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Abstract
The present work aimed to study the morphological, microstructural, and mechanical properties of Al sheet-Ti sheet-SS 
sheet composites produced by explosion welding. Trimetallic composites with sound structure and very good mechanical 
behaviour were obtained. The mechanical performance of the produced composites makes them very appropriate for applica-
tions requiring increased lightness, corrosion resistance, and mechanical properties at high and low temperature. Regarding 
the weldability of the material trio, the type of the explosive mixture was found to have a strong influence on the results. 
Better conditions were achieved by using a mixture with a lower detonation velocity, as high detonation velocities are not 
appropriate for welding low melting temperature flyers, like aluminium alloys. Although IMC-rich zones were formed at the 
Al-Ti and Ti-SS interfaces of the composites, these regions were encompassed/accommodated by ductile interfacial waves, 
which allowed to overcome the brittleness of the IMC regions and to achieve composites with an improved performance. An 
encompassing literature-based study also allowed to infer that, regardless of the material couples being joined by EXW, the 
matrix of the intermediate regions formed at the weld interface is always richer in the main element of the welded couple 
with lower melting temperature.

Keywords  Trimetallic composites · Explosion welding · Chemical composition · Mechanical properties · Surface 
modification · Interface phenomena

1  Introduction

The joining of dissimilar alloys allows the production of 
metal composites combining properties very difficult to 
be achieved with a single material. It is not easy to find a 
conventional material with the same group of properties as 

an aluminium (Al)-titanium (Ti)-stainless steel (SS) com-
posite, which combines the low density of Al, the specific 
strength of Ti and the corrosion resistance and toughness at 
low temperatures of SS. Although Ti alloys combine corro-
sion resistance with fairly low density and good mechani-
cal strength, they also present a significantly greater cost 
than the other two materials, which makes Al-Ti-SS com-
ponents a much more economical solution than components 
exclusively composed of Ti, especially for the case of very 
thick parts [1]. As a result of this, Al-Ti-SS components are 
extremely attractive to several industries, standing out in 
industries where the parts experience harsh environments 
in terms of pressure, corrosion, and temperature, such as 
aerospace, chemical, shipbuilding, national defence, and 
marine [2, 3].

Despite the industrial interest of the Al-Ti-SS compos-
ites, they cannot be produced by conventional fusion weld-
ing due to their differences in physical properties and the 
susceptibility of forming large quantities of brittle inter-
metallic compounds (IMCs) when melted together. On 
the other hand, the solid-state welding techniques have a 
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strong potential to produce these components. Among the 
solid-state techniques, the short-cycle processes, like explo-
sion welding (EXW), are especially suitable to join these 
materials, as they promote a quite short interaction of the 
materials at high temperature during the welding. These pro-
cesses, besides minimising the interaction of the materials, 
which is especially relevant for couples with great tendency 
for the formation of brittle IMCs, such as Al-Ti [4–6] and 
steel-Ti [7–9], also lead to the formation of minimal heat 
affected zones (HAZ). In fact, the joining of the materials 
is promoted by the coupled effect of high temperature and 
extreme plastic strain in a quite narrow zone close to the 
weld interface.

Regarding EXW process, it is especially interesting for 
surface improvement and modifications because it is capable 
of modifying a large area of the component very quickly and 
with narrow heat affected zones. This fact does increase the 
interest in the process for cladding of corrosion resistant or 
difficult to weld materials. Moreover, the possibility of per-
forming a three-layer ‘sandwich’ composite structure in one 
operation that modifies both surfaces of the component is a 
very important advantage. The production of Al-Ti-SS com-
posites by EXW has not been fully explored in the literature 
yet. Even so, Liang et al. [3] studied the microstructure and 
phase composition of AA1060/TA2/SS30408 composites. 
The composites were produced using an explosive emulsion 
sensitised with glass microspheres, whose detonation veloc-
ity was 2400 m/s. According to these authors, both the Al/
Ti and Ti/SS interfaces were found to be wavy and absent 
of defects. However, the results from computed tomography 
allowed to observe significant differences in the 3D mor-
phology of the interfaces. Specifically, the Al/Ti interface 
was reported to present a morphology looking like ‘ripples 
on the water’, while the Ti/SS interface morphology looked 
more like a ‘desert after the wind’. The mechanical behav-
iour of the composites was not analysed in this research.

Although research on Al-Ti-SS EXW is very scarce, some 
works have already been conducted on Al-Ti and Ti-SS com-
posites. Regarding the Al-Ti couple, previous works pointed 
to the formation of vortex zones at the weld interface, in which 
localised melting occurs and stable and metastable phases are 
formed [4, 5]. In particular, Pei et al. [6] studied the correla-
tion between the microstructure and phase composition of the 
composite interface and the fracture behaviour. These authors 
reported that microcracks are easily induced in the IMC-rich 
local melting zones of the weld interface in tensile testing. 
For higher values of deformation, they observed that crack-
ing in these zones caused local delamination of the interface. 
Mechanical characterisation of Al-Ti composites was also con-
ducted by E et al. [10] and Zhai et al. [11]. Specifically, E et al. 
[10] studied the behaviour of the composites under dynamic 
and quasi-static uniaxial tension experiments with the loading 
direction perpendicular and parallel to the interface. According 

to these authors, the composites presented strong anisotropy in 
yield strength, ductility, and strain rate sensitivity. The strength 
of the Al/Ti composite was also studied by Zhai et al. [11], 
who reported an average shear strength of 102 MPa and an 
average bonding strength of 70 MPa.

Regarding Ti-SS joining, Kahraman et al. [12] conducted 
one of the pioneer works in this field. These authors char-
acterised the interface morphology and microstructure and 
tested the bending and tensile-shear behaviours of the com-
posites. The specimens were bent until 180°, and no fracture 
was observed for all the specimens, while fracture was found 
to occur outside the interface in tensile-shear testing. More 
recently, Ti-SS composites were produced by Chen et al. 
[13], using two different stainless steels, i.e. an austenitic and 
a duplex steel. The authors reported differences in the interface 
wave amplitude according to the welded steel, with the austen-
itic stainless steel-based composites displaying greater values. 
On the other hand, greater shear strength values were reported 
to be achieved by the composites produced with duplex stain-
less steel. These authors also reported that the increase in the 
dimension of the vortex zones at the weld interface had a det-
rimental effect on the interfacial strength of the composites. 
More recently, the interfacial microstructure and the mechani-
cal properties of Ti/AISI 316 welded composites was analysed 
by Sherpa et al. [1]. Different standoff distances (STD) were 
tested by these authors and their effect on the properties of the 
composite interface was analysed. Both the wavelength and the 
amplitude were found to increase with increments in the STD. 
For the tested thickness of the plates (3 mm), a STD value of 
10 mm provided the best tensile-shear strength both parallelly 
and perpendicularly to the welding direction.

Considering the research already conducted in Al-Ti and 
Ti-SS EXW and the industrial interest of Al-Ti-SS compos-
ites, which remain almost unexplored in the literature, the 
development of works in this field is mandatory. The combi-
nation of Al, Ti, and SS represents an unusual combination 
that is able to provide different type of surface modification 
at just one operation. So, the present research was aimed 
to study the morphological, microstructural, and mechani-
cal properties of Al-Ti-SS composites produced by EXW. 
Two different explosive mixtures were used to produce the 
composites, which were characterised using a large range of 
techniques, such as scanning electron microscopy (SEM), 
energy dispersive spectroscopy (EDS), electron backscat-
tering diffraction (EBSD), microhardness, and tensile-shear 
testing combined with digital image correlation (DIC).

2 � Experimental procedure

Al-Ti-SS composites were produced by EXW. The welded 
materials were the 6082-T6 aluminium alloy, Ti6Al4V tita-
nium alloy, and AISI 304 stainless steel. The AA6082-T6 
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and AISI 304 plates were 3-mm-thick, while the Ti6Al4V 
plate was 1-mm-thick. The composites were produced in full 
overlap parallel configuration, with the AA6082-T6 being 
welded as the flyer plate, the Ti6Al4V as the intermediate 
plate, and the AISI 304 as the stationary baseplate.

Table 1 shows the welding parameters used to produce 
the composites. Two weld series (AF and EE) were pro-
duced. The AF welds were performed with an ammonium 
nitrate fuel oil (ANFO) explosive mixture, and the EE welds 
were produced with an ammonium nitrate-based emulsion 
explosive (EE) sensitised with expanded polystyrene (EPS) 
spheres in order to reduce its detonation velocity (Vd) [14]. 
The explosive ratios (R) of both weld series, i.e. the explo-
sive mixture mass to the flyer plate mass ratio, were different 
(AF series: R = 3.1; EE series: R = 1.3). In fact, besides the 
different densities of the mixtures, the minimum explosive 
thickness required to detonate varied according to the tested 
mixture. The STD values, which correspond to the initial 
distances between the plates, were the same for both weld 
series. The distance between the flyer and the intermedi-
ate plate (STD1) was 4.5 mm, and the distance between the 
intermediate and the baseplate (STD2) was 1.5 mm.

The detonation velocity was measured in all tests accord-
ing to the procedure adopted by Mendes et al. [15]. The sam-
ples for macro and microstructural analysis were removed 
longitudinally to the welding direction. The samples for 
the microstructural analysis were prepared according to 
ASTM E3-11 standard and were observed in a Zeiss Merlin 
VP Compact scanning electron microscope equipped with 
EDS. The microstructural analysis was complemented by 
EBSD, using a FEI Quanta 400FEG SEM equipped with 
a TSL-EDAX EBSD unit and the OIM analysis software. 
The mechanical properties of the welds were studied by 
tensile-shear and microhardness testing. For each welding 
condition, three tensile-shear specimens with the geometry 
reported in Carvalho et al. [16–18] were removed longitudi-
nally to the welding direction and tested in a 100 kN univer-
sal testing machine Shimadzu AGS-X, using a deformation 
speed of 1 mm/min. DIC analysis was used during the tests 
in order to obtain the local strain fields of the specimens 

using a GOM ARAMIS 5M system. The specimen prepara-
tion for the DIC analysis followed the procedure described in 
Leitão et al. [19]. After the tensile-shear tests, fractography 
was performed on the fracture surfaces using SEM/EDS. 
The Vickers microhardness tests were conducted with an 
HMV-G Shimadzu machine using two different methodolo-
gies. The first consisted of performing HV0.2 indentation 
lines with a distance of 250 µm between indentations along 
the thickness direction of the longitudinal weld cross-section 
samples. Based on these results, hardness maps were plotted 
in order to illustrate the hardness evolution over the longi-
tudinal section. In addition to these indentation lines, local 
HV0.025 indentations were performed in specific regions 
of the weld interface.

3 � Results and discussion

3.1 � Composite joining

Table 2 shows the measured values of detonation/colli-
sion point velocity (Vd, Vc), the computed values of impact 
velocity (Vp), and the welding results. The values of deto-
nation and collision point velocities displayed in the table 
are the same because the plates were welded in parallel 
arrangement. As an intermediate plate was used, two val-
ues of impact velocity and angle were computed for each 
weld series, which correspond to the first impact (flyer 
plate against the intermediate plate) and the second impact 
(flyer + intermediate set against the baseplate). The impact 
velocity of the flyer plate on the intermediate plate (VpF) 
was computed using Gurney’s equation for a one-dimen-
sional problem in parallel configuration (Eq. (1)) [20, 21]. 
However, although this equation is widely accepted in the 
literature, it has some limitations because it ignores the 
acceleration of the flyer plate, only representing the terminal 
velocity [21, 22]. The proximity of the real value to the one 
calculated with Gurney’s equation depends on the effective 
value of STD.

√

2E is the Gurney characteristic velocity (m.s−1) of the 
explosive mixture. This parameter was estimated based on 

(1)VpF =
√

2E

�
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Table 1   Welding parameters used to produce the composites

Welding conditions Weld series

AF EE

Flyer alloy AA6082 AA6082
Intermediate alloy Ti6Al4V Ti6Al4V
Baseplate alloy AISI 304 AISI 304
Explosive mixture ANFO EE + EPS
R 3.1 1.3
STD1 4.5 mm 4.5 mm
STD2 1.5 mm 1.5 mm

Table 2   Detonation/collision point velocities and welding results

Weld series Vd, Vc (m.s−1) VpF (m.s−1) VpFI (m.s−1) Welding 
results

AF 2169 726 466 Consistent
EE 3184 697 444 Consistent
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an empirical correlation developed by Cooper [23] for ideal 
explosives, 

√

2E = V
d

�

2.97
 . The limitations of this approach 

were discussed by Carvalho et al. [24].
The impact velocity of the set composed of the flyer and 

the intermediate plates on the baseplate (VpFI) was computed 
using an approximate method considering the perfectly 
inelastic collision theory and the momentum conservation 
(Eq. (2)).

mF and mI are the masses of the flyer and the intermediate 
plates (kg), respectively.

From Table  2, it can be observed that, although the 
explosive mixtures used to produce the AF and EE welds 
have very different detonation velocities, the impact veloci-
ties were fairly similar. This results from the very differ-
ent densities of the explosive emulsion and ANFO, which 
promoted a higher explosive ratio for the AF welding. The 
table also shows that the use of a Ti intermediate plate pro-
moted an important reduction of the impact velocity (about 
35%), which allowed to reduce the energy lost in collision 
[25]. This is well known to favour the welding conditions 
of metallic couples that easily form IMCs [26], such as Ti 
and SS. In fact, the tested welding parameters made it pos-
sible to produce consistent welded composites, without the 
separation of the plates after the impact, a usual problem in 
direct Al-SS welding, for instance [27].

3.2 � Composite interface morphology

Micrographs of the longitudinal cross-section of the com-
posites are illustrated in Fig. 1. It can be observed that 
important differences exist in the morphology of the Al-Ti 
interface of both weld series. While a flat interface with 
localised step-like irregularities was formed in the AF welds 
(Fig. 1a), an interface composed of well-defined waves was 
formed in the EE welds (Fig. 1b). On the other hand, the 
figure shows that a wavy morphology was observed at the 

(2)VpFI =
mFVpF

mF + mI

Ti-SS interface of both weld series. However, the wavelength 
and amplitude were found to vary according to the explosive 
mixture used to produce the welds. As shown in Table 3, 
lower amplitude and wavelength values were measured for 
the EE welds. Even the step-like irregularities observed at 
the Al-Ti interface of the AF welds have a higher amplitude 
and length than the waves formed in the EE welds. These 
results, which are in good agreement with the results of pre-
vious works on Al-SS welding with an Al interlayer [16, 18], 
point to a very strong effect of the explosive mixture on the 
wave characteristics. In fact, although the impact velocity is 
often indicated to be a parameter with a strong influence on 
the wave parameters [28], the impact velocities registered 
in AF and EE welding were only slightly different, which 
corroborates the influence of the explosive base on the wave 
characteristics. In fact, some authors report the effect of the 
explosive ratio on the morphology of the waves, in which 
the amplitude and wavelength are directly proportional to the 
ratio. In other words, by increasing the ratio, the dimensions 
of the waves are often reported to increase [29, 30].

Table 4 displays the values of the wave interface fac-
tor (WIF) and the impedance mismatch parameter (IMP) 
calculated to the Al-Ti and Ti-SS interfaces, which are 
empirical parameters developed by Carvalho et al. [24] 
and Carvalho et al. [17] that indicate the type of mor-
phology expected for dissimilar metal combinations. The 
table shows the WIF and IMP calculated and the actual 
morphologies obtained for the interfaces in the present 

Fig. 1   Micrographs of the weld 
longitudinal cross-sections by 
SEM: a AF weld; b EE weld

Table 3   Wavelength and amplitude of the interfacial waves of the 
welds

a No interfacial waves were formed, but step-like irregularities. As the 
number of measurements was quite smaller than in the other cases, no 
standard deviation was computed

Weld series Interface Amplitude (µm) Wavelength (µm)

AF Al-Tia 79.6 2142.0
Ti-SS 119.2 ± 8.9 639.8 ± 11.3

EE Al-Ti 54.0 ± 7.3 356.3 ± 58.2
Ti-SS 42.3 ± 7.8 306.0 ± 52.1
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research. The computed WIF values are smaller than the 
threshold value found by Carvalho et al. [24] to avoid the 
formation of interfacial waves. In good agreement with 
this, interfacial waves were formed at the Al-Ti interface 
for the EE welds, and at the Ti-SS interface for both weld 
series. Well-defined waves were not formed only at the 
Al-Ti interface of the AF welds, for which step-like irregu-
larities were observed. This may be associated with the 
detonation velocity of the AF explosive mixture, which 
may not have been sufficient to promote the wave for-
mation for this interface. In fact, according to Cowen’s 
theory, who found a transition collision point velocity for 
the wave formation, the minimum value of collision point 
velocity required for the formation of interfacial waves is 
given by Eq. 3 [31].

RT is the Reynolds number, ρ is the density (kg.m−3), and 
H is the hardness (Pa).

Table 5 shows the computed Vc,min according to the Cow-
an’s equation and the measured collision point velocities of 
each weld series (Al-Ti interface). The collision point veloci-
ties of both weld series are lower than the minimum velocity 
required for the formation of interfacial waves. Especially 
the collision point velocity of the AF welds is well below 
the Cowen’s velocity, which makes it possible to infer that 
the non-formation of interfacial waves for this weld series 
was associated with the very low detonation velocity of the 
explosive mixture (58% Vc,min). On the other hand, the EE 
weld presented a value closer to the transition Vc,min, so some 
small waves are already present.

Regarding the IMP parameter, Table 4 shows that the val-
ues computed to the Al-Ti and Ti-SS interfaces are slightly 
above the threshold value found by Carvalho et al. [17] to 
provide the formation of curled waves instead of typical 
symmetrical waves. In good agreement with this, waves with 
curled characteristics were formed at the Ti-SS interface of 
the AF welds (Fig. 2a) and at the Al-Ti (Fig. 2b) and Ti-SS 
(Fig. 2c) interfaces of the EE welds. Even so, the waves 
formed at the interface of these welds have less intense 
curled characteristics than those reported in the literature 
for other dissimilar interfaces, such as Al-copper [26], Al-
carbon steel [18], or Al-niobium [17]. In fact, unlike these 
material couples, which present higher IMP values, the val-
ues computed to the Al-Ti and Ti-SS interfaces correspond 
to values next to the transition between shapes, for which the 
formed waves may present hybrid characteristics of typical 
symmetrical and curled shapes. Moreover, Fig. 2 also shows 
that, regardless of the weld series, the curling material at 
each interface is the same, i.e. the SS at the Ti-SS interface 

(3)Vc,min =

(

RT

2(Hflyer + Hbase)

�flyer + �base

)

1

2
Table 4   Interface morphology parameters, predicted morphology/
shape, and obtained results

a IMP values corresponding to a shape transition range, for which the 
actual wave shape may be difficult to define

Interface morphology param-
eters

Al-Ti Ti-SS

WIF [24] 0.20 0.63
Predicted morphology Wavy Wavy
Results Irregular flat/wavy Wavy
IMP [17] 0.33 0.41
Predicted morphology Curled a Curled a

Results Slightly curled Slightly curled

Table 5   Collision point velocity values for the Al-Ti interface: Cow-
an’s theory; AF weld; EE weld

Cowan’s Vc,min (m.s−1) Vc (m.s−1)—AF weld Vc (m.s−1)—EE weld

3763 2169 (58% Vc,min) 3184 (85% Vc,min)

Fig. 2   Micrographs of the weld 
interface: a AF weld, Ti-SS 
interface; b EE weld, Al-Ti 
interface; c EE weld, Ti-SS 
interface
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(Fig.  2a, c) and the Ti at the Al-Ti interface (Fig. 2b). 
According to Carvalho et al. [17], the material curling at 
the interface is the one with the highest shock impedance, 
which agrees-well with the present results (ZAl = 14.5 × 106 
kg.m−2.s−1; ZTi = 21.6 × 106 kg.m−2.s−1; ZSS = 36.4 × 106 
kg.m−2.s−1). So, because Ti has an intermediate density and 
impedance between Al and SS, it is the wave-forming mate-
rial when it interacts with aluminium, while when it inter-
acts with SS, the latter is the wave-forming material. This 
double behaviour of the Ti alloy in relation to the two other 
materials proves that the difference in properties between 
the interacting materials is more important than the alloy’s 
property itself.

3.3 � Composite interface microstructure

Figure 3 shows micrographs of the Al-Ti interface of the 
welds. It can be observed that layers and/or pockets of 

intermediate material were formed at both the step-like 
interface of the AF welds (Fig. 3a) and the wavy interface 
of the EE welds (Fig. 3b). According to Table 6, which dis-
plays the EDS results obtained in the regions indicated in the 
magnified micrographs shown in Fig. 3c, d (R1 to R4), the 
intermediate regions formed at the Al-Ti interface of both 
weld series are very rich in Al. The interface micrographs 
coupled with the elemental maps registered at the Al-Ti 
interface of the AF welds, which are shown in Fig. 4a, allow 
to observe that these regions are essentially composed of an 
Al matrix with Ti–rich IMC particles/fragments dispersed 
along it. This is in good agreement with the hardness values 
registered in intermediate regions, which are much higher 
than the values registered in the neighbour AA6082 alloy 
(Table 7). In fact, the dispersion of particles with Al-Ti IMC 
composition along the Al matrix promoted the strengthening 
of these regions. Even so, it is important to stress that a more 
uniform material layer was formed inside the curled waves 

Fig. 3   Micrographs of the Al-Ti 
interface: a AF weld, lower 
magnification; b EE weld, 
lower magnification; c AF weld, 
higher magnification; d EE 
weld, higher magnification

Table 6   Results of the EDS 
analysis (at.%) conducted in the 
intermediate material regions

Interface Weld Figure Regions Al Ti Fe Cr Ni Mg Si V Mn

Al-Ti AF Figure 3c R1 94.8 4.4 ––- ––- ––- ––- 0.7 ––- ––-
EE Figure 3d R2 98.2 0.1 ––- ––- ––- 0.7 0.7 ––- ––-

R3 66.2 32.8 ––- ––- ––- 0.5 0.5 ––- ––-
R4 42.7 54.4 ––- ––- ––- 0.3 0.4 2.2 ––-

Ti-SS AF Figure 5c R5 0.9 9.6 58.9 22.7 7.5 ––- 0.3 ––- ––-
EE Figure 5d R6 1.5 13.2 57.5 19.0 7.8 ––- 0.3 0.6 0.1
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of the Al-Ti interface of the EE welds. These zones corre-
spond to the vortex regions, where temperature and plastic 
deformation peaks were reached [32], which resulted in a 
more uniform mixture of the elements, and consequently, 
in a richer IMC composition. Despite the richer presence of 
IMCs inside the curled waves, these zones cannot be consid-
ered a focus of brittleness for the welds, as this intermetallic 
material is entirely surrounded by ductile titanium, which 
prevents their detrimental effect on the weld mechanical 
behaviour [17].

Figure 3b shows the formation of a severe discontinuity 
at the Al-Ti interface of the EE welds. This discontinuity 
led to the separation of the materials during the preparation 

of the tensile-shear specimens. This weld was produced 
with a high detonation velocity mixture, which has already 
been reported to have a very detrimental effect on dissimi-
lar welding, especially when aluminium alloys are welded 
as the flyer plate. In fact, Carvalho et al. [33] detected this 
phenomenon in Al-Cu explosive welding, showing that 
interfacial melting occurs more easily when the aluminium 
alloy is welded as the flyer plate. They showed that, when 
aluminium is the flyer, lower values of energy lost by the 
collision and lower collision point velocities are needed to 
cause interfacial melting, which makes the weld more sus-
ceptible to separate upon impact.

Micrographs of the Ti-SS interface of the welds are illus-
trated in Fig. 5. As often observed for waves with a curled 
shape, the intermediate material was formed inside each 
wave, extending some micrometres outside it, for both weld 
series (Fig. 5a, b). From the magnified micrographs shown 
in Fig. 5c, d, it can be observed that the intermediate mate-
rial formed at the Ti-SS interface has a more uniform mor-
phology than the material formed at the Al-Ti interface. In 
fact, the elemental maps obtained at the Ti-SS interface of 
the AF weld, which are displayed in Fig. 4b, corroborate the 
more uniform morphology of this region, showing a uniform 

Fig. 4   EDS maps of the AF weld: a Al-Ti interface; b Ti-SS interface. Only the maps regarding the main elements present at each interface are 
indicated in the figure

Table 7   Hardness values registered at the interface of the welds

Interface Weld Weld interface hardness (HV0.025)

AA6082 Ti6Al4V AISI 304 Intermediate

Al-Ti AF 110–115 340–360 –––– 230–240
EE 110–115 365 –––– 130–265

Ti-SS AF –––– 360–370 390–420 670–900
EE –––– 375–395 410–460 600–1200
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distribution of the three main elements composing the inter-
mediate material, i.e. Fe, Cr, and Ti. However, according 
to Table 6, which displays the EDS results obtained in the 
regions indicated in Fig. 5c, d, the atomic composition in Fe 
is much higher than the composition in Ti and the remaining 
alloy elements of the Ti6Al4V alloy.

Besides having a mixed chemical composition, the inter-
mediate regions formed at the Ti-SS interface of both weld 
series also present very high hardness values (Table 7), 
which points to the formation of hard and brittle IMCs dur-
ing welding. In good agreement with this, some microc-
racks can be observed all over the Ti-SS intermediate zones, 
whose propagation is blocked by the ductile Ti6Al4V and 
stainless steel layers existing around these regions. The 
morphology and the hardness values of the Al-Ti and Ti-SS 
intermediate regions point to important differences in their 
intermetallic composition. Effectively, the Ti-SS intermedi-
ate regions present a much more uniform morphology and 
much higher hardness values, which indicates a more sig-
nificant presence of IMCs.

Analysing the interface more deeply through EBSD, 
the inverse pole figures (IPF) in Fig. 6 indicate that there 
is deformation of the grains adjacent to the interface in 
both aluminium (Al-Ti interface, Fig. 6a) and steel (Ti-SS 
interface, Fig. 6b). The formation of grains with smaller 
dimension and equiaxed shape also suggest the occurrence 
of recrystallization at the weld interface as a result of the 
coupled effect of heating and extreme plastic strain [34]. 

Furthermore, as shown in Fig. 6c, IMCs were identified at 
both interfaces. However, it should be noted that the phase 
analysis conducted by EBSD was used only to make the 
presence of IMCs at the weld interface evident. In fact, this 
analysis was extremely localised, and therefore, other phases 
beyond those indicated by the Kikuchi patterns may exist.

3.4 � Composites mechanical behaviour

Hardness maps obtained over the longitudinal cross-section 
of the welds are illustrated in Fig. 7. The hardness maps 
encompass the entire area of the weld cross-section, exclud-
ing the interface zone, whose values are displayed in Table 7. 
From the maps, it can be observed that the welding process 
did not promote significant differences in the hardness of the 
AA6082, as the values after welding are similar to the base 
material hardness (114 HV0.2). As shown in Table 7, the 
hardness of the aluminium alloy is quite similar to the base 
material hardness even in the zones closest to the weld inter-
face. In fact, as AA6082 is a heat-treatable alloy, its main 
hardening mechanism is not plastic deformation, but precipi-
tation. As the heating is instantaneous and highly concen-
trated in explosive welding, the thermomechanical affected 
zone is very narrow zone and the thermal cycle experienced 
by the AA6082 was not enough for changing the structure 
and density of the second-phase particles. Hence, the small 
effect on the alloy hardness.

Fig. 5   Micrographs of the 
Ti-SS interface: a AF weld, 
lower magnification; b EE weld, 
lower magnification; c AF weld, 
higher magnification; d EE 
weld, higher magnification
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Figure 7 also shows that the welding process had a minor 
effect on the hardness of the Ti-6Al-4V alloy. The hard-
ness values registered over the intermediate plate tend to be 
similar to the base material hardness (350 HV). On the other 
hand, a strong hardening was observed all over the AISI 304 
plate, reaching values that are about twice the base material 
hardness (188 HV0.2). Moreover, an extremely hardened 
region was formed near the weld interface, where occurred 
the most intense plastic strain. Although the hardness val-
ues reached in this zone are similar in both weld series, the 
dimensions of the extremely hardened regions are different, 
being larger in the AF weld, which may be associated with 
the higher explosive ratio and impact velocity associated 
with this joint. These results indicate that these aspects had 
a stronger influence on the extension of the extremely hard-
ened region than on the hardness peak values achieved at the 
weld interface (Table 7).

The energetic material (AF and EE) properties interact 
with the material to be welded. Although the detonation/col-
lision point velocity (Vd or Vc) has a direct relationship with 
the impact velocity (Vp), and, consequently, with the kinetic 
energy transferred to the welding, other factors must be con-
sidered. As Eq. (1) shows, both Vd and the explosive ratio 
(R) affect the impact velocity. However, the impact velocity 
value alone may not be enough to indicate whether a weld 
will be consistent or not. This occurs because a high value of 

Vc with a low ratio can result in the same impact velocity as 
a low Vc with a high ratio (Eq. (1)). The present work shows 
that similar values of Vp resulted in very different results 
because of the differences in Vd and explosive ratio combi-
nations. It is important that the energetic mixture chosen is 
capable of being used with reasonable ratio values, avoiding 
the combination of very high Vc with very low explosive 
ratio, which can more easily result in failed welds.

Table 8 and Fig. 8 display the tensile-shear testing results 
of the welds for the AF weld series. Regarding the EE weld 
series, the joints were not tested because the specimens frac-
tured during machining due to a material discontinuity that 
formed at the Al-Ti interface, which severely affected the 
weld mechanical behaviour. Table 8 shows the range of max-
imum load values and the fracture location for the AF weld 
series and for previous works on Al-SS joining, in which 
the same specimen geometry was used. In turn, Fig. 8 illus-
trates the Von Mises’ strain distribution map at maximum 
load (Fig. 8a) and the specimen macrograph after fracture 
(Fig. 8b). From Table 8, it can be observed that the maxi-
mum load values registered for the AF welds ranged between 
9.5 and 10.1 kN, which points to a very regular behaviour 
for all the tested specimens. As illustrated in Fig. 8, although 
localised strain was found in the aluminium and stainless 
steel regions of the specimens (Fig. 8a), they failed at the 
Ti-SS interface (Fig. 8b), where no strain was observed. 

Fig. 6   IPF of the aluminium (a) and stainless (b) steel interfaces, and SEM images with the Kikuchi patterns identifying the phases (c) for the 
EE weld series
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These results suggest that a brittle fracture occurred in this 
zone. Effectively, the fractographic study (Fig. 9), shows that 
cleavage occurred at the Ti-SS interface. In good agreement 
with this, both the lower (Fig. 9a) and higher magnification 
(Fig. 9b) micrographs of the fracture surface show several 
cracks propagating through the brittle structures.

Table 9 displays the results of the EDS analyses per-
formed in the regions indicated in Fig. 9, which shows 
that a mixed chemical composition was detected in all the 
tested regions of the fracture surfaces. The chemical com-
positions match-well the composition of the intermediate 
regions formed at the Ti-SS interface, which confirms that 
the formation of IMCs-rich regions at the weld interface 
affected the mechanical behaviour of the welds. However, 
as curled waves were formed at the Ti-SS interface, the 
brittleness of the IMC-rich material was to some extent 
accommodated by the ductile waves [18], allowing the 
plastic deformation of the aluminium and stainless steel 
regions, instead of the premature failure of the specimens. 
In order to further improve the mechanical properties of 
the joints and avoid fracture at the interface, it is neces-
sary to find welding parameters capable of promoting the 
formation of waves with morphologies that surround the 
brittle intermetallic compounds. Some examples of these 
morphologies are presented in previous works for other 
dissimilar metallic combinations [17, 18].

Fig. 7   Hardness maps obtained 
along the longitudinal cross-
section of the welds: a AF weld; 
b EE weld

Table 8   Tensile-shear testing results obtained in current and previous 
works on Al-SS explosive welding

NST not enough strength to be tested

Works Welds Maximum load (kN) Failure zone

Current Al-Ti-SS (AF) 9.5–10.1 Ti-SS weld interface
Al-Ti-SS (EE) NST –––––––

[18] Al-SS NST –––––––
Al-Al-SS NST–6.0 Interlayer

[16] Al-Al-SS 4.5–5.0 Interlayer
[17] Al-CS-SS 11.4–11.5 Outside the weld

Al-Nb-SS 8.8–11.0 Outside the weld
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Table 8 shows that, among the bimetallic (Al-SS) and 
trimetallic (Al-intermediate material-SS) composites, the 
best mechanical behaviour was achieved for the Al-CS-SS 
composites, i.e. when a CS intermediate plate was used. In 
fact, these joints presented the highest values of maximum 
load and failed outside the weld region. On the other hand, 
Al-SS welding did not result in composites with enough 
strength to be tested, being the worst scenario by far (similar 
to the Al-Ti-SS EE weld series using high detonation veloc-
ity). Comparing the results obtained in this research with the 
remaining displayed in the table, it can be concluded that 
welding Al and SS with a Ti intermediate plate allows the 
achievement of composites with good mechanical proper-
ties, when welded with lower detonation velocity (as in sam-
ple AF). In fact, the maximum load values were only slightly 

lower than those achieved using a CS or a Nb intermediate 
plate. Furthermore, the titanium has important advantages 
when it is compared with these materials, i.e. it is lighter, 
presents improved corrosion resistance, better mechanical 
properties at high and low temperature when compared to 
the CS and it is more economic than Nb.

3.5 � Discussion on interface chemical composition

The EDS results showed that the intermediate regions of 
the AF and EE welds have a mixed chemical composition. 
Additionally, it was observed that these zones have not a 
balanced composition between the chemical elements com-
posing the adjoining materials at each interface. Actually, 
the Al/Ti intermediate regions tend to be much richer in Al, 
while the Ti/SS regions tend to be much richer in Fe. Even 
so, as deeply discussed by Greenberg et al. [35] and Bataev 
et al. [36], these zones are highly heterogeneous, and there-
fore, some zones of both the Al/Ti and Ti/Fe regions may be 
locally richer in Ti. These zones are often observed to cor-
respond to fragments of Ti or even Ti–rich IMCs dispersed 
over the Al-rich or Fe-rich matrix.

In order to better understand the weld intermediate 
regions, which are often observed in dissimilar joining by 

Fig. 8   AF weld specimen 
during tensile-shear testing: a 
maximum load instant (DIC 
strain map); b after fracture

Fig. 9   SEM micrographs of the 
fracture surface of the AF weld 
series: a lower magnification; b 
higher magnification

Table 9   Results of the EDS analysis (at.%) conducted in the fracture 
surface of the AF welds

Regions Al Ti Fe Cr Ni

I 2.8 21.5 52.9 14.5 8.3
II 3.5 23.6 50.2 16.3 6.5
III 5.5 41.6 38.7 8.8 5.4
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EXW regardless of the higher or lower mutual solubility of 
the elements composing the welded plates, a deep litera-
ture survey on the chemical composition of these regions 
was made. Part of the results of this analysis is displayed in 
Table 10, which addresses the most explored alloy couples 
in the literature. The table indicates the lower melting tem-
perature element (LMTE) among the main elements of each 
alloy couple (for example, Fe in carbon and stainless steels, 
Ti in titanium alloys, or Cu in copper alloys), the number of 
EDS analyses considered and the fraction of analysis richer 
in the element with lower melting temperature. The number 
of EDS analyses corresponds to the analyses that were con-
sidered in the literature-based study, encompassing analyses 
belonging to different works. It should be noted that the EDS 
analysis (% at.) considered in the study were conducted in 
the matrix region of the intermediate zones, and therefore, 
analysis conducted in particles or fragments exclusively 
composed of a single element were discarded (all the EDS 
analysis with a composition greater than 90% at. in a spe-
cific chemical element were not considered). As a significant 
number of analyses were considered for each alloy couple, 
the fraction of analyses richer in the LMTE of the interme-
diate region is also displayed in the table. From the table, it 
can be observed that, regardless of the welded couple, the 
matrix of the intermediate regions tends be richer in the 
main element of the welded couple with lower melting tem-
perature. For the material couple with the lowest fraction, it 
can be observed that about 80% of the EDS analysis spots 
are richer in the LMTE. Although EDS analysis has several 
limitations in which concerns to obtain accurate chemical 
compositions for small analysing areas and the analysis con-
ditions differ among the different works considered in this 
study, a clear trend on the chemical composition of these 
zones is observed.

Unlike the alloy couples displayed in Table 10, there are 
some couples for which the literature data on the chemical 

composition of the intermediate regions is much scarcer and 
only some analysis can be found for each couple. However, 
although a statistical approach is not suitable to be followed 
for these couples, a clear trend can also be observed. As 
displayed in Table 11, the material with the lower melting 
temperature is dominant in the intermediate regions for most 
of the alloy couples. This is valid regardless of the magni-
tude of the difference between the melting temperature of 
the main elements of the welded alloys.

The formation of intermediate regions in EXW results 
from the high temperatures and plastic deformation occur-
ring at the weld interface. Usually, these regions are formed 
in vortex zones, in which the highest peaks in temperature 
and plastic deformation are reached [32]. According to 
Greenberg et al. [35], true solutions are formed in local melt-
ing zones of the intermediate regions when the alloy ele-
ments have mutual solubility, while colloidal solid solutions 
are formed for immiscible elements. In turn, Bataev et al. 
[36] reported that depending on the chemical composition of 
the vortexes they may consist of stable phases predicted by 
equilibrium phase diagrams, metastable crystalline phases, 
metastable quasicrystalline phases, metastable glassy phases, 
or even a mixture of several stable and metastable phases. 
From the present results, it is observed that regardless of the 
alloys couple being welded or the location of the alloys as 
the flyer or baseplate, the LMTE is dominant in the chemical 
composition of the hybrid matrix of the intermediate region. 
However, heterogeneity may be observed over these regions 
because of the very high heating and cooling rates in EXW 
[36], which explains the formation of local volumes richer 
in the HMTE. As a result of this, there are several reports in 
the literature of the formation of IMCs richer in the HMTE, 
such as Cu6Sn5, Ti3Al, and CuTi2 in the Sn/Cu [67], Al/Ti 
[6], and Cu/Ti [53] interfaces, respectively. Even so, impor-
tant information is given to future works devoted to study 
the phase formation phenomenon in EXW by realising the 
dominance of the LMTE in the chemical composition of the 

Table 10   Literature-based approach to the chemical composition 
of the intermediate regions formed at the weld interface for widely 
explored welded couples

Welded 
alloys

LMTE Number 
of EDS 
analyses

Analysis 
richer in 
LMTE (%)

Works

Al/Fe Al 23 95.7 [16, 18, 27, 
37–39]

Al/Ti Al 27 85.2 [4–6]
Al/Ni Al 14 78.6 [40, 41]
Al/Cu Al 35 91.4 [24, 28, 33, 

42–46]
Fe/Ti Fe 20 100.0 [2, 7–9, 47–50]
Cu/Ti Cu 20 85.0 [51–56]
Cu/Fe Cu 11 90.9 [47, 52, 57–61]

Table 11   Literature-based approach to the chemical composition 
of the intermediate regions formed at the weld interface for less 
explored welded couples

Welded alloys LMTE Intermediate zone’s 
dominant element

Works

Al/Nb Al Al [62]
Fe/Nb Fe Nb [63]
Fe/Zr Fe Fe [64]
Fe/W Fe Fe [65]
Ag/Fe Ag Ag [35, 66]
Cu/Zr Cu Cu [36]
Cu/Ta Cu Cu [59]
Sn/Cu Sn Sn [67]
Ni/Zr Ni Ni [36]
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intermediate zones. Moreover, this is also a good input to 
the selection of the most suitable interlayer to facilitate the 
welding of a specific couple of alloys, as the composition of 
the intermediate zones may have a strong influence on the 
weld mechanical behaviour.

4 � Conclusions

The present research was aimed to study the morphologi-
cal, microstructural and mechanical properties of Al-Ti-SS 
composites produced by EXW. The following conclusions 
can be drawn:

•	 Al-Ti-SS trimetallic composites with sound structure 
and very good mechanical behaviour can be obtained by 
EXW. The mechanical performance of these compos-
ites is quite similar to other trimetallic composites with 
excellent performance, like Al-CS-SS and Al-Nb-SS. 
However, the Ti-based composites stand out for their 
increased lightness, improved corrosion resistance, and 
better mechanical properties at high and low temperature 
(comparing to Al-CS-SS) and lower cost (comparing to 
Al-Nb-SS).

•	 The use of explosive mixtures with a lower detonation 
velocity gives rise to better welding conditions than when 
an explosive mixture with a higher detonation velocity 
is used. Although the intermediate and bottom plates of 
these composites are high-melting temperature materials, 
the top aluminium plate limits the range of detonation 
speed that can be used to obtain sound welded compos-
ites.

•	 IMC-rich zones are formed at the Al-Ti and Ti-SS inter-
faces of the Al-Ti-SS trimetallic composites. The inter-
metallic content and brittleness of the Ti-SS IMC-rich 
zones is greater than that of the Al-Ti interfaces. Despite 
the brittle nature of the composite interfaces, the forma-
tion of interfacial waves, which are ductile and encom-
pass/accommodate the brittle IMC-rich regions, allows 
a very good mechanical performance of the composites.

•	 Regardless of the material couples being joined by EXW, 
the matrix of the intermediate regions formed at the weld 
interface is richer in the main element of the welded cou-
ple with lower melting temperature.
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