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The microstructure, hardness, lap shear strength and fracture energy of AA2139-TiAl6V4 spot joints
produced by ultrasonic welding were investigated and related to the weld thermal cycle. No obvious
intermetallic reaction layer was observed in the AA2139-TiAl6V4 welds, even using transmission electron
microscopy. The hardness profile of AA2139 side after welding was studied, demonstrating that the heat
introduced by the welding process leads to some softening with partial hardness recovery after natural
aging. The effects of welding time on peak load and fracture energy were investigated. The peak load
and fracture energy of welds increased with an increase in welding time and then reached a plateau, i.e.,
maximum peak load 5.3 kN and maximum fracture energy 3.7 kN mm. In all cases, failure occurred by
fracture at the weld interface.

© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Weight and cost reduction is a critical challenge in the aerospace
industry so as to reduce fuel cost and enhance aircraft performance.
Rendigs (1997) suggested that light-weight, lower cost design by
replacing monolithic titanium components with multi-material
parts produced from titanium and aluminum alloys is a promising
route to achieve this objective.

This requires the joining of structures made of titanium alloys
and aluminum alloys. Many investigations on Al/Ti joining have
focused on fusion welding techniques, such as brazing, laser brazing
and laser welding. Brittle intermetallic phases, typically Al3Ti are
often observed in these liquid-state welded Al/Ti joints, which can
deteriorate the joint mechanical properties. For example, Chen et al.
(2011b) welded Ti6Al4V titanium sheet and Al 5A06 sheet together
by laser brazing with a filler wire made from aluminum alloy. Both
Ti;Al5Siq» and Al3Ti phases were observed in the reaction layer. The
thickness of the reaction layer varies from a few microns to around
50 wm depending on the welding parameters. Chen et al. (2011a)
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also found that compared with circular spot laser mode, rectangu-
lar spot laser with relative uniform energy distribution can enhance
the uniformity of interfacial reaction along the interface. Chang
et al. (2012) brazed 6061 aluminum alloy and Ti6Al4V using an
Al-Si-Cu-Ge-Re filler metal, and an AlsSi;,Ti; intermetallic com-
pound (IMC) layer with a thickness of 3-6 pm was observed on the
weld interface. (Peyre et al., 2014) laser lap welded Al (AA5754)
and Ti (T40) using a Al-Si filler wire, and an IMC layer mainly com-
posed of Al3Ti with a thickness varying from 0.5 to 2.4mm was
observed on the weld interface. Tomashchuk et al. (2015) directly
laser welded aluminum alloy AA5754 to titanium alloy Ti6Al4V
without using any filler metal. TiAl, AlsTi and Ti3Al intermetal-
lic phases were detected in the weld by X-ray diffraction (XRD).
Very recently, Casalino et al. (2015) also directly laser welded Al
(AA5754)and Ti (T40) by offsetting the laser beam into the Ti side of
the joint. Again, Al;Ti intermetallic phase was observed on the weld
interface. In summary, liquid-state dissimilar joining of aluminum
to titanium is often accompanied by an obvious intermetallic layer
formed on the Al/Ti interface. Such a layer, which is brittle com-
pared to the parent materials, will degrade the performance on the
joint.

Solid state welding processes are expected to suppress the IMC
layer growth, due to their low energy input compared with fusion
welding processes. Diffusion bonding, friction welding, friction stir
welding (FSW) and friction spot welding have been used to weld
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aluminum to titanium. However, intermetallic phases are still often
observed on the interface. For example, Jiangwei et al. (2002) dif-
fusion welded commercially pure Al and commercially pure Ti at
640 °C with a holding time of 90 min. Intermetallics AITi and Al5Ti
were detected in the transition zone on the Ti side by XRD. Chen and
Nakata (2009) have lap joined ADC12 cast aluminum alloy sheet
and commercially pure titanium sheet by FSW. The maximum fail-
ure load of lap joints reached 62% that of the aluminum base metal.
Al3Ti phase was detected on the weld interface by XRD. Dressler
etal.(2009)but welded 2 mm thick AA2024-T3 aluminum alloy and
TiAl6V4 titanium alloy using FSW by shifting the tool pin toward
the aluminum side. The joint ultimate tensile strength (348 MPa)
reached 73% of the AA2024-T3 base material. Aonuma and Nakata
(2011) also butt welded 2024-T3 and 7075-T651 aluminum alloy
to pure titanium and Ti6Al4V alloy by FSW. The tool probe was
also shifted to the aluminum side. In their joints, the highest aver-
age tensile strength reached 311 MPa. AlsTi intermetallic phase
was again detected by XRD on the fracture surface of the weld. No
other intermetallic compounds were detected. Besides Al3Ti phase,
Kimura et al. (2005) have observed Ti;Mg3Al;g phase in a friction
welded joint between an AIMg alloy (AA5052) and TiAl6V4. Plaine
et al. (2015) lap joined 1.5 mm thick aluminum alloy AA6181-T4
and titanium alloy Ti6Al4V plates using friction spot welding tech-
nique. Sound joints with lap shear strength that can reach 6449 N
were achieved.

High power ultrasonic spot welding (HP-USW) is a promis-
ing solid state welding process for joining thin metal sheets with
very low energy input. Bakavos and Prangnell (2010) reported that
the welding energy input of USW is very low, only around 2% of
resistance spot welding—a fusion welding process, and ~30% of
friction stir spot welding. It has been used for welding many dis-
similar metal combinations, such as Al/Fe, Al/Mg, Al/Cu and Al/Ti.
Although USWs have a low input energy, which is beneficial for
suppressing IMC layer growth, when welding high-reactivity dis-
similar metal combinations, an IMC layer is still typically formed
at the interface. For example, Prangnell et al. (2011) observed an
Al-Fe IMClayer (<2 wm) in USWed Al-Fe joints; Panteli etal. (2012)
reported a fast growing Al-Mg IMC layer (up to 20 wm within
1s welding time) in USWed Al-Mg joints; Yang and Cao (2015)
observed an Al-Cu IMC layer (1-8 pm) in USWed Al-Cu joints.
Recently, both the present authors Zhang et al. (2014) and Magin
and Balle (2014) have reported that in Al/Ti joints (Al (AA6111 alu-
minum)/TiAlI6V4 and AA1199/commercially pure titanium joints
respectively) produced by USW, no visible IMC layer was detected
on the weld interface even using high resolution transmission elec-
tron microscopy (TEM). The present authors Zhang et al.(2014) also
have demonstrated that optimized USWed AA6111/Ti spot weld
has an encouraging lap shear strength, which reached the same
level as similar AA6111/AA6111 spot welds. The good mechanical
properties compared with those of Al-Fe (Prangnell et al. (2011)
and Al-Mg (Panteli et al. (2012) welds produced using the same
technique is thought to be due to the lack of a thick brittle IMC
layer at the interface. However, in the aerospace industry, 2XXX
series aluminum alloys, rather than 1XXX series and 6XXX series,
are most commonly used. Therefore, investigating the interfacial
microstructure and the mechanical properties of 2XXX aluminum
alloy/TiAl6V4 USW joint is important for the potential use of USW
in aerospace industry.

In this study, the most frequently used aerospace titanium alloy
(TiAl6V4) was joined to AA2139, a recently developed aerospace
Al-Cu-Mg-Ag alloy. The objective of this work is not only to assess
the suitability of HP-USW for joining high strength aerospace alu-
minum alloy to TiAl6V4, but also to investigate and evaluate the
USWed joints from both mechanical and metallurgical points of
view.
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Fig. 1. Schematic diagram of the ultrasonic spot welding process.
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Fig. 2. Schematic diagram showing the position of the thermocouple.

2. Experimental methods

AA2139-T8 (Al-0.45Mg-0.03Si-4.8Cu-0.05Fe-0.3Mn-0.3Ag-
0.0008Li) aluminum alloy and TiAl6V4 (Ti-6.15A1-4V-0.3Fe-0.1C-
0.05N-0.015H-0.20) titanium alloy sheets were used for the
present study. Both of these materials are extensively used in
the aerospace industry. The alloys were cut into 25 x 75 x 1 mm
specimens and lap welded with aluminum sheet on the top,
using a 2.5 kW single reed Sonobond ultrasonic welding machine,
operating at 20.5 kHz. The welding time, which ranged from 0s
to 4s, is the only variable parameter in this study. The welding
energy is simply proportional to the welding time and has a
maximum of approximately 4 k], as the weld power is kept con-
stant. The pressure applied was also kept constant at 0.55 MPa.
The sonotrode tip was of circular cross section with a diameter of
10 mm. [t was aligned at the centre of a 25 mm overlap between the
sheets when ultrasonic spot welding was performed. A schematic
diagram of the typical single reed ultrasonic spot welding process
is shown in Fig. 1. The sheet surfaces were ground using 300 grit
grinding paper and then washed using acetone and dried prior
to welding. To measure the thermal cycle during the welding
process, 0.5 mm diameter k-type thermocouples were inserted
into a groove between AA2139 sheet and TiAl6V4 sheet. The end
of thermocouple is located at the centre of the clamped region, as
illustrated in Fig. 2, and is expected to correspond to the maximum
temperature position.

The mechanical properties of the joints were measured by ten-
sile lap shear tests performed with a crosshead speed of 1 mm/min.
The tensile lap shear tests were performed on the welded coupons
without further machining. Specimens for lap shear testing were
naturally aged for 8 days after welding to allow natural aging
to occur close to completion. Hardness measurements were per-
formed on metallographically polished surfaces across the welds
at a depth of 0.5 mm below the top aluminum sheet surface using
a Vickers microhardness testing machine with a load of 500 g.
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Fig. 3. (a) Weld appearance of a typical USW weld, welding time 4 s, welding energy
4120], (b) Macrostructure of cross-section of a typical USW weld, welding time 4.0 s,
welding energy 4120], (c) Influence of welding time on welding tip indent area,
sample photos (aluminum side).

The samples for microstructural investigations were cross-
sectioned perpendicular to the welding direction, which is parallel
to the ultrasonic vibration direction, and prepared for metallo-
graphic investigation using standard methods. The microstructure
near the interface was observed with back-scattered electrons
using an FEI Quanta 650 field emission scanning electron
microscopy (FE-SEM) equipped with an energy-dispersive X-ray
spectroscopy (EDS) detector.

Thin foils for transmission electron microscopy (TEM) were pre-
pared by Focused Ion Beam Milling (FIB) using a FEl QUANTA 3D FIB
system operating at 30 kV for rough cutting and milling, and both
5kV and 2 KkV for final cleaning. The foils were examined using a
Tecnai TF30 transmission electron microscope operating at 300 kV.

3. Results and discussion
3.1. Weld appearance

Fig. 3(a) shows the appearance of a typical AIl-Ti
(AA2139-TiAl6V4) dissimilar weld (welding time 4.0s, weld-
ing energy 4120]) produced by USW. The macrostructure of
cross-section of a USW joint is shown in Fig. 3(b). It can be seen
that AA2139 aluminum alloy sheet was severely deformed by the
welding tip and there was almost no macro deformation on the
titanium side. The reason for this is discussed later in the weld
microstructure section.

Fig. 3(c) shows surface appearances of AA2139/Ti6Al4V joints
for different welding times. It can be seen that the indent area
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Fig. 5. The ‘interfacial failure’ mode of AA2139/TiAl6V4.
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Fig. 6. Hardness profile across the aluminum alloy in AA2139/TiAl6V4 weld (4s,
4250]) measured 30 min (square markers) and 8 days (circular markers) after weld-
ing. (Hardness test load: 500 g, dwell time: 10s).

increased with increasing welding time, due to the softening of
AA2139 aluminum alloy and the downward movement of the weld-
ing tip with increasing welding time.

3.2. Mechanical properties

3.2.1. Effect of welding time

In this study, the welding time is the only variable welding
parameter. Since the weld power remained unchanged, an increase
in weld time also corresponds to an increase in total energy input
into the weld.

As shown in Fig. 4(a), the peak load that can be sustained before
failure of the Al-Ti weld increased with an increase of welding time
from Os to 2.0s. For times longer than this, peak load plateaus,
with an upper limit around 5.3 kN (~100 MPa, shear strength). This
peakload is much higher than that measured during testing of opti-
mized Al-Mg (Panteli et al., 2012) USW welds (~2.0kN) and Al-Fe
(Prangnell et al., 2011) USW welds (~2.8 kN) of similar dimensions.
This is mainly due to the very limited interfacial reaction between
Al and Ti (as discussed later in Section 3.3) compared with the
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Fig. 4. (a) Effect of welding time on the peak load and shear strength of AA2139/TiAl6V4 USW welds; (b) Effect of welding time on fracture energy of AA2139/TiAl6V4 welds.
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Fig. 7. SEM images of typical AA2139-TiAl6V4 ultrasonic spot weld interface (welding time: 4 s, welding energy: 4120]) (a) low magnification image, (b) high magnification

BSE image.
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Fig. 8. TEM images of an AA2139-TiAl6V4 USW weld interface, (a) a low magnification HAADF image showing a large region of the interface, (b) higher magnification bright
field image, (c) higher magnification HAADF image, (welding time: 4.0 s, welding energy: 4120]).

rapid interfacial reaction in Al-Mg welds and Al-Fe welds, which
is discussed in more detail elsewhere (Zhang et al., 2014).

The highest peak load reached is also higher than (~51%) that
of optimized AA6111-TiAl6V4 USW welds (~3.5kN) (Zhang et al.,
2014), which shared a similar interfacial failure mode (discussed
later). This can be largely attributable to the increased area of
the welding tool used in the present study (tool cross-section
area: 79 mm?, ~46% larger) compared with that used for welding

AAG6111/TiAl6V4 (Zhang et al., 2014). A larger welding tool leads to
a larger welded area and thus increased failure load.

The high degree of scatter in the peak loads for the joints made
using welding time 1.2s is because this time corresponds to the
transition between the partially bonded (short welding time) and
fully bonded conditions (long welding time, >2.0s). As shown in
Fig. 4, for welding times shorter than 0.8 s, almost no weld can form;
for welds longer than 2 s, a fully bonded weld always forms. In gen-
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Fig. 9. Comparison of microstructure between aluminum alloy AA2139 near the weld interface ((a), welding time 3.0s) and AA2139 base metal near surface region ((b), not
welded); Comparison of microstructure between TiAl6V4 near the weld interface ((c), welding time 3.0 s) and not-welded TiAl6V4 base metal near surface region ((d), not

welded).

eral, the welding time—peak load relationship of AA2139-TiAl6V4
weldsis quite similar to that of AA6111-TiAl6V4 welds (Zhanget al.,
2014), with peak load initially increasing with increasing welding
time before reaching a plateau.

As shown in Fig. 4(b), the variation trend of fracture energy
with increasing welding time is similar with the trend of peak
load (Fig. 4(a)). The fracture energy reached an upper limit around
3.7 kN mm when the welding time is longer than 2.

As Fig. 5 shows, weld failure at all weld times was observed to
occur by fracture across the interface, and no aluminum remained
stuck on the titanium sheet after testing. This is in contrast to USW
AAG6111-TiAl6V4 joints, where a nugget pull out condition could
be achieved which was accompanied by extensive deformation of
aluminum leading to a high fracture energy (Zhangetal.,2014). This
difference is due to the higher strength of AA2139 alloy compared
with the AA6111 alloy, which means that interfacial failure occurs
before significant plastic deformation of the aluminum alloy.

Though the optimized AA2139-TiAl6V4 USW weld peak load
(~5.3kN) is 51% higher than that of AA6111-TiAl6V4 USW weld
(~3.5kN) (Zhang et al., 2014), the optimized AA2139-TiAl6V4
USW weld fracture energy (~3.7 kNmm) is 26% lower than that
of AA6111-TiAl6V4 USW weld (~5 kN mm, naturally aged) (Zhang
et al.,, 2014). This is consistent with the interfacial failure mode
always observed for the AA2139-TiAl6V4 welds as already noted.

3.2.2. Hardness profile

Fig. 6 shows the hardness profile in the AA2139 aluminum alloy
close to the interface along the weld, measured within 30 min of
welding and after 8 days natural aging. It can be seen that similar
to other solid state welding processes, such as friction stir weld-
ing (Jata et al., 2000), the USW process has led to a significant

(approximately 37%) softening of the aluminum alloy in the weld
zone and the heat affected zone, due to the dissolution and coars-
ening of the strengthening precipitates (Jata et al., 2000). After 8
days natural aging, the hardness recovered partly, because of the
re-precipitation of the alloying elements dissolved during the weld-
ing process. In contrast to the AA6111-TiAl6V4 USW joints (Zhang
et al., 2014), the strength recovery of AA2139 did not lead to the
change of failure mode of the AA2139-TiAl6V4 USW welds since
even in the “as welded” (soft) condition, the AA2139 alloy is strong
enough to produce an interfacial failure mode in the weld.

3.3. Weld microstructure

Fig. 7(a) and (b) shows a typical AA2139-TiAl6V4 weld
microstructure (cross section), for a 4s welding time joint. No
IMC layer was visible in these AA2139/TiAl6V4 weld backscat-
tered electron images even at the highest magnifications, which
is encouraging since the formation of a brittle IMC layer is typically
associated with poor mechanical properties.

To investigate the weld interface at higher resolution, TEM was
used. To make a careful study of the Al-Ti interface, both bright
field images and high-angle annular dark field images (HAADF)
were taken of the interface region with examples of these images
shown in Fig. 8. Even using the higher resolution of the TEM,
no obvious IMC layer was detected, suggesting if any layer is
present it must be very thin (< 100 nm). Although atypical, simi-
lar “clean” (no-IMC-layer) interface structures have been noticed
previously for other material combinations joined by ultrasonic
welding and other approaches; for example, in the metal-metal
case (Kimetal.,2014), metal-ceramic case (Matsunaga et al., 2006),
and metal-glass combination (Iwamoto 2014). These no-IMC-layer
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in the middle of the AA2139-TiAl6V4 weld, (b) the partial thermal cycles of the 4.0 s
weld near the peak temperature region which is indicated by the blue rectangular
in (a).

interfaces are typically associated with a very low welding energy
orvery high-energy barrier for nucleation of the IMC. Previous stud-
ies by both the present authors Zhang et al. (2014) and Magin and
Balle (2014) on ultrasonic welding of Al and Ti also reported no
reaction layer visible at the interface. In this case, a prolonged
post-weld heat treatment (e.g., 5h at 500°C) is required to form
detectable IMC layer.

The microstructure of AA2139 near the weld interface and the
microstructure of unwelded AA2139 base metal in the near surface
region at the same magnification are shown in Fig. 9(a) and (b). It
can be seen that the Al grains near the weld interface have been
refined by the USW process, which has also been found in other
investigations on Al-Al and Al-Fe USW by Bakavos and Prangnell
(2010) and Prangnell et al. (2011).

The microstructure of TiAl6V4 near the weld interface and the
microstructure of unwelded TiAl6V4 base metal in the near-surface
region at the same magnification are shown in Fig. 9(c) and (d). No
apparent difference between the microstructure of the titanium
alloy close to and far from the interface can be noticed. This sug-
gests that little deformation occurred on the TiAl6V4 side near the
weld interface, which might be expected due to the much higher
strength of TiAl6V4 at the peak temperature reached during weld-
ing (approximately 540°C, as discussed in detail later). Similar
phenomena were also reported previously for dissimilar Al to steel
USWs by Prangnell et al. (2011).

3.4. Welding thermal cycle

Fig. 10(a) shows a typical thermal profile for a 4.0 s weld mea-
sured at the centre of the weld as described in Section 2. To show

more detail, the thermal cycle profile indicated in the blue rectan-
gular region in Fig. 10(a) was enlarged and is shown in Fig. 10(b).

Similar to the ultrasonic welding thermal cycle of
AA6111/TiAl6V4 (Zhang et al.,, 2014) joints, the welding ther-
mal cycle of AA2139/TiAl6V4 can be divided into three phases: 1.
Temperature-rise phase; 2. High temperature holding phase; 3.
Cooling phase.

The long “temperature-rise phase” (~2.0s) of AA2139/TiAl6V4
weld led to poor bonding in welds produced using welding times
shorter than 2 s. The temperature at welding times <2 s is not high
enough for sufficient inter-diffusion between AA2139 and TiAI6V4
to form a fully bonded weld. This is consistent with the poor
mechanical properties measured for such short time welds. Suc-
cessful joining of dissimilar metals (Al and Ti) highly depends on
the degree of inter-diffusion between Al and Ti. When the inter-
diffusion is sufficient, a diffusion zone or an IMC layer forms on the
interface, which is necessary for forming a sound dissimilar metal
weld. The “temperature-rise phase” (~2.0s) of AA2139/TiAl6V4
weld is much longer compared with that of AA6111/TiAl6V4 weld
(~0.4s) (Zhang et al., 2014), as a result, it took longer time to form
a sound joint for the AA2139/TiAl6V4 combination than for the
AA6111/TiAl6V4 combination.

4. Conclusions

The feasibility of HP-USW for welding high strength aerospace
aluminum alloy AA2139 to titanium alloy was studied. According
to the present microstructural, mechanical property and weld-
ing thermal cycle investigation, the following conclusions were
reached:

1. 1mm thick AA2139 aluminum alloy sheet and 1mm thick
TiAl6V4 sheet can be successfully welded by high power ultra-
sonic spot welding.

2. The peak failure load of AA2139-TiAl6V4 welds in a lap shear
test reached 5.3 kN (~100 MPa, shear strength). The excellent
strength of Al-Ti joints compared to that of other dissimilar
combinations, e.g., Al-Mg and Al-Fe is attributed to the lack of
formation of brittle intermetallic in the Al-Ti case.

3. All the AA2139-TiAl6V4 welds show an ‘interfacial failure’ mode
and have a low fracture energy. The 2139 aluminum alloy is suf-
ficiently strong that it does not extensively plastically deform
before the critical stress for interfacial failure is reached.

4. No obvious IMC layer was detected in AA2139/TiAl6V4 USW
joints by scanning and transmission electron microscopy.

5. The peak welding temperature reached 540°C and the time
taken to reach this peak temperature was around 2s.
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