fig. 1c 80.9 - - 19.1
Fig. 1d 100 - - -

explosive ratio, the interlayer and the properties of the welded alloys.
Each one of these parameters affects the interface in different ways. The
collision point velocity is usually related to melting on the interface and
jet entrapment [30]. The alloys' properties affect the phenomena oc-
curring at the interface since the difference in properties between the
flyer and baseplate is one of the features that dictates the possibility of
wave formation [29]. The explosive ratio, among other features, in-
fluences the interfacial shapes just like the wavelength and amplitude
[31].

For both AI-CS and Al-SS combinations, there are considerable dif-
ferences in the morphology of the Al/Al interface (flyer/interlayer)
between the lower and higher collision point velocities. This difference
is possibly related to the explosive ratio and impact velocity. The in-
terlayered welds conducted with ANFO (ratio of 2.5) in Figs. 5c and 6¢
presented much bigger waves than the welds conducted with E + EPS
(ratio of 1), in Figs. 5d and 6d. A similar characteristic was found at the
dissimilar interface for the AI-CS joints without an interlayer, i.e. the
welds produced using a higher explosive ratio (Fig. 6a) presented much
bigger waves than the samples produced with a lower ratio (Fig. 6b).
The Al-SS interface did not form waves regardless of the parameters.

The microstructural differences resulting from using different
baseplate alloys become evident from the level of deformation and the
presence of waves. While the carbon steel baseplate presented large
waves with a substantial plastic deformation (Fig. 6a and c), the
stainless steel baseplate did not present wave formation (Fig. 5a and c).
However, it should be noted that, for a higher collision point velocity
(Fig. 5d), the stainless steel baseplate presents more irregularities at the
weld interface, which possibly indicates a very initial stage of wave
formation.

The mechanical tests showed that the best results achieved for direct
and interlayered welding were the experiments with low collision point
velocities: A.304-L and A.I.304-L (AI-SS) and A.CS-L and A.I.CS-L (Al-
CS). An in-depth microstructural study of these welds was conducted to
understand the reasons underlying their improved mechanical strength.
EBSD analysis with Inverse Pole Figure (IPF) was used to identify the
deformation and recrystallisation characteristics of these four welds.
Fig. 7 shows the images for the Al-SS welds. There is no significant
difference between the A.304-L direct weld (Fig. 7a) and the A.1.304-L
interlayered weld (Fig. 7b) in terms of strain distribution or re-
crystallisation. The difference in mechanical behaviour between these
two series comes from the difference in the impact velocity and energy
lost in collision, which is slightly excessive in direct welding. This re-
sulted in a thicker interfacial layer (arrow) for the A.304-L direct weld
(Fig. 7a) that was fully continuous throughout the interface and con-
sequently led to poor mechanical behaviour compared to the weld with
an interlayer, A.I.304-L. The cracks on these layers indicate a brittle
nature.

On the other hand, the AI-CS welds with the best mechanical
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500 pm

Fig. 5. Morphology of the interface of the Al-SS welds: (a) A.304-L, (b) A.304-H, (c) A.1.304-L and (d) A.1.304-H.

strength (A.CS-L and A.I.CS-L), presented a high strain level and similar encompassing the interfacial phases with strongly-deformed grains
interfacial distribution. Both welds presented curled waves with a (Fig. 8a and b). The intertwined wave shape facilitates the bonding of
coiled shape formed from the steel, that rolled over themselves the plates and locks them together, leading to an excellent mechanical

500 ym 500 ym

500 um 500 um

Fig. 6. Morphology of the interface of the Al-CS welds: (a) A.CS-L, (b) A.CS-H, (c) A.I.CS-L and (d) A.I.CS-H.
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Interfacial
phases
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Interfacial
phases

Fig. 8. EBSD analysis by IFP of the Al-CS welds: (a) A.CS-L and (b) A.I.CS-L.

behaviour for both welds. Fig. 8b also shows the presence of a re-
crystallisation region within the wave (arrow), which is related to the
extreme conditions of temperature and strain occurring inside the
vortex. The difference in mechanical strength between these two welds
was dictated not by differences in microstructure or interfacial mor-
phology, but by the presence of the AA1050 interlayer that has a lower
strength compared to the flyer and baseplate materials.

Comparing the Al-SS and AI-CS welds, the stronger bonding
achieved by the Al-CS welds agrees well with the higher levels of in-
terfacial deformation. For the Al-CS welds, the base material deformed
in a curled shape while the Al-SS welds did not present a significant
deformation that could bond the materials and interrupt the continuity
of the interfacial layer.

Figs. 9 and 10 show the SEM analysis for the Al-SS and Al-CS welds,
respectively. Table 5 shows the EDS chemical composition results.
Analysing the results for the Al-SS welds, both series presented a con-
tinuous interfacial layer, which was thicker for the direct weld than for
the interlayered weld. The chemical compositions (regions 1 to 4 in
Table 5) consist mainly of Al and Fe (with the presence of Cr, Ni, Si and
Mg). Extremely high nano-hardness values, ranging between 4.7 and
12.4 GPa, were also measured in these zones (Fig. 11a and b). The
brittle nature, the nano-hardness and the mixed composition match the
properties of intermetallic phases. The relative quantity of Al and Fe in
the intermetallic layer varied according to the zone under analysis. The
EDS analyses show that for the direct welding (Fig. 9¢), there is a lower
presence of Fe than in the interlayered welding (Fig. 9d). The mor-
phology inside these interfacial layers is also quite different, becoming
more complex with an increase in the participation of iron (Fig. 9c and
d.

Fig. 10 shows that the interface morphologies of the Al-CS welds are
quite similar. Despite having the same baseplate, the interfacial alloy in

contact to the steel is different (AA6082 flyer or AA1050 interlayer),
and therefore, the chemical compositions of regions 5 to 8 presented a
slight difference regarding the Si and Mg which are present in the
AA6082 direct weld. Table 5 shows that both interfacial layers pre-
sented a mixed Al—Fe composition and an extremely high nano-hard-
ness, ranging between 3.9 and 12.8 GPa (Fig. 11c and d), which con-
firms that it is also a brittle intermetallic material.

The Al-CS welds presented more heterogeneous compositions in
which, depending on the location within the intermetallic layer, the
composition is Al-richer or Fe-richer. The intermetallic morphology of
both the direct and interlayered welds is similar, with some dendrites
indicating melting in these regions. Compared to the Al-SS welds, the
composition in these zones is simpler, essentially composed of iron and
aluminium with an increased participation of iron.

Paul et al. [32] discussed the complexity of the definition and
characterisation of an entire intermetallic region of explosive welded
samples. The extreme characteristics of this process result in transfor-
mations that are far from equilibrium and favour the formation of
metastable intermetallic phases [33,34] and hinder an accurate iden-
tification of all the different intermetallic phases that may be present
within an entire intermetallic layer in an explosion joint. Carvalho et al.
[1] identified Fe4Al;5 and Fe,Als at the interface of dissimilar alumi-
nium and carbon steel welds. The formation of these phases in the in-
termetallic volumes of the present Al-CS welds is likely. Regarding the
Al-SS welds, the range of possible phases is even higher, considering the
significant presence of alloying elements in the stainless steel that could
form more complex intermetallic phases. However, rather than identi-
fying each phase within the intermetallic layer, what is important in
explosive welding is to understand how the intermetallics are dis-
tributed at the weld interface and their effect on the mechanical
properties of the joint.
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Fig. 9. SEM analysis of the Al-SS welds and EDS locations: (a) A.304-L and (b) A.1.304-L.

4. Discussion

Analysing the mechanical performance and the welding results, it is
clear that the Al-SS combination presents a worse weldability than Al-
CS. In fact, the Al-SS weld benefits from the use of the interlayer plate
because it widens the range of possible parameters. The energy loss
caused by the intermediate collision of the flyer plate with the inter-
layer allowed consistent Al-SS welds even for high detonation velo-
cities. Without the interlayer, the difference in physical properties

between the flyer and the baseplate prevented the achievement of good
quality welds, and even the consistent welds failed during the pre-
paration of the tensile-shear specimens. Moreover, although some au-
thors [12,35] have proved the collision point velocity limitations for
aluminium-flyer welds, the impact velocity also has a significant in-
fluence on the achievement of consistent welds. This is proved by the
Al-SS interlayered welding with a higher collision point velocity
(A.I.304-H) in which the lower impact velocity made the weld possible.

Regarding the intermetallic distribution and composition, there is a

Fig. 10. SEM analysis of the Al-CS welds and EDS locations: (a) A.CS-L and (b) A.I.CS-L.
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Table 5

Chemical composition (atomic %) of the intermetallic material.
Region Al Fe Cr Ni Si Mg
1 88.5 7.2 2.0 1.0 0.6 0.7
2 86.9 10.1 3.0 - - -
3 74.4 18.7 5.2 1.8 - -
4 82.4 12.7 3.5 1.3 0.1 -
5 47.8 51.6 - - 0.5 0.1
6 59.6 39.3 - - 0.5 0.6
7 92.3 7.7 - - - -
8 78.7 21.3 - - - -

very close relation between the interface morphology and micro-
structure, and the formation and distribution of the intermetallic
phases. While there was no wavy formation on the Al-SS welds, big
curled waves were formed on the Al-CS welds, indicating a strong re-
lative movement between the materials at the interface. In fact, despite
having the same flyer plate and the same welding parameters, the
dissimilarity of the properties between carbon steel and stainless steel
(especially thermal conductivity and hardness) led to extremely con-
trasting morphologies, especially for low collision point velocities. This
shows that the parameter requirements for wave formation (process
velocities and ratio) on the stainless steel are higher than for the carbon
steel. The differences in properties between stainless steel and alumi-
nium usually make it very difficult to achieve these high requirements
and lead to welding failure [12].

The intertwining of the alloys in Al-CS welding leads to a more
significant mixing of the elements when comparing the two alloy
combinations. Nevertheless, despite a stronger mixing and interaction,
the curled waves' microstructure, circling and interrupting what would
have been a continuous intermetallic layer, led to a much stronger
anchorage and metallurgical bonding. These characteristics were evi-
denced during the tensile-shear tests, where the Al-CS welds presented
the best mechanical strength. Fig. 12 shows this phenomenon in detail.
There is no location where a fracture could propagate only through the
brittle intermetallic material. These curled waves with a coiled shape
are reported in several works, and they are usually achieved in ex-
plosive welding of materials with notable density differences such as Al-
CS in this work and in [36], Al—Cu [24,37,38], Ta—Cu [39,40], Ta-SS
[41] and Ti—Fe [42,43]. In all these works, the wave is formed by the
material with the highest density.

Ve e s

5.6 5688588

20 um

Materials Characterization 155 (2019) 109819
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Fig. 12. Interfacial morphology of the A.CS-L weld. Coiled shape curled waves
surrounding the intermetallic material.

On the other hand, the Al-SS interface with the presence of a con-
tinuous intermetallic layer was harmful to the mechanical properties.
This is clear from analysing the machined tensile-shear samples in
Fig. 2, where there is a continuous crack throughout the interface that
led to the separation of plates. Also, welding 304 stainless steel leads to
the presence of alloy elements (like chromium and nickel) that will
form more complex brittle intermetallic phases with iron. As a result, a
continuous, brittle intermetallic layer with diverse intermetallic phases
is formed. The flat morphology of the interface does not facilitate the
anchoring of the welded materials in a way that could neutralise the
brittleness and the harmful effects of the intermetallic phases.

In explosive welding, it is becoming clear that only the presence and
quantity of intermetallics is not enough to explain the quality and
strength of a weld joint. The results show that it is essential to under-
stand how the intermetallics interact with the stress mechanisms that
will act at the joint. Indeed, the intermetallic phases in dissimilar
welding are often very hard and brittle, and therefore, harmful to the
mechanical properties. However, specifically in explosive welding,
where bulk melting is not present, the intermetallic formation is also a
sign of metallurgical interaction and has been reported by several au-
thors [12,44] as being present in most of the good quality joints. When
welding alloys that easily form intermetallic phases (like Al-Cu, Al—Fe
and Al-Ni), the absence of intermetallic formation usually suggests a
lack of interaction and insufficient energy applied since the

Fig. 11. Nano-hardness values (GPa) measured in the intermetallic material of the welds: (a) A.304-L, (b) A.1.304-L, (c) A.CS-L and (d) A.L.CS-L.
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intermetallic formation is almost inevitable for these combinations.
Therefore, the main characteristic to seek in the explosive welding of
dissimilar materials is not the complete absence of intermetallic for-
mations, but to perceive how the intermetallics are inserted in the joint
in terms of distribution, shape and morphology. It is necessary to
achieve an appropriate metallurgical interaction, avoid thick and
completely continuous layers, and obtain interfacial morphologies that
can accommodate deformation and stresses, avoiding these being di-
rected precisely on the intermetallics.

5. Conclusions

The influence of interlayered welding on the microstructure and the
mechanical behaviour of aluminium-carbon steel and aluminium-
stainless steel clads produced by explosive welding was studied in this
research. Different series of welds were produced with and without an
interlayer, testing different welding parameters. The morphology and
the microstructure of the weld interface were evaluated as well as their
effects on the mechanical behaviour of the welds. The following con-
clusions can be reached:

e The combination of aluminium to carbon steel has a better weld-
ability than aluminium to stainless steel. For both combinations, the
low collision point velocity experiments were always better in terms
of microstructure and mechanical performance.
The use of the aluminium interlayer improved the weldability and
the mechanical performance of aluminium to stainless steel welds,
although the weld's mechanical strength was restricted by the low
strength of the interlayer. On the other hand, it had no beneficial
effect on the mechanical properties of the aluminium to carbon steel
welds. An aluminium to carbon steel joint with excellent tensile-
shear properties was achieved by low-velocity direct welding, with
the fracture occurring outside the joining region.
® The presence of hard and brittle intermetallics by itself does not
indicate a poor-quality explosive weld. The way that the interface
accommodates and distributes the intermetallic dictates the weld
quality. Weld interfaces with morphologies that can prevent the
intermetallics from being regions favourable to an uninterrupted
propagation of a brittle fracture through the interface present the
best mechanical behaviour.

Data availability
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be shared at this time as the data also forms part of an ongoing study.
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