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Joining of high-strength aluminium and titanium alloys gives new opportunities for cost- and energy-
efficient designs especially in the transportation industry. In the present study, friction stir lap joining
of AA7050 and Ti6Al4V was conducted, investigating the thermal cycle in the interface via variation of
energy input by the spindle rotation rate. Temperature measurements reveal that the interface temper-
ature exceeds the solidus temperature of the aluminium alloy and reached up to 570 °C, so that the pro-
cess should be classified as semi-solid-state. Additionally, no indication for intermetallic compounds was
found. Lap-shear strength of the joint is found to be limited by low diffusion kinetics at low temperatures
and liquation cracking at high temperatures, revealing clear indications for the limitations of this specific
material combination for the first time.
© 2025 The Authors. Published by Elsevier Ltd on behalf of Society of Manufacturing Engineers (SME).
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1. Introduction

Friction Stir Welding (FSW) is a promising solid-state welding
process [1] that has proven to be able to join material combina-
tions which have previously been considered unweldable, like alu-
minium to copper [2], to steel [3], to polymers [4] and to titanium
[5]. Latter is of special interest for aeronautical applications. How-
ever, welding Al to Ti is challenging because of the materials’
diverging properties, albeit extensive efforts have been made [6].
With the solidus temperature of Ti being more than 1000 K higher
than that of Al, a complex system of brittle intermetallic com-
pounds (IMC) [7] is formed during fusion welding, resulting in poor
weld quality [8]. Solid-state techniques can overcome these issues
to a certain extent by mitigating the IMC formation. Still, sufficient
energy input is required to achieve diffusive bonding [9]. In princi-
ple, there are three approaches for FSW of Al to Ti: Butt welding,
where the tool probe is inserted into the interface between Ti on
the advancing (AS) and Al on the retreating side (RS) [10], lap weld-
ing, where the tool probe plunges through the Al sheet into the Ti
[11] and lap joining, where the tool only plasticises the Al and is
just scratching or not even touching the Ti surface [12]. Techni-
cally, only the latter leads to a solid-state joining process, as the
other two will lead to partial melting of Al. FSW has been proven
to be able to joint Al and Ti with strength up to 100 % of the Al base
material for pure Al [13], AlMg-alloys [14] and AlMgSi-alloys [15].

High strength to weight ratio is crucial for aircraft materials,
where Al-Cu alloys (2xxx series) and especially Al-Cu-Zn alloys
(7xxx series) as well as Ti6Al4V are commonly utilised. While sev-
eral investigations regarding FSW of Al-Cu alloys to Ti are pub-
lished [11,16–18], the joining of Al-Cu-Zn alloys to Ti is scarcely
described – for reasons, as will be concluded later. Aonuma and
Nakata [19] compared butt-welding of AA2024 and AA7075 to
Ti/Ti6Al4V and found AA7075 welds less firm. Ugurlu and Cakan
[20] achieved a maximum tensile strength of below 40 % of
AA7075 when welding it to Ti6Al4V, while Österreicher et al.
[21] applied post-weld heat-treatment, which increased the tensile
strength by 15 %. Dias et al. [13] added conical holes in the Ti sheet
which were filled with Al during the welding process generating
additional mechanical interlocking. To best of the authors knowl-
edge, there is only one specific investigation on joining of
AA7050 to Ti6Al4V [22]. In this case, insert moulding was used
and Al was heated up to 700–790 °C – far above the solidus tem-
perature, resulting in a lap-shear strength of 154 MPa, i.e. far lower
than the base metal strength. The aim of this investigation is to
reveal the thermal cycle in the interface and its impact on the
interface evolution and mechanical properties, providing indica-
tions of limitation in reachable properties of AA7050/ Ti6Al4V
joints.
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2. Materials and Methods

Sheets of AA7050 of 2 mm were lap-joined to Ti6Al4V sheets of
same thickness. All dimensions are shown in Fig. 1. Joints with a
length of 470 mm (for strength investigation) and 350 mm (for
interface temperature measurements) were produced on a
custom-designed gantry FSW-machine. The tool consists of a
scrolled planar shoulder, 15 mm in diameter and a tri-flat threaded
probe, 12° conical, with a base diameter of 6 mm and a length of
2 mm, see Fig. 2a), made of hot-work tool steel (HOTVAR®).

The welding speed and process force were 2.5 mm/s and 8kN,
respectively, leading to defect-free welds for a suitable range of
rotational speeds (RotS), varied between 600 and 1300 rpm. Pro-
cess forces and torque were recorded. Tool temperature was mea-
sured via a K-type thermocouple (TTc) inserted in the tool, see
Fig. 2a). Additionally, temperatures at the interface (TInterf) were
determined via three K-type thermocouples inserted into suitable
grooves at the Ti surface, which were milled for this purpose.
The interface temperatures were measured 5 mm to the RS and
AS, as well as at the centre of the joint line, each 10 mm apart from
each other, see Fig. 1.

For each parameter set, three lap-shear samples with a width of
30 mm were extracted. A universal testing machine (Zwick) at a
constant travel-speed of 1 mm/min was employed. Cross-
sections were cut out of each weld, metallographically prepared
and investigated under optical (OM, Keyence VHX-6000) as well
as scanning electron microscopes (SEM, Quanta FEG450).

3. Results

The tool temperature showed an asymptotic trend caused by
the heat flux into the spindle, so the maximum reached tempera-
ture was chosen for comparison, Fig. 2a). An almost linear increase
of maximum tool temperature with increasing RotS is detected,
which shows no evidence of asymptotic towards the aluminium
solidus temperature (490 °C), assuming to be the limiting temper-
ature for the process. For 600 rpm, the maximum temperature
deviates from this trend, as the process was unstable due to insuf-
ficient heat generation.

Analysing the process torque, Fig. 2b), a roughly asymptotic
decrease with increasing RotS is observed, which indicates soften-
ing of the material with increasing process temperatures. A notice-
able decrease in torque is measured between 1100 and 1200 rpm
indication a change in the material behaviour, presumably due to
Fig. 1. Evolution of interface temperature on AS, RS, and at centre, exemplarily
shown for 1000 rpm, including sample setup with thermocouple-positioning for
measuring TInterf. All dimensions in mm.
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partial melting. In contrast, the average energy per unit length,
Fig. 2c), is rather constant around 330 J/mm up to 900 rpm but
increases to 370 J/mm for higher RotS. This might indicate the
appearance of liquation within the material that consumes addi-
tional energy [23].

The interfacial temperature, Fig. 1, shows a steep increase as the
tool approaches the measurement position, followed by a short
plateau, corresponding to the probe contact time and a decay after-
wards, where cooling rate is much lower than heating rate, with
maximum temperature in the weld centreline. Expectedly, the
temperature is higher on the AS [24]. The peak interfacial temper-
ature, Fig. 2d), rises approximately linear with RotS from 490 to
535 °C, i.e. temperatures above the solidus temperature of
AA7050. Therefore, in all processes the solidus temperature of
AA7050 was at least reached. The higher the peak temperature,
the higher is the remaining heat behind the tool when the plasti-
cised aluminium gets in contact with the titanium surface. Conse-
quently, partial melting of at least a thin layer of aluminium must
be assumed.

No volumetric defects or significant Ti particles were found in
Al, however, for larger RotS than 1000 rpm, liquation cracks
become visible in the upper half of the Al sheet, Fig. 3a). The bond-
ing zone shows a width of around 5.5–6 mm corresponding to the
probe diameter. The analyses via SEM reveal that the Ti surface
becomes rougher with increasing RotS. Close to the Ti interface,
void defects at the Al grain boundaries, Fig. 3d), become visible.
Additionally, Ti flakes in the micrometre range are seen close to
the interface, Fig. 3c). There was no indication of the formation
of IMCs.

Elemental mapping was performed to search for agglomeration
or depletion of certain elements close to the interface. While there
was no indication of IMCs (plateau in the Al-Ti interface), agglom-
eration of magnesium and zinc at the grain boundaries is visible,
Fig. 3d). Voids are found close to these agglomerations, leading
to the assumption of liquation cracking, as also found for similar
FSW of AA7050 [25].

In term of lap-shear strength, the value was very low for
600 rpm, while with increasing RotS the mechanical strength
increases, Fig. 4a). This is reasonable as higher temperatures during
the process promote the interdiffusion of Al and Ti. The highest
lap-shear strength of 381 N/mm was found for 1100 rpm. Above
this RotS, strength decreased drastically. As there was no brittle
IMC detectible, this is believed to be caused by the overheating
of Al close to the interface, supported by the element analysis, indi-
cating liquation cracking.

4. Discussion and Conclusions

In contrast to investigations using Friction-Stir-Lap-Weld-
Brazing for Al-Mg-Si alloys [26], no intermediate layer was detec-
tible in joining of AA7050 to Ti6Al4V, which is in accordance with
findings for AlACuAZn alloys [21]. This is believed to be caused by
the lower solidus temperature of AA7050 and therefore lower pro-
cess temperatures. As diffusion is depending on time, temperature
and plastic deformation, the time that the material at the interface
stays above certain temperatures is calculated, Fig. 4b). The hold-
ing time at 475 °C, i.e. below the Al solidus, is increasing almost lin-
ear with RotS. In contrast, the 500 °C level time increases steeper
between 700 and 1000 rpm but reaches a plateau that corresponds
to the time the probe tip is in contact with the interface, roughly
2 s. For these conditions, the highest lap-shear strength was
reached. With further increase in RotS, the interface surpasses
525 °C and the time above the solidus temperature increases. In
this case, it can be assumed that solidification defects, such as
liquation cracking, reduce the mechanical properties of the bond.



Fig. 2. a) Measured maximum temperature within the tool over rots, b) recorded average tool torque over rots and c) calculated average energy input per unit length over
rots, where data are obtained from two sets of experiments (470 mm-welds and 350 mm-welds). d) Recorded peak interface temperatures over RotS during interface
temperature welds.

Fig. 3. Cross-section of the interface in the centre of the weld for RotS of 1100 rpm in a) low and b) high magnification via OM, showing cracks in the stir zone but no
indications of bonding mechanism. c) High-magnification SEM image of the interface for RotS of 1100 rpm shows roughened surface. d) Elemental line scan through the
interface at the weld cetreline at 1200 rpm displays agglomeration of Mg and Zn as well as volumetric defects in the grain boundaries close to the interface.
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From diffusion welding, it is known that diffusion between Al
and Ti becomes significant above 520–550 °C [27]. Plastic deforma-
tion enhances the diffusion [28] and consequently lowers the dif-
39
fusion time and temperature. Therefore, interdiffusion can be
believed to start around 450 °C, explaining a bond formation at
lower RotS. However, the diffusion kinetics and therefore bond



Fig. 4. a) Lap-shear load per unit length over RotS and b) time of the interface temperature staying above a certain level over RotS. Tool passing time is indicated by dotted
line.
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strength is still low, but a further increase of the process times
increases distortion and residual stresses. Increasing process tem-
perature instead additionally leads to liquation cracking also dete-
riorating mechanical properties. Another approach is to activate
the titanium by plastic deformation [21], however, in this case
the temperature will be most likely above the Al solidus. Addition-
ally, plasticising Ti causes increased tool wear.

Therefore, it might be concluded that physical limitations, i.e.
diffusion kinetics of AlATi, the solidus temperature of AA7050
and the plastification temperature of Ti6Al4V do not allow for a
ductile and high-strength joining of AlACuAZn alloys, especially
AA7050, to Ti6Al4V via FSW.
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