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A B S T R A C T

The formation of intermetallic structures at the interface of carbon steel to 6082 aluminium alloy explosive
welds and their influence on the weldability of these two materials were studied. The morphology, the micro-
structure, the chemical and phase compositions of the welds were characterised by several types of microscopy
techniques. The interface characterisation proved that explosive mixtures with a lower detonation velocity were
revealed as being more suitable for achieving consistent welds since jet entrapment was prevented and con-
tinuous molten layers were not formed at the weld interface. It was also found that the physical properties of the
intermetallic phases generated at the weld interface have a strong influence on the weldability of steel-to-
aluminium explosive welds. Specifically, it was shown that the formation of aluminium-rich intermetallic phases
at the weld interface increases the solidification time of the interfacial molten material, decreasing the weld-
ability of these two materials. The formation of these intermetallic compounds should be avoided by reducing
the interaction between the flyer and the baseplate as well as by avoiding excessive molten layers.

1. Introduction

Aluminium to steel (Al-Fe) joining has a very high economic and
technical interest for many industries, since it makes possible to de-
velop engineering solutions, which combine the lightweight and the
high thermal and electrical conductivities of aluminium with the low
cost and the high structural strength of steel. However, these metals are
very difficult to join through the conventional welding techniques,
because they present huge differences in their physical properties as
well as having a very high susceptibility to generating brittle inter-
metallic phases. Sound joining of these materials requires that both the
volume of the interacting material and the interaction time under high
temperature are minimised. This may be achieved through explosive
welding [1] and magnetic pulse welding [2], i.e. two impact-loading
welding technologies, which, despite being conceptually different,
share several operating principles. However, despite occurring in a very
narrow region of the weld interface and for a very short time, the in-
teraction of both materials also exists in these processes. So, it is crucial
to characterise the morphological and the microstructural properties of

the weld interface to understand the thermomechanical phenomena
occurring at this zone, which have a decisive influence on the welding
results [3].

The morphology of the Al-Fe weld interface has been characterised
by many authors. Tricarico et al. [4], in explosive welding of AA5083 to
ASTM A516 carbon steel plates, reported the formation of a wavy in-
terface all along the weld length. However, most of the authors have
reported the formation of a weld interface with a hybrid morphology,
i.e. partially flat and partially wavy. Yu et al. [5], in magnetic pulse
welding of AA3003 to AISI 1020 carbon steel tubes, reported the for-
mation of an interface in which wavy regions were intercalated with
flat regions along the weld length. In turn, Yu and Tong [6], in magnetic
pulse welding of AA1060 to GB Q235 carbon steel base plates, instead
of observing intercalated morphologies, detected both interface
morphologies occurring simultaneously all along the weld length. A flat
morphology was observed at the interface between the aluminium alloy
and an Al-Fe mixed layer, which was formed between both welded
metals, and a wavy morphology was observed at the interface between
this layer and the steel plate.
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Some studies have already been performed to characterise the mi-
crostructure of the weld interface, and especially, the properties of the
aforementioned Al-Fe layer, which is also denominated the transition or
intermediate region. Li et al. [7], in explosive welding of AA5083 to GB
Q345 low-alloy steel plates, reported the formation of discontinuous
transition regions, which were intercalated with direct bonding zones.
The transition regions were reported to present a molten morphology
and to be composed of the intermetallic phases FeAl2 and Fe2Al5. In
turn, Aizawa et al. [8] reported the formation of two different transition
regions in explosive welding of AA1100 to JIS SPCC carbon steel plates,
which were formed at the rear and the front sides of the interfacial
waves. In agreement with Li et al. [7], the rear side regions, in which
dendrite branches, voids, and cracks were observed, were reported to
result from localised melting and solidification. The intermetallic
phases Fe2Al5 and FeAl3 were identified in these regions. On the other
hand, no evidence of local melting was observed on the front side
transition zones, which were composed of a dispersion of Fe particles
over an Al matrix. The authors reported that these regions were formed
by Al-Fe mixing in a solid state.

A few recent studies have also addressed the crystallinity of the Al-
Fe transition layer to further understand the metallurgical phenomena
occurring at the weld interface. Fan et al. [9], in magnetic-pulse
welding of AA1060 to AISI 1020 carbon steel tubes, reported the for-
mation of an amorphous layer, with a few nanometres, at the Al/Fe
interface. Although no intermetallic phases were detected, the inter-
diffusion of the Al and Fe elements across the interface promoted a
composition gradient in this layer. According to the authors, the loss of
crystalline structure within the interfacial layer was induced by the
instability of the mechanical lattice during the high-strain-rate impact
and by interdiffusion at temperatures below the melting temperature.
The amorphisation of the transition layer was also reported by Yu et al.
[10], in magnetic pulse welding of 5A02 aluminium alloy to AISI 304
stainless steel tubes. The transition layer was reported to be composed
of an amorphous Al-rich matrix in which a nanoscale Fe-rich ordered
phase was scattered.

Although some work on the weld interface characterisation has al-
ready been conducted, the influence of the formation of interfacial in-
termetallic structures on the Al-Fe weldability by impact welding re-
mains unexplored. So, the aim of the present research is to study the
formation of intermetallic structures at the interface of carbon steel to
AA6082 explosive welds and their influence on the weldability of these
materials. The morphology, the microstructure, the chemical and phase
compositions of the welds were characterised using several character-
isation techniques, such as optical microscopy, scanning electron mi-
croscopy (SEM), energy dispersive spectroscopy (EDS), electron back-
scatter diffraction (EBSD), and microhardness testing.

2. Experimental Procedure

Four series of Al-Fe explosive welds were produced by projecting 3
mm-thick plates of EN DC06 carbon steel over 15mm-thick plates of
AA6082-T6. The hardness values of the carbon steel and the aluminium
alloy are 116 HV0.2 and 111 HV0.2, respectively. All the welds were
produced in a full overlap joint configuration. Regarding the explosive
mixture, two weld series were produced with an ANFO-based mixture
and two series were produced with explosive emulsion-based mixtures
(EE). The explosive emulsion mixtures were sensitized with hollow
glass microspheres (HGMS) in one series and with expanded poly-
styrene (EPS) in the other series. The use of these sensitizers in ex-
plosive welding was studied in detail by Mendes et al. [11]. Different
explosive to flyer mass ratios (explosive ratios) were used in the four
weld series. The stand-off distance was the same in all welds. The
welding conditions are summarised in Table 1. As displayed in the
table, the nomenclature used for labelling the welds identifies the ex-
plosive mixture and ratio. For example, the EE-PS5 weld was produced
with the explosive emulsion sensitized with EPS, using an explosive

ratio of 0.53, and the AF-9 weld was produced with ANFO, using an
explosive ratio of 0.93.

The detonation velocity of the explosive mixtures was measured
following the procedure reported in Mendes et al. [12] for all the weld
series. After welding, samples were removed longitudinally to the
welding direction and prepared for metallographic analysis according
to ASTM E3-11. A Leica DM4000M LED optical microscope was used to
observe the welds. The microstructural characterisation was com-
plemented by SEM, using a field emission scanning electron micro-
scope, Zeiss Merlin VP Compact. This equipment was provided with
EDS, which was used to analyse the chemical composition of the weld
interface. The phase composition of the weld interface was analysed by
EBSD, using a field emission scanning electron microscope, FEI Quanta
400FEG ESEM/EDAX Genesis X4M. The indexing of the EBSD patterns
was conducted using Genesis and Delphi software applications. The
mechanical properties of the welds were characterised by microhard-
ness testing, which was conducted using Struers Duramin equipment.
Measurements with a testing load of 25 g were performed at the weld
interface.

3. Results and Discussion

3.1. Welding Parameters and Weldability Window

Table 2 shows the values measured for the detonation velocity (Vd)
and the values calculated for the impact velocity (Vp) and the collision
angle (β). Vp and β were computed using the Gurney equation for a
dimensional problem in parallel configuration (Eq. (01)) [13, 14] and
with a relation between both velocities and β (Eq. (02)) [13].
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R is the explosive ratio (dimensionless) and 2E is the Gurney
characteristic velocity of the explosive (m·s−1). This parameter was
estimated through an empirical correlation obtained by Cooper [15] for
ideal explosives, =2E V /2.97d .

Table 1
Welding parameters of the EE and AF welds.

Welds

EE-PS5 EE-HG6 AF-9 AF-6

Flyer plate alloy EN DC06
steel

EN DC06 steel EN DC06
steel

EN DC06
steel

Base plate alloy AA6082-T6 AA6082-T6 AA6082-T6 AA6082-T6
Configuration Full overlap Full overlap Full overlap Full overlap
Explosive EE+EPS EE+HGMS ANFO ANFO
Flyer plate

thickness
3mm 3mm 3mm 3mm

Base plate
thickness

15mm 15mm 15mm 15mm

Explosive ratio 0.53 0.68 0.93 0.69
Stand-off distance 4.5mm 4.5 mm 4.5 mm 4.5mm

Table 2
Values of detonation velocity, impact velocity and collision angle for the EE and
AF welds.

Welds Vd (Vc) (m·s−1) Vp (m·s−1) β (°)

EE-PS5 3172 372 7
EE-HG6 3514 497 8
AF-9 2300 404 10
AF-6 2072 296 8
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Based on previous research [12], the detonation velocity of the
explosive mixtures was found to be strongly influenced by the explosive
type. Much higher detonation velocity values were registered in the
welds produced with the explosive emulsion. In turn, the calculated
impact velocity and collision angle were found to be influenced by both
the type of explosive and the explosive ratio (Eqs. (01) and (02)).

Fig. 1 shows the weldability window obtained for the carbon steel-
AA6082 pair. This tool is a graphical approach that relates the collision
point velocity to the β angle. It is composed of four limits: The left,
lower and upper limits were computed according to Eq. (03) [16], Eq.
(04) [17] and Eq. (05) [18], respectively. The right limit was plotted by
defining the maximum Vc for jetting formation as the bulk sound speed
in the material [19].
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2
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RT is the Reynolds number, ρflyer and Hflyer are the density (kg·m−3)
and the hardness (Pa) of the flyer plate, ρbase and Hbase are the same
parameters of the baseplate.
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k is a constant related to the surface roughness and cleanliness, HH

is the hardness of the harder material (Pa) and ρfb is the average density
of the welded materials (kg·m−3).
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Tm flyer is the melting temperature (°C), CB flyer is the bulk sound
speed (m·s−1), λflyer is the thermal conductivity (W·m−1·K−1), cflyer is
the specific heat (J·kg−1·K−1), δflyer is the thickness (m) and N is a
constant [20]. All these parameters concern the flyer plate.

Although the weldability window is a very empirical tool, especially
developed for similar welding, it provides an indication of the re-
quirements that enable the production of consistent welds, which cor-
responds to the graphical area inside the four limits. From Fig. 1 it can
be observed that the AF welds are framed within the acceptable welding
region. These welds are expected to be consistent, displaying con-
tinuous and wavy interfaces. On the other hand, the EE welds, which
are framed above the top limit of the window, are expected to present
excessive interfacial melting. Specifically, this limit was defined based
on the Wittman condition [18], which establishes that no consistent
welds are achieved if a continuous molten layer is formed at the weld
interface.

3.2. Morphology and Microstructure of the Interface

Micrographs of the interface of the EE and AF welds are illustrated
in Fig. 2. As summarised in Table 3, the interface of the welds presented
important differences according to the welding conditions. Fig. 2a and b
show that the interface of the EE welds is divided into two parts, i.e. the
flyer and the baseplate separated after the impact. In agreement with
the results of the weldability window (Fig. 1), no effective joining of the
welded materials was found to occur at the interface of these welds.
Regarding the welds produced with ANFO, the interface was found to
be consistent. However, while the interface of the AF-9 weld was uni-
form along all the weld length (Fig. 2c), the interface of the AF-6 weld
was consistent only for part of the length (Fig. 2d and e). These results
are in partial agreement with the weldability window, since consistent
welds, with effective joining along the entire interface, were expected
for both the AF welding conditions.

As illustrated in Fig. 2, the interface of all the welds presented a flat
morphology. Neither well-defined symmetrical waves, usually observed
in similar welding [21], nor well-defined asymmetrical waves, already
reported in Al-Fe [22] and Al-Cu welding [21], were formed at the
interface of the welds. As indicated in Table 3, some irregularities, of
very small amplitude, were observed at the interface of the EE-PS5
(Fig. 2a), EE-HG6 (Fig. 2b) and AF-9 (Fig. 2c) welds. This feature has
already been reported in Cu-Al welding (copper as the flyer plate) [23].
Only the interface of the AF-6 weld, which was produced with the
lowest detonation and impact velocities, presented a fully flat mor-
phology without irregularities (Fig. 2d and e). The interface mor-
phology of all welds is not in good agreement with the weldability
window, since the welds were located on the right side of the Cowan
limit (left limit in Fig. 1), and consequently, wavy interfaces were ex-
pected to form. However, the morphology observed concur with the
conclusions from Carvalho et al. [24]. According to these authors, there
is no formation of interfacial waves in welds where the flyer plate has a
much higher density and melting temperature than the baseplate.

Regarding the microstructure of the welds, a flat and elongated
grain structure was observed at the interface, especially for the steel
(Fig. 2). This structure is widely reported in the literature and results
from the strong plastic deformation promoted by the impact [8].
However, from Fig. 3, in which a SEM/EBSD micrograph of the inter-
face of the EE-HG6 weld (registered on the steel side) is shown, it can be
observed that the deformed grain structure evolves to a refined grain
structure in the regions nearest to the weld interface. These two ad-
jacent subzones result from a gradient in temperature and plastic de-
formation near the weld interface. The most extreme temperatures and
pressures experienced in the regions nearest to the interface promoted
the dynamic recrystallization of the grain, which led to the formation of
a refined microstructure. As explosive welding is a very short-cycle
process, the grains experienced a very fast thermal cycle, which pre-
vented their growth [25].

Fig. 2 also shows the formation of a transition region at the interface
of the welds. The morphology and the thickness of this region varied
according to the welding conditions (Table 3). As illustrated in Fig. 2a
and b, continuous transition layers were formed in the EE-PS5 and EE-
HG6 welds. The average thickness of these layers was 33 μm (EE-PS5)
and 48 μm (EE-HG6). In turn, much thinner transition regions were
formed in the AF welds (Table 3). Fig. 2c and d show that these regions
were not continuous, consisting of localised material pockets. Specifi-
cally, these pockets were even smaller and scarcer in the AF-6 weld,
existing only in part of the weld length (Fig. 2d), where effective joining
occurred. No signs of transition material were visible in the dis-
continuous part of this weld (Fig. 2e).

3.3. Composition of the Interface

Fig. 4 shows SEM micrographs of the transition regions of the welds.
The chemical composition of these regions, which was analysed in the

Fig. 1. Weldability window obtained for the EE and AF welds.
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zones indicated in the micrographs (zones 1 to 9), is displayed in
Table 4. It can be observed that the morphology of the transition layers
of the EE-PS5 (Fig. 4a and b) and EE-HG6 (Fig. 4c and d) welds is very

similar. Most of the area of these layers is composed of a light grey
material, although some darker regions can also be observed. According
to Table 4, the light grey material regions (zones 1 and 4 in Fig. 4b and

Fig. 2. Micrographs of the interface of the welds: (a) EE-PS5, (b) EE-HG6, (c) AF-9, (d, e) AF-6.
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d) present a hybrid Al-Fe chemical composition, which is richer in Al. In
turn, the darker regions (zones 2 and 5 in Fig. 4b and d) are essentially
composed of Al. Fig. 4a and c show that there are also some islands
exclusively composed of Fe (Table 4, zone 3 in Fig. 4b) in the transition
layer.

As illustrated in Fig. 5, the phase composition of the transition layer
of the EE-HG6 weld was analysed by EBSD. The pictures on the left are
the Kikuchi patterns acquired in the analysis zones indicated in Fig. 4c,
whereas the pictures on the right are their indexed results. In the
analysis zones I and II, which were performed in the aforementioned
light grey hybrid regions, the intermetallic phase best matching the
obtained patterns was Fe4Al13. In turn, the phase best matching the
patterns acquired in the analysis zone III, which corresponds to the
interface between the transition layer and the steel flyer, was Fe2Al5. As
the software provided a consistent matching, it can be concluded that
most of the transition layer of the EE-HG6 weld is composed of the
Fe4Al13 intermetallic phase. This suggests that, under extreme pressure,
temperature and deformation, the diffusion of the elements was ac-
celerated and a thick liquid film, rich in Fe4Al13 was formed at the
interface of the EE welds. The regions in the transition layers of the EE-
PS5 and EE-HG6 welds with a different phase composition, such as the
zones essentially composed of Al (black regions in Fig. 4b and d) and
the regions rich in Fe2Al5, resulted from local heterogeneities in che-
mical composition. Specifically, the identification of the Fe2Al5

intermetallic phase near the steel flyer agrees well with the Fe-richer
composition of this phase compared to the Fe4Al13.

Cracks propagating through the transition layers of the EE welds,
which are blocked by the ductile steel islands located in these regions,
can be observed in Fig. 4b and d. This is in good agreement with the
brittle nature of the Al-rich intermetallic phases composing these zones
[26]. As displayed in Table 5, the hardness values registered in these
regions were found to range between about 260 HV0.2 and 920 HV0.2,
which are well-above the hardness of both base metals. These hardness
peaks coincide well with the values reported in the literature con-
cerning Al-rich intermetallic phases [27, 28].

Fig. 4e shows the transition region of the AF-9 weld, corresponding
to a localised material pocket (transition material in Fig. 3c). According
to Table 4, this zone (zone 6 in Fig. 4e) is essentially composed of Al.
Some small islands exclusively composed of Fe (zone 7 in Fig. 4e,
Table 4) were also observed in this region. Both the thickness and the
chemical composition of the transition region of the AF-9 weld, point to
a reduced interaction of both welded materials at the interface. How-
ever, despite in much lesser extent than in the EE welds, formation of
some intermetallic phases occurred at the weld interface. The disper-
sion of these compounds over the Al-rich volumes explains the high
hardness values registered in these zones (Table 5). As illustrated in
Fig. 4f, the transition region of the AF-6 weld was the less evident. A
sharp chemical transition (zones 8 and 9, Table 4) was observed along
most of the weld length, since localised material pockets were very
scarce in this weld.

3.4. Analysis of the Interface Structure and Welding Parameters

In order to assess the thermomechanical conditions experienced at
the weld interfaces, the values of the kinetic energy lost in the collision
(ΔKE), which were computed according to Eq. (06), are displayed in
Table 6.

∆ =KE 1
2

·m ·Vflyer p
2

(06)

mflyer is the mass per unit area (kg·m−2) of the flyer plate.
As reported by Hokamoto et al. [29] and Hokamoto et al. [30], the

energy lost at the weld interface has an important influence on the
phenomena occurring in this zone. The differences observed in the ΔKE
calculated values point to different conditions being experienced at the
interfaces of the welds. The AF-6 weld, which was produced with the
lowest collision point and impact velocities, presented a much lower
interfacial energy than the other welds. This coincide with the struc-
tural and morphological properties of its interface, in which the most
reduced interaction was registered, and no effective joining of the
metals was achieved along all the weld length. As shown in Fig. 1, this
weld was plotted inside the weldable region of the weldability window.
However, it was located very close to the lower limit, which corre-
sponds to the minimum impact pressure needed to produce the weld
[17]. According to Plaksin et al. [31], the propagation of the detonation
wave has an oscillatory nature, which is related to periodic variations in
the values of the local detonation velocity. A local drop in the deto-
nation/collision point velocity during welding may have been sufficient
to shift the weld outside the weldable region. Because of this, the
stresses arising locally near the point of contact may have been in-
sufficient to overcome the strength properties of the materials. This
promoted little or no bonding in some zones of the weld interface [17,
18].

According to the weldability window (Fig. 1), consistent joining was
expected for the AF-9 weld and excessive interfacial melting was ex-
pected to the EE welds. In good agreement with this, thin and localised
transition pockets were observed at the interface of the consistent AF-9
weld, whereas the interface of the non-consistent EE welds was com-
posed of a thick and continuous molten layer. As displayed in Table 6,
the interfacial energy value obtained for the EE-HG6 weld matches both

Table 3
Interface characteristics and thickness of the transition layer for the EE and AF
welds.

Weld Interface characteristics

Bonding Morphology Transition region (feature - avg.
thickness)

EE-PS5 No Flat with irregularities Layer - 33 μm
EE-HG6 No Flat with irregularities Layer - 48 μm
AF-9 Uniform Flat with irregularities Localised pockets - 15 μm
AF-6 Non-uniform Fully flat Localised pockets - 2 μm

Fig. 3. SEM/EBSD micrograph registered at the interface of the EE-HG6 weld.
(For interpretation of the references to color in this figure, the reader is referred
to the web version of this article.)
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the weldability window and the microstructural results. However,
comparing the interfacial energies and the microstructural properties of
the EE-PS5 and AF-9 welds, it can be observed that excessive interfacial
melting was observed only in the weld produced with a lower ΔKE
value (and a lower impact velocity). This is explained by the differences
in the collision point velocities of both welds. As the collision point
velocity of the EE-PS5 weld was much higher than that of the AF-9 weld
(Table 2), the volume of the interfacial jet entrapped within the weld
structure was much higher in the EE-PS5 weld [32]. The continuous
intermetallic layer observed at the interface of the EE welds results from
this jet entrapment. It should be noted that the thickness of the jet is
expected to be much lower than the thickness of the intermetallic layer.
In fact, most of the energy dissipated at the interface goes initially into
the kinetic energy of the jet and, subsequently to the entrapment of the
jet, a large fraction of it is used to melt additional metal around the
interface [33], promoting the formation of a thick molten layer.

Fig. 4. SEM micrographs of the welds: (a, b) EE-PS5, (c, d) EE-HG6, (e) AF-9, (f) AF-6.

Table 4
Chemical composition registered in the interface of the EE and EF welds.

Weld Analysis zone Atomic %

Al Fe Si Mg

EE-PS5 1 61.56 37.37 0.73 0.34
2 92.75 5.46 0.93 0.86
3 0.98 98.95 0.07 0.00

EE-HG6 4 57.70 41.29 0.78 0.23
5 92.39 5.92 0.91 0.79

AF-9 6 92.44 5.95 0.99 0.62
7 0.92 99.08 0.00 0.00

AF-6 8 – 100.0 – –
9 98.24 – 1.76 –
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Fig. 5. EBSD diffraction patterns (and their indexed results) registered in the transition layer of the EE-HG6 weld: (a) Analysis zone I; (b) Analysis zone II; (c) Analysis
zone III.
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The formation of a continuous interfacial layer prevented the ef-
fective joining of the metals in the EE welds. This shows that explosive
mixtures with lower detonation velocities, such as ANFO, are more
suitable for producing Fe-Al welds with a consistent structure.
However, a sufficiently high explosive ratio should be used to promote
consistent bonding along all the weld length. It is also important to
stress that, although the energy lost in collision is an important para-
meter to analyse the welding conditions experienced at the weld in-
terface, it is necessary to analyse it together with the detonation/col-
lision point velocity.

3.5. Analysis of the Intermetallic Phases and Weldability

Besides the Wittman condition [18], which was used to define the
top limit of the weldability window in Fig. 1, other theories addressing
the upper boundary of the weldable region exist in the literature. Ac-
cording to Zakharenko [34] and Efremov and Zakharenko [35], the
production of consistent joints, with effective interfacial bonding, re-
quires that the molten material at the weld interface solidifies before
tensile-stress waves arrive at this zone, i.e. the solidification time of the
molten metal must be lower than the time needed for existing positive
pressures at the weld interface. Otherwise, the positive pressures are
sufficient to fracture the interfacial bonding already achieved. The ex-
pressions proposed by these authors for computing the time needed for
existing positive pressures at the weld interface (tp) and the solidifica-
tion time of the molten metal (ts) are displayed in Eqs. (07) and (08),
respectively.

⎜ ⎟= ⎡

⎣
⎢ + ⎛

⎝

⎞

⎠

⎤
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G

·
δ

Vp
flyer c

2

flyer

flyer

c (07)

Gflyer is the shear modulus (Pa) of the flyer plate.
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Q is the heat released at the weld interface (J·m−2). δbase is the
thickness of the baseplate (m).

Although these expressions were developed for similar welding, in
which formation of intermetallic phases usually does not occur, they
have already been used in dissimilar welding [36, 37]. Table 7 shows
the tp and ts values calculated for the EE and AF welds. The table also
shows the difference calculated between both parameters (Δt = tp− ts)
and the critical collision point velocity (Vc

⁎) for each weld, i.e. the

maximum velocity that enables the production of a consistent joint
(calculated for the condition tp= ts). For the AF welds, it can be ob-
served that tp is longer than ts, indicating consistent joining, which
agrees well with the interfacial properties of these joints. On the other
hand, the values calculated for the EE welds are not in agreement with
their structural properties. Although the table shows that tp was longer
than ts (and Vc* is higher than the measured Vc) for both welds, ef-
fective bonding was not achieved in any of these joints.

The results displayed in the table can be better observed in Fig. 6,
which shows the time-velocity diagrams obtained for all welds, i.e. the
graphical evolution of tp (black curve) and ts (green curve) with the
collision point velocity. The intersection point of both curves corre-
sponds to Vc* and the vertical line represents the collision point velocity
effectively measured for these welds. When the collision point velocity
of the weld intersects the green shaded area, which corresponds to the
weldable region, consistent joining is expected by this criterion.

From Table 7 and Fig. 6, it can be concluded that this criterion was
more reliable for analysing the AF welds than the EE welds. In fact, the
time-velocity diagrams obtained for the EE welds (Fig. 6a and b) are not
in agreement with the experimental results, as they indicate that con-
sistent welds should have been obtained. In turn, the diagrams for the
AF welds (Fig. 6c and d) agree with the experimental results. As this
criterion was developed for similar welding, its effectiveness in the AF
welds results from the reduced interaction occurring at the interface of
these welds, in which significant formation of intermetallic phases was
not registered. Eq. (08) shows that the solidification time of the inter-
facial molten metal depends on the physical properties of the flyer
plate, specifically, the specific heat, the thermal conductivity, the
density, and the melting temperature. This is not valid in welds where
the interfacial molten layer is thick and essentially composed of inter-
metallic material, with different physical properties from the welded
materials (like the EE welds). The solidification time corresponding to
the EE welds should be computed considering the physical properties of
the transition material. So, Eq. (08) should be replaced by Eq. (09). This
equation was achieved by assuming that the heat released by the impact
at the weld interface (Q) remains the same and by replacing the phy-
sical properties of the flyer plate with those of the transition material.

′ =t Q
4·π·c ·λ ·ρ ·Ts

2

TM TM TM mTM
2 (09)

cTM, λTM, ρTM, TmTM are the specific heat (J·kg−1·K−1), the thermal
conductivity (W·m−1·K−1), the density (kg·m−3) and the melting tem-
perature (°C) of the transition material.

The Fe-Al system contains five equilibrium intermetallic phases,
whose physical properties are displayed in Table 8. The physical
properties of the welded materials are also displayed in the table. The
information regarding the physical properties of the intermetallic
phases is very limited and some scattering of values exists in the lit-
erature. An accurate analysis of the solidification time of the molten
volume cannot be made, as it is likely that it does not depend only on
the physical properties of the transition material, but also on the
properties of the neighbouring metals, i.e. the flyer and the baseplate.
Furthermore, the transition regions are not fully homogeneous, and the
physical properties of the mixture are difficult to know. However, a
trend regarding the effect of the formation of a low melting temperature
and low thermal conductivity transition material on the Fe-Al

Table 5
Hardness values registered in the transition regions of the EE-PS5, EE-HG6 and
AF-9 welds.

Hardness peaks (HV0.025)

EE-PS5 EE-HG6 AF-9

595 917 271
534 866 247
478 442 202
263 341 175

Table 6
Calculated ΔKE values for the EE and AF welds.

Weld ΔKE (106J·m−2)

EE-PS5 1.6
EE-HG6 2.9
AF-9 1.9
AF-6 1.0

Table 7
ts, tp, Δt and Vc

⁎ values obtained for the EE and AF welds.

Weld tp (μs) ts (μs) Δt (μs) Vc*(m·s−1)

EE-PS5 1.09 0.31 0.78 4467
EE-HG6 1.11 0.98 0.13 3642
AF-9 1.10 0.43 0.67 2903
AF-6 1.13 0.12 1.01 3601
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weldability can be observed.
The new ts′ curves corresponding to the EE welds were plotted in the

graphs illustrated in Fig. 7a (EE-PS5) and 7b (EE-HG6) (ts′ - red dashed
curves; original ts - green solid curve). Each curve was computed con-
sidering a homogeneous transition volume composed of one of the five
Al-Fe equilibrium phases. As shown in the figure, a significant increase
in the solidification time was registered for both welds, which promoted

a considerable decrease in the critical collision point velocity (Vc*′).
Much more restrictive conditions are obtained when aluminium-rich
intermetallic volumes are generated at the weld interface, which was
observed in the EE welds (Fe4Al13-rich transition layer). This analysis
demonstrates that, in the dissimilar welding of metals with a high af-
finity to form intermetallic phases, the welding conditions are not only
influenced by the properties of the welded metals and their relative

Fig. 6. Time-velocity diagrams obtained for the welds: (a) EE-PS5; (b) EE-HG6; (c) AF-9; (d) AF-6. (For interpretation of the references to color in this figure, the
reader is referred to the web version of this article.)

Table 8
Physical properties of the Fe-Al equilibrium phases and the welded alloys.

Phases Melting temp. (°C) Density (kg·m−3) Specific heat (J·kg−1·K−1) Thermal conduct. (W·m−1·K−1)

Fe3Al 1490 [38]
1502 [39]
1510 [40]

6660 [38]
6580 [40]

560 [41] 14 [42]
10.5 [40]

FeAl 1250 [38]
1215 [39]

5650 [38]
6000 [43]
5580 [44]

600 [43]
560 [45]
640 [41]

12 [43]
12 [46]
10 [45]

FeAl2 1164 [39] 4150 [44] 637.5 [47]
631 [48]

7 [49]

Fe2Al5 1171 [39]
1158 [50]

7900 [44] 637.5 [47] 4 [51]

Fe4Al13 1147 [52]
1152 [53]
1150 [50]

3896 [52]
3850 [44]

675 [47]
679 [48]

3 [51]

DC06 steel 1497 [54] 7856 [54] 470 [54] 67 [54]
AA6082 650 [55] 2700 [55] 897 [55] 180 [55]
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positioning in the joint. The physical properties of the new phases
generated at the weld interface significantly affect the achievement of
sound welds. The detrimental effect of these phases on the Fe-Al
weldability goes well beyond their brittle nature.

4. Conclusions

The formation of intermetallic structures at the interface of steel-to-
aluminium explosive welds and their influence on the weldability of
these two materials were studied in the present work. The following
conclusions were drawn:

• Explosive mixtures with a lower detonation velocity are more sui-
table for producing steel-to-aluminium welds with a consistent
bonding. Jet entrapment is prevented under these conditions, and
continuous molten layers are not formed at the weld interface.

• In welding steel-to-aluminium, the welding requirements are not
only influenced by the properties of the metals to be welded. The
physical properties of the new phases generated at the weld inter-
face have a significant influence on the weldability of these mate-
rials.

• The formation of aluminium-rich intermetallic phases at the inter-
face of steel-to-aluminium explosive welds increases the solidifica-
tion time of the transition molten material, decreasing the weld-
ability of these two metals. Therefore, intermetallic compounds
should be avoided by reducing the interaction between the flyer and
the baseplate materials, as well as by avoiding large molten layers in
the process.
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