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Abstract

A large number of aluminium-copper explosive welds were produced under different welding conditions to perform a broad
analysis of the weldability of this combination. The influence of the explosive mixture and the relative positioning of the plates on
the welding results were analysed. When the aluminium alloy is positioned as the flyer plate, continuous interfacial melting
occurred under the low values of energy lost by the collision, and collision point velocity. This proved that the weldability of the
aluminium-copper combination is higher when the copper is positioned as the flyer. A mismatch between the experimental results
and the existing theories that define the requirements for achieving consistent welds was noticed. Especially for welds produced
using the aluminium alloy as the flyer, the experiments proved to be more restrictive than the theories. These theories, despite
being widely applied in dissimilar welding literature, present several limitations concerning aluminium-copper welding. New
approaches considering the formation of intermetallic phases at the interface, the properties of both welded metals, and/or the

difference in their properties should be developed.
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1 Introduction

Explosive welding (EXW) is a solid-state welding technology
presenting a high potential for joining materials with very
different physical properties and/or alloys that form interme-
tallic phases easily. As it is a very short cycle process, the
interaction of the metals under high temperature and strain is
reduced, preventing an extensive formation of intermetallic
phases [1]. In addition, the region under the influence of the
welding process is confined to a very narrow layer near the
weld interface, promoting the formation of a very small heat-
affected zone [2]. As shown in Table 1, intense research has
been recently conducted in dissimilar EXW of aluminium al-
loys (Al) to other materials, such as carbon (CS) and stainless
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steels (SS) and copper (Cu), magnesium (Mg), titanium (Ti),
and nickel (Ni) alloys. In fact, the most recent design criteria
are focused on multi-material components, which combine the
specific properties of two or more materials.

Among the different dissimilar welding combinations, the
Al-Cu is one of those with the highest interest to many indus-
tries. The production of components combining the low den-
sity and cost of Al with the excellent thermal and electric
conductivities of Cu enables the development of new concepts
and solutions. The most recent studies conducted in this area
(Table 1) are essentially focused on understanding the interfa-
cial phenomena occurring during welding and their influence
on the final weld structure.

Paul et al. [7] conducted an investigation on the phase
composition of Al-Cu joints. The authors reported the forma-
tion of three equilibrium intermetallic phases inside the solid-
ified regions, i.e. CuAl,, CuAl, and CugAl,. These phases
were found to be surrounded by dendrites of metastable
phases. The distribution of the phases formed did not present
a significant regularity inside the solidified regions. In turn,
Athar and Tolaminejad [6] studied the influence of the explo-
sive ratio (R), which is the ratio between the explosive and the
flyer masses, on the interface properties of the welds. The
wave amplitude and the amount of intermetallic phases were
found to increase with increments in the explosive ratio.
Regarding the mechanical behaviour of the welds, a higher
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Table 1 Recent research on

dissimilar EXW of Al to other Recent works

Materials

materials
Al-Cu

Al-Mg
Al-Ni
AlL-Ti
AI-CS
Al-SS

Carvalho et al. [3], Carvalho et al. [4], Loureiro et al. [5], Athar and Tolaminejad [6], Paul et al. [7]
Zhang et al. [8], Fronczek et al. [9], Arisova et al. [10], Zhang et al. [11]

Guo et al. [12], Bataev et al. [13]

Chulist et al. [14], Fan et al. [15], Bazamik et al. [16], Fronczek et al. [17], Lazurenko et al. [18]
Carvalho et al. [19], Guo et al. [20], Aizawa et al. [21], Li et al. [22]

Carvalho et al. [23], Shiran et al. [24], Guo et al. [25], Xunzhong et al. [26]

shear strength was achieved for wavy interfaces without ex-
tensive formation of intermetallic regions. One year later, the
influence of the explosive mixture on the quality of the
welding results was addressed by Loureiro et al. [5]. These
authors reported that the explosive sensitiser presents a strong
influence on several aspects of the weld structure, such as the
surface appearance and the morphology and the phase com-
position of the interface.

The morphology of the dissimilar interface was studied
more profoundly by Carvalho et al. [4]. These authors con-
cluded that the interface morphology is governed by the dif-
ference in the physical properties of the welded plates.
According to them, when a much denser flyer with a much
higher melting temperature than the baseplate is used, the
formation of interfacial waves usually does not occur. More
recently, Carvalho et al. [3] studied the influence of the flyer
and baseplate properties on the welding results. The interac-
tion of the materials was found to be completely different
depending on how they are positioned in the joint (as flyer
or as baseplate). These authors also reported that the formation
of a continuous intermetallic layer along the weld interface
promotes after-impact failure.

Although some works have already been conducted in Al-
Cu joining by EXW, no broad weldability analyses exist in the
literature, especially addressing the suitability of the tools and
equations currently used to predict the welding results. Most
of the existing research addresses a small number of welding
conditions, which does not make it possible to reach global
and generalizable conclusions on the weldability of this com-
bination. So, the aim of this research, which combines an
experimental and a theoretical approach, is to conduct a broad
analysis of the weldability of the Al-Cu combination by EXW.
A large number of welds were produced under different
welding conditions. The influence of the explosive mixture
and the relative positioning of the plates on Al-Cu welding
results were studied.

2 Experimental procedure

Aluminium-copper welds were produced by EXW. The
welded materials are presented in Table 2. As shown in the
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table, plates with different thicknesses and two distinct Al
alloys were welded.

The welds were produced in a parallel arrangement, with
two joint designs: fully and partially overlapping. Some welds
were produced with the Cu as the flyer plate and the Al alloy as
the baseplate, while other welds were produced with the reverse
positioning. The nomenclature used to label the welds indicates
the flyer and the baseplates and their respective thickness. So,
1Cu/3Al identifies welds produced using a 1-mm-thick flyer
plate of Cu and a 3-mm-thick baseplate of Al. Each weld is
also characterised by a last digit which identifies the welding
parameters used to produce it (e.g. 1Cu/3Al-1 and 1Cu/3Al-2).

The welding parameters concerning all the welds are
displayed in Table 3. As shown in the table, a large range of
parameters were tested to perform a broad analysis of the
weldability of this combination of alloys. Different explosive
ratios and stand-off distances (STD) were tested. An ammoni-
um nitrate-based emulsion explosive (EE) and ANFO, which
have significant different detonation velocities (V4), were used
as the bases of the explosive mixtures. Some of the mixtures
tested were sensitised with expanded polystyrene spheres (EPS)
and others with hollow glass microspheres (HGMS) in order to
obtain different explosive ratios and detonation velocities [27].
Other additives like aluminium powder could also be mixed
with EE to change the detonation parameters [28].

The detonation velocity of the explosive mixtures was
measured following the procedure reported in Mendes
et al. [29]. As the welds were produced in parallel arrange-
ment, the collision point velocity (V.) presents the same
value as the detonation velocity. The impact velocity (V;,)
and the collision angle (3) were calculated using the Gurney
equation for a one-dimensional problem in parallel arrange-
ment (Eq. 1) [1, 30] and with a relation between both

Table 2 Welded

materials Welded materials
Alloy Thickness (mm)
AA5083 30
AA6082 3
Copper-DHP 1
3
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Table 3 Welding parameters
Welds Flyer (alloy, thickn.) Baseplate (alloy, thickn.) Explosive mixt. STD R
3Cu/30Al-1 Cu-DHP, 3 mm AA5083, 30 mm ANFO 3.7 mm 0.6
3Cu/30Al-2 ANFO 3.7 mm 0.9
1Cu/30Al-1 Cu-DHP, 1 mm AAS5083, 30 mm ANFO+EE 1.4 mm 14
1Cu/30A1-2 ANFO 1.4 mm 1.8
1Cu/30A1-3 ANFO+EE 1.4 mm 2.3
1Cu/30A1-4 ANFO 1.4 mm 2.6
1Cu/3Al-1 Cu-DHP, 1 mm AA6082,3 mm EE + EPS 1.4 mm 3.0
1Cu/3Al1-2 EE + EPS 1.4 mm 43
1Cu/3A1-3 EE + HGMS 1.4 mm 1.7
1Cu/3Al1-4 EE + HGMS 1.4 mm 2.1
3Al/3Cu-1 AA6082, 3 mm Cu-DHP, 3 mm ANFO 3.6 mm 2.0
3Al/3Cu-2 EE + EPS 4.0 mm 2.7
3Al/3Cu-3 EE + HGMS 3.6 mm 1.0
3A1/3Cu-4 EE + HGMS 3.6 mm 1.4
3Al/3Cu-5 EE + HGMS 4.0 mm 24
3Al/3Cu-6 EE + HGMS 1.4 mm 24
3Al/3Cu-7 EE + HGMS 4.0 mm 14
5Al/3Cu-1 AA6082, 5 mm Cu-DHP, 3 mm ANFO 6.2 mm 1.2

velocities and the impact angle (Eq. 2) [1]. The values mea-
sured for the detonation velocity and the values calculated
for the impact velocity and impact angle are displayed in
Table 4. The table also indicates the final welding result for
each joint, labelling them as either failed or consistent. The
failed welds were all the welds for which the plates were
found to separate after the impact.

1 3R? :
Vo= (2E) (m) m
B = 2arcsin (2‘/7pd> (2)

(2E )% is the Gurney characteristic velocity of each explo-
sive (m's '). An empirical correlation obtained by Cooper
[31] for ideal explosives, i.e. (2E)% = 3L, was used to esti-
mate this parameter.

After welding, the welds were sectioned, and samples
were removed longitudinally to the welding direction
and prepared according to ASTM E3-11. The morpho-
logical characterisation of the welds was performed by
optical microscopy, using an optical microscope, Leica
DM4000M LED. The microstructural analysis was con-
ducted by SEM, using a field emission scanning elec-
tron microscope, Zeiss Merlin VP Compact. This micro-
scope was equipped with EDS, which was used to an-
alyse the chemical composition of the welds.

3 Results and discussion
3.1 Welding results

A graphical approach to the welding results is illustrated in
Fig. 1. According to the positioning of the plates in the joint,

Table 4  Values of collision point velocity, impact velocity, and impact
angle

Welds Vyq (ms ) Vo (ms™) B© Welding result
3Cu/30Al-1 1647 210 7.3 Consistent
3Cu/30Al-2 2072 350 9.7 Consistent
1Cu/30Al-1 1712 384 12.9 Consistent
1Cu/30Al-2 1855 481 14.9 Consistent
1Cu/30A1-3 2013 586 16.7 Consistent
1Cu/30A1-4 2149 673 18.0 Consistent
1Cu/3Al-1 2121 704 19.1 Consistent
1Cu/3Al1-2 2271 859 21.8 Consistent
1Cu/3Al1-3 3275 817 143 Consistent
1Cu/3Al-4 3430 974 16.3 Consistent
3Al/3Cu-1 2077 577 16.0 Consistent
3Al/3Cu-2 2987 947 18.2 Failed
3Al/3Cu-3 3256 596 10.5 Failed
3Al/3Cu-4 3256 726 12.8 Failed
3Al/3Cu-5 3477 1037 17.2 Failed
3Al/3Cu-6 3589 1072 17.2 Failed
3Al/3Cu-7 3665 823 12.9 Failed
5A1/3Cu-1 2077 435 12.0 Consistent
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Fig. 1 Graphical approach to the welding results. a AKE vs FBR. b EV
vs FBR

the welds are represented by circles (Cu/Al) or squares (Al/Cu).
The green and red circles/squares correspond to consistent and
failed welds, respectively. Figure 1 a shows the kinetic energy
lost in the collision (AKE) plotted according to the flyer to
baseplate thickness ratio (FBR) for each weld. The AKE has
been used by several authors to assess the thermomechanical
conditions experienced at the weld interface [32, 33]. This pa-
rameter was computed according to Eq. 3.

AKE[J -m?] = %mﬂyﬁ V2 (3)
Mayer 1S the mass per unit area (kg-mfz) of the flyer plate; V, is
the impact velocity (m-s ).

The figure shows that all the Cu/Al welds presented consis-
tent joining. On the other hand, consistent joining was not
achieved in most of the welds produced with the reverse posi-
tioning of the plates. No consistent Al/Cu welds were achieved
for AKE values higher than 1.5 M J'm 2. In good agreement
with Carvalho et al. [3], these results indicate that the relative
positioning of the plates influences the weldability of the com-
bination. However, different welding results were obtained for
Al/Cu welds produced with similar AKE values (indicated
within the dashed ellipse in Fig. 1a). So, this parameter by itself
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does not permit a full assessment of the thermomechanical con-
ditions experienced at the dissimilar interface.

As reported by Carvalho et al. [19], the AKE should be
analysed together with the collision point velocity. High
values of the AKE and the collision point velocity favour
interfacial melting, which in excess leads to after-impact fail-
ure [1]. So, the coupled effect of these two parameters on the
interfacial conditions can be realised by calculating the EV
parameter (Eq. 4), which corresponds to their product.

EVIW-m'] = AKE -V, = %mﬂycr V2 Ve (4)
Myyer 1S the mass per unit area (kg'm ) of the flyer plate; Vpis the
impact velocity (ms"); V, is the collision point velocity (m's ).

Figure 1 b shows the EV parameter plotted according to the
FBR for each weld. As shown in the figure, this parameter
allowed a better grouping of the failed welds than the AKE,
evidencing the very strong influence of the collision point
velocity on the welding results. The failed welds present two
characteristics: (i) the flyer plate was the Al alloy; (ii) the EV
value was greater than 4.5 GW-m™'. These results make it
possible to infer that two factors may contribute to reducing
the weldability of the welded combination: the use of the Al
alloy as the flyer plate and the use of a high EV value (high V.
and high AKE).

3.2 Weld interface morphology and structure

The morphology of the weld interfaces is displayed in Fig. 2.
Three optical micrographs are presented in this figure, which
concern a Cu/Al weld (Fig. 2a), a consistent Al/Cu weld (Fig.
2b), and a failed Al/Cu weld (Fig. 2c). As shown in Fig. 2 a,
effective bonding was achieved at the interface of the Cu/Al
welds, which presented a flat morphology. Localised transi-
tion pockets were formed along the interface of these welds. In
turn, as illustrated in Fig. 2 b, the consistent Al/Cu welds
presented the formation of interfacial curled waves, in which
localised transition regions were observed. However, the mor-
phology of most of the Al/Cu welds, which presented after-
impact failure, is shown in Fig. 2 c. A continuous transition
layer was always formed at the interface of the failed welds
(both on the flyer plate and the baseplate after separation). The
morphological characteristics of the different welds are in
good agreement with the results from Carvalho et al. [3, 4].

SEM micrographs and EDS elemental maps of the transi-
tion regions of the Cu/Al and the consistent Al/Cu welds are
illustrated in Fig. 3. From Fig. 3 a and b, it can be observed
that the transition material displays a different morphology
from the welded metals. Figure 3 ¢ and d show that this ma-
terial presents a mixed chemical composition, being com-
posed of both Al and Cu. This chemical composition suggests
the formation of new phases at the weld interface.
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Fig. 2 Optical micrographs of the a
weld interface. a Cu/Al weld. b
Consistent Al/Cu weld. ¢ Failed
Al/Cu weld

Microstructural details of the weld interface are illustrated
in Fig. 4. As shown in Fig. 4 a and b, solidified structures are
present in the transition regions of the Cu/Al welds. Dendrites
with different shapes, dispersed over a darker matrix, are ob-
served in these zones. Table 5 presents the chemical distribu-
tion of aluminium and copper, showing that the composition
of the dendrites (zone 1 in Fig. 4a and zone 4 in Fig. 4b)
matches the chemical composition of the phase CuAl, [34,
35]. Regarding the darker matrix, its chemical composition
(zone 2 in Fig. 4a and zones 5 and 6 in Fig. 4b) does not match
the composition of any equilibrium intermetallic phase, sug-
gesting a mixture of Al and CuAl, [34]. Moreover, an inter-
metallic phase nucleating from the Cu layer is also observed in
Fig. 4a (zone 3). The Cu-rich composition of this phase
(Table 5) matches the chemical composition of the CugAly
phase [34, 35]. Regarding the Al/Cu weld, the chemical anal-
ysis also suggests that the CuAl, dendrites (zone 7 in Fig. 4c)
are dispersed over an Al + CuAl, matrix (zone 8 in Fig. 4c).
Although a good match in chemical composition was obtained
in some zones, it should be stressed that the main focus of this
analysis is to show the formation of intermetallic phases at the
weld interface rather than to accurately identify the specific
phases, which is not possible by EDS.

These results make it possible to infer that intermetallic
phases were formed at the interface of all welds. However, it
was observed that no effective bonding can be achieved when

transition pocket

curled wave

discontinuous interface

continuous transition layer

100 pm

a continuous intermetallic layer forms at the weld interface.
According to Carvalho et al. [3, 19], this layer results from
excessive interfacial melting. As all the failed Al/Cu welds
displayed a continuous interfacial layer, it can be concluded
that these welds failed due to excessive melting. It should be
stressed that, although some Al/Cu welds were produced with
a lower EV than some Cu/Al welds, melting throughout the
interface was only registered in Al/Cu welds (Fig. 1b).

3.3 Analysis of the welding conditions

To better understand the results, Al/Cu and Cu/Al welding
configurations were analysed based on the concept of the
weldability window. This tool is a graphical approach to the
welding requirements to achieve consistent welds, which re-
lates the collision point velocity to the collision angle [36]. Itis
composed of four limits. The left limit (Cowan’s limit) defines
the conditions required to achieve a wavy interface, and is
calculated according to Eq. 5 [37]. The right limit (Walsh’s
limit) establishes the conditions required for the formation of
an interfacial jet. It was plotted by assuming the maximum
collision point velocity as the bulk sound speed in the material
[38]. The lower limit (Deribas and Zakharenko’s limit), which
was calculated according to Eq. 6 [39], defines the minimum
energy conditions to promote interfacial bonding. The upper
limit (Wittman’s limit) establishes the maximum energy
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Fig. 3 SEM micrographs (top) and EDS elemental maps (bottom) of the weld interface. a, ¢ Cu/Al weld. b, d Consistent Al/Cu weld

conditions to avoid excessive interfacial melting, and is cal-
culated using Eq. 7 [40].

(pﬂyer + pbase) VCZ

Ry = 5
! 2(I"Iflyer +Hbase) ( )

Ry is the Reynolds number, pgyer and Hyy,, are the density
(kg~m73) and the hardness (Pa) of the flyer plate, pp,s. and
Hy,. are the same parameters of the baseplate.

1

= k(ﬂf‘lf{czy ©)

k is a constant related to the surface roughness and cleanli-
ness, Hy is the hardness of the harder material (Pa), and pg, is
the average density of the welded materials (kg'm ).

o]—
=

Vp _ i (TMﬂyerCBﬂyer) ()\ﬂyercﬂyerCBﬂyler) (7)

N V. 7
(p flyer 5ﬂyer ) '

Twmpyer 1s the melting temperature (°C), Cgayer is the bulk
sound speed (m- s, Atiyer 18 the thermal conductivity (W-m
K™Y, cyer 18 the specific heat (J-kgfl'Kfl), Opyer 1s the
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thickness (m), and N is a constant [41]. All these parameters
concern the flyer plate.

Figure 5 illustrates the weldability windows of Al/Cu (grey
area) and Cu/Al (green area) configurations. The windows
concern dissimilar welds in the same alloys, with the same
thickness. From the figure, it can be observed that the theoret-
ical weldable area obtained for Al/Cu joining is larger than
that obtained for Cu/Al joining. The difference between both
windows results from differences in Wittman's and Walsh’s
limits. The wider Wittman’s limit in Al/Cu welding indicates
that this configuration presents a lower susceptibility to exces-
sive interfacial melting. Regarding Walsh’s limit, it is also
wider in the Al/Cu configuration. However, it has no practical
effect, as it corresponds to much higher velocities than those
obtained with the most common explosive mixtures. Even
though these theoretical results indicate a higher weldability
when the Al alloy is positioned as the flyer plate, the experi-
mental results showed the opposite (Figs. 1 and 2). However,
it should be stressed that the thickness of the baseplate is not
considered in any of the weldability equations (Egs. 5 to 7),
which is an important limitation of this analytical tool. This is
particularly relevant for welding scenarios in which the thick-
ness of the baseplate is a variable, as in the present research.
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Fig. 4 Microstructural details of the weld interface. a, b Cu/Al weld. ¢ Consistent Al/Cu weld
As reported above, the after-impact failure in Al/Cu  #,>¢, (8)

welding resulted from two factors: high collision point
velocity and high interfacial energy. Both factors favoured
continuous interfacial melting, which is related to the up-
per limit of the weldability window. As an alternative to
Wittman’s condition, another theory was developed by
Zakharenko [42] and Efremov and Zakharenko [43].
These authors stated that successful interfacial bonding
is achieved when the time-relation condition presented
in Eq. 8 is respected. According to them, the appearance
of positive pressures at the weld interface before the full
solidification of the molten material prevents the bonding
of the adjoining surfaces of the flyer and the baseplate.

Table 5 EDS-based

chemical composition Weld Analysis zones Al Cu
(at.%) of the interface of
the Cu/Al and Al/Cu CwAl 1 658 282
welds 2 555 423
3 389 596
4 64.8  33.0
5 734 205
6 770 172
Al/Cu 7 625 361
8 75.8 229

t,, is the time required for the appearance of tensile stress-
es (positive pressures) at the weld interface and g is
the time for the solidification of the interfacial molten

material. The #, and ¢, parameters are calculated using
Egs. 9 to 11.

Weldability Window
(Al/Cu; Cu/Al)

30

20

s c
c | 5
@ 3 @
o =2
10 \
Deribas and Zakharenko | ——=
)
0 H
1500 2500 3500 4500 5500

Vc (m.s)

Fig. 5 Weldability windows of Al/Cu (grey) and Cu/Al (green) welding
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Q Cpﬂyer five 5ﬂyer + 5base " 2 ( )

O is the heat released at the weld interface (J ‘m ). Opase IS
the thickness of the baseplate (m).

Unlike Wittman’s condition, this theory has the advantage
of considering the influence of both the flyer and the baseplate
thicknesses on the welding conditions. As shown in Fig. 6, the
EV values of the welds were plotted against the difference
between the #, and # values (At=¢, — ). A positive value
of At indicates that consistent joining is expected, while a
negative value means the reverse. From the figure, it can be
observed that, although six Al/Cu welds failed (red squares),
only two of these welds were expected to fail. On the other
hand, none of the Cu/Al welds were expected to fail (green
circles), which matches well the welding results. In good
agreement with that observed using Wittman’s condition, the
weldability of the Al/Cu configuration is lower than the theo-
retical weldability obtained by Egs. 9 to 11.

3.4 Limitations of the weldability theories

The main result of the present research regards the mismatch
observed between the theoretical weldability of the welded
combination and the experimental results. Unlike what was
expected based on the theoretical approaches, only the Cu/

@ Springer

ry illustrated in Fig. 6 and experimental results for the
aluminium-flyer welds. The theory fails to address the failure
of some experiments with high collision point velocities.
Table 7 summarises the experimental results found in the
literature concerning similar and dissimilar welding of Al flyer
plates. The relative physical properties of the combinations,
which are the ratios between the physical properties of each
material, are displayed in the table. The ratios were obtained
through the division of the higher by the lower value of each
property, regardless of whether they correspond to the flyer or
the baseplate. The properties addressed in the table are those
most affecting the weldability. From the table, it can be ob-
served that when an Al flyer is welded to a baseplate with
similar properties (Al and Mg), consistent joints can be
achieved using both low and high collision point velocities.

Table 6 Comparison of Efremov and Zakharenko’s theory and
experimental results

Al-Cu Welds Efremov and Zakharenko’s theory Experimental
3Al/3Cu-1 Consistent Consistent
3Al/3Cu-2 Consistent Failed
3Al/3Cu-3 Consistent Failed
3Al/3Cu-4 Consistent Failed
3Al/3Cu-5 Failed Failed
3Al/3Cu-6 Failed Failed
3Al/3Cu-7 Consistent Failed
5Al/3Cu-1 Consistent Consistent
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Table 7 Results of explosive

welding between Al flyers and Combin. V. (ms ") Density ratio ~ Melting Thermal Welds Works
different baseplates temp. ratio  cond. ratio
AVAT* 3523 1.0 1.0 1.0 Consist.  Carvalho et al. [4]
3477 Consist.  Carvalho et al. [4]
Al/Mg* 3200 1.6 1.0 1.5 Consist.  Chen et al. [45]
2500 Consist.  Zhang etal. [11]
2300-2800 Consist.  Zhang et al. 8]
Al/Cu 3589 33 1.6 1.7 Failed Carvalho et al. [3]
2077 Consist.  Carvalho et al. [3]
2500-2700 Consist.  Ashani and Bagheri [46]
Al/Fe 2300 29 2.3 3.0 Consist.  Lietal. [22]
AlSS 2300 3.0 2.1 14.6 Consist.  Carvalho et al. [23]
2077 Consist.  Carvalho et al. [23]
2600 Consist.  Guo et al. [25]
AlTi 1900-1950 1.7 2.5 10.8 Consist.  Fronczek et al. [17]
Al/Ta 2000 6.1 4.5 4.1 Consist.  Greenberg et al. [47]

*Welds of materials with similar characteristics allowed consistent welds with high collision point velocities

(approximately >3000 m's ')

Otherwise, when significant differences in density and melt-
ing temperature exist between the welded alloys (Fe, SS, Cu,
Ti, and Ta), only the tests using low collision point velocities
(lower than 3000 m's ") resulted in consistent welds.

The analysis of the table shows that the reduced weldability
of the Al/Cu configuration is not only related to the flyer, but
to the combined properties of both welded metals. However,
the existing theories for the upper limit of the weldability
window [40, 42, 43], which are largely used in dissimilar
welding literature, only consider the physical properties of
the flyer plate. The properties of both welded metals, or even
the difference in these properties, should be considered in
these equations. Moreover, Wittman'’s limit also neglects the
influence of the baseplate’s thickness on the welding condi-
tions, which may influence the results predicted.

A more restrictive limit should be developed to match the
welding requirements in Al/Cu welding. In good agreement
with this, Carvalho et al. [4] showed that Cowan’s limit (left
limit of the weldability window) in dissimilar welding should
be complemented with an analysis of the wave interface factor
(WIF). In addition to the difference in the physical properties
of the welded materials, the formation of intermetallic regions
at the weld interface should also be considered in dissimilar
combinations that form intermetallic phases easily. In agree-
ment with Carvalho et al. [19], as the properties of these
phases differ from those of the welded metals, the required
rearrangement of the existing equations should also include
the properties of these phases. This requires a strong charac-
terisation of the intermetallic phases formed in Al/Cu and Cu/

Al welding, specifically, concerning the volume, distribution,
and the type of the phases formed in each configuration.

4 Conclusions

The aim of the present research was to conduct a broad analysis of
the weldability of the aluminium-copper combination by EXW. A
large number of welds produced under different welding condi-
tions were analysed. The following conclusions were reached:

* The weldability of the aluminium-copper combination is
increased by positioning the copper as the flyer plate and
the aluminium alloy as the baseplate;

*  When the aluminium alloy is welded as the flyer plate,
continuous interfacial melting occurs more easily, i.e. un-
der lower values of energy lost by the collision and colli-
sion point velocities;

» The existing theories and equations defining the process
requirements for achieving consistent welds, despite being
widely used in the dissimilar welding literature, present
several limitations concerning aluminium-copper welding;

* Considering the mismatch between experimental and
theoretical results, for aluminium-copper welding,
new approaches considering the properties of both
welded metals, and/or their differences, and the for-
mation of intermetallic phases at the weld interface
should be developed.
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