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a b s t r a c t
Al–Si alloy and pure titanium were lap joined using friction stir welding technology. Microstructure and
tensile properties of joints were examined. The maximum failure load of joints reached 62% of Al–Si alloy
base metal with the joints fractured at the interface. X-ray diffraction results showed that new phase of
TiAl3 formed at the interface. The microstructure evolution and the joining mechanism of aluminum–titanium joints were systematically discussed.
Ó 2008 Elsevier Ltd. All rights reserved.

1. Introduction
The joining of titanium alloy with aluminum alloy could have a
major application in the ﬁeld of aerospace and automobile industry
where high strength and low weight are desirable [1,2]. However,
fusion welding joints between titanium and aluminum exhibit
inferior mechanical properties due to the formation of brittle intermetallic phases in weld [1,3–5]. Other solid-state welding methods
for joining these two materials such as pressure welding [6], diffusion bonding [7,8] and friction welding [2,9–11] processes have
been reported. Wilden et al. [8] reported diffusion bonding of commercially pure Al and pure Ti. Selected mechanical testing results
of joints showed that diffusion bonding was a suitable process
for high strength applications. Fuji [9] studied the growth behavior
of an intermediate layer in a friction-welded joint between pure Ti
and pure Al. They concluded that the layer grew from the Al substrate to the Ti substrate, and neither linear time dependence nor
parabolic time dependence could be used to describe the rate of
layer growth. Kim et al. [10] reported the dominant factors determining the joint characteristics (strength, ductility, etc.) in friction
welds between Ti and Al. They found that the joint characteristics
were dominated mainly by the thickness of the intermetallic compound layer produced at the interface. The critical thickness of the
intermetallic compound layer was about 5 lm. All these solid-state
welding experiments showed that Ti–Al intermetallic compounds
(IMC) are also found at the joint interface. In addition, diffusion
bonding and friction welding have a special requirement for the
geometry of welding specimens, which undoubtedly limits their
application. As a novel solid-state welding technology, friction stir
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welding (FSW) process [12] can weld Al alloys [13–19] and Ti alloys [20–24] and get higher quality joints than fusion welding
technology. These qualities are also expected when dissimilar metal materials are joined. However, researches about friction stir
welding of Al and Ti have not been reported. The aim of this paper
is to report the results of FSW of Ti and Al. Lap joint is selected as
the joint category and the friction stir lap welding (FSLW) joint
characteristics are investigated and evaluated from both mechanical and metallurgical points of view. The joining mechanism of
FSLW Al and Ti is elucidated.
2. Experimental details
The base materials are a 4 mm thick ADC12 cast aluminum alloy sheet with a composition of Al-2.4–Cu-0.56–Zn-0.18–Mn0.81–Fe-0.17–Mg-11.8–Si (mass %) and a 2 mm thick commercially
available pure titanium sheet with a composition of Ti-0.045–Fe0.057–O-0.003–N-0.002–H-0.006–C (mass %). The sheet is cut
and machined into rectangular welding samples, which is
300 mm long and 100 mm wide. The samples are longitudinally
lap-welded using an FSW machine. The aluminum alloy sheet is
placed over the titanium sheet. The relative position of aluminum
alloy and titanium in transverse direction is shown in Fig. 1. The
welding parameters are at a rotation speed of 1500 rpm and at
welding speeds of 60 mm/min, 90 mm/min and 120 mm/min.
The upsetting force of the welding tool (made of WC–Co) used in
this experiment is 5.39 kN. The shoulder diameter and probe diameter of the tool are 15 mm and 5 mm, respectively. The length of
the probe is 3.9 mm and the welding tilt angle is 3°.
After welding, the joint is cross-sectioned perpendicular to the
welding direction for metallographic analyses and tensile tests by
an electrical-discharge cutting machine. The cross sections of the
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Fig. 1. Schematic diagram of a lap joint and cross-sections of joints welded at different welding speeds: (a) schematic diagram of a lap joint, (b) speed of 60 mm/min and (c)
speed of 90 mm/min.

metallographic specimens are polished with a diamond polishing
agent, etched with Keller’s reagent (1 ml hydrochloric acid,
1.5 ml nitric acid, 2.5 ml hydroﬂuoric acid and 95 ml water) and
are observed by a optical microscopy.
The mechanical properties of the joint are measured by the tensile tests. The tensile tests are carried out at room temperature at a

crosshead speed of 1 mm/min using a tensile testing machine, and
the mechanical properties of the joint are evaluated using three
tensile specimens cut from the same joint. The shape of the test
specimen is rectangular and the width of each specimen is 20 mm.
The interface structure and element distribution in the weld are
analyzed by scanning electron microscopy (SEM) equipped with an

Fig. 2. Microstructural characteristic at the joining interface: (a) Region A shown in Fig. 1b and (b) region B shown in Fig. 1c.
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energy dispersive X-ray spectroscopy (EDS) analysis system. Fracture surfaces of joints are analyzed using X-ray diffraction (XRD)
after tensile test.
3. Results and discussion
Fig. 1 shows the schematic diagram of a lap joint and the crosssections of joints welded at different welding speeds. At the welding speed of 60 mm/min, the tip of probe is embedded into the
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lower Ti sheet because of serious softening of upper Al sheet during
welding. Partial Ti metal is entrapped into the stir zone (SZ) because of the stir behavior of the probe. Under the extrusion of
the probe, partial Ti metal deforms and rises into the Al side along
the edge of the probe (see Fig. 1b). When the welding speed increases to 90 mm/min, the tip of probe does not touch the surface
of lower Ti sheet because higher welding speed effectively avoids
serious softening of Al in load control mode. It can be seen from
Fig. 1c that Al and Ti are joined tightly and microstructural charac-

Fig. 3. Failure loads and fracture locations of joints: (a) failure load, (b) side fracture location and (c) front fracture location.
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teristic in Al side is similar to that of Al alloy itself being friction stir
welded. In this experiment, we are mainly concerned with the
interface structure feature. Details of microstructural characteristic
in the joining interface center are illustrated in Fig. 2.
Fig. 2 shows the microstructural characteristic of the joining
interface of joints welded at different welding speeds. At the welding speed of 60 mm/min, the stir zone of weld contains a large
amount of Ti particles (see Fig. 2a). The SZ near the interface exhibits a mixture of Al alloy and Ti particles pulled away by the forge of
tool probe from the Ti side. Ti particles have an irregular shape and
inhomogeneous distribution within SZ. Moreover, many void defects arise at the side of Ti because of insufﬁcient ﬂow behavior
of Ti metal. At the welding speed of 90 mm/min, a very thin interface structure of Al and Ti instead of a mixture of Al and Ti is found.
Phase structure at the interface is identiﬁed using XRD from the
fracture surface after tensile test and the results will be discussed
later.
The tensile test results of joints are shown in Fig. 3. The failure
loads of all joints are lower than those of the base materials, and
all the joints fracture at the interface. The maximum failure load,
9.39 kN, occurs at the welding speed of 90 mm/min. Failure loads
of joints show lower values when the welding speeds are 60 mm/
min and 120 mm/min. For the 60 mm/min joint, the decrease in
failure load value is due to the welding defects in the joint, which
act as cracking sources during tensile test. For the 120 mm/min
joint, higher welding speed brings lower heat input and shorter
reaction time of Al and Ti. Hypo-reaction undoubtedly decreases
the tensile properties of joints. Fracture location results show that
the joints fracture at the interface of Al and Ti and the joining region
is only within the probe diameter range (see Fig. 3c). When the
probe is slightly inserted into the Ti base metal, the fracture surface
shows tearing feature because mixture structure of Al and Ti occurs
at the interface; when the tip of probe does not touch the surface of
lower Ti sheet, the fracture surface shows a ﬂat feature.

A SEM micrograph of the interface (region A in Fig. 1b) is shown
in Fig. 4. Al, Si and Ti distributions are shown in Fig. 4b, c and d,
respectively. These results show that mixture structure involves
Al, Si and Ti. The materials in weld zone have undergone the co-action of high temperature action and severe plastic deformation
during FSW. In this case, the original coarse primary Al grains
and large plate-like eutectic silicon in ADC12 base material have
been transformed to ﬁne grains and small silicon particles in the
SZ. Ti in the lap interface simultaneously undergoes the synthetic
effect of the thermal cycle and the mechanical cycle because of
the action of friction, stir and extrusion of the probe. Thus, mixture
structure forms between ADC12 SZ and Ti base metal. Al and Ti are
joined by either mechanical bonding or chemical bonding or by
both.
When the welding speed increases to 90 mm/min, the probe
does not touch the surface of Ti. The interface structure shows a
different result. A local SEM image of the interface (region B in
Fig. 1c) is shown in Fig. 5. It can be seen from Fig. 5a that no significant IMC layer is produced at the interface. Al metal is pushed into
the concavities of the Ti surface. EDS (line scanning analysis along
the dotted line shown in Fig. 5a) analysis results vertical to the
interface of joint are shown in Fig. 5b. Linear traces of Al and Ti
contents show that a very thin Al–Ti layer forms at the joining
interface. These results suggest that Al–Ti intermetallic compounds
seem to be produced at the interface.
In order to identify the phase structure, XRD analysis of the fracture surface of joints is performed. XRD spectrums obtained from
different fracture surfaces are indicated in Fig. 6. Fig. 6a shows
the XRD spectrums obtained from Al sides at different welding
speeds. Fig. 6b shows the XRD spectrums obtained from Ti sides.
XRD result from ADC12 base metal shows that ADC12 Al alloy
mainly contains Al and Si phases because ADC12 Al alloy is a hypoeutectic Al-Si alloy. XRD patterns obtained from the fracture surfaces of joints show that the phase structure in fracture surfaces

Fig. 4. Qualitative EDS map analysis of mixture structure shown in Fig. 1b, region A: (a) SEM image, (b) Al, (c) Si and (d) Ti.
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Fig. 5. Qualitative EDS line analysis of interface structure shown in Fig. 1c, region B: (a) SEM image and (b) line scanning results.

Fig. 6. XRD spectrums from different fracture surfaces: (a) from Al sides and (b) from Ti sides.

mainly contains Al, Si, Ti and TiAl3 phases. Al, Si and Ti phases are
from base metals that is, a new phase of TiAl3 forms at the interface
during welding.
Lap joints of ADC12 Al alloy and pure Ti are produced successfully using friction stir welding technology. Reaction between Al
and Ti results in the formation of intermetallic phase TiAl3 at the
joining interface. TiAl3 phase was also reported in friction welding
(FW) of Al/Ti [9–11] and friction stir processing (FSP) of Al/Ti elemental powder mixtures [25]. Fuji et al. [10] reported that the
dominant factor determining the joint mechanical characteristic
in friction welds between Al and Ti was the thickness of the TiAl3
intermetallic compound layer produced at the interface. The critical thickness of the intermetallic compound layer was about 5 lm.
In our experiment, the TiAl3 phase occurs in the extremely narrow
region at the interface when the welding speed is 90 mm/min (see
Fig. 5). The thickness of intermetallic compound layer obviously
does not exceed the critical value of 5 lm. Therefore, the joint
shows a considerable failure load. At the welding speed of
120 mm/min, the failure load of the joint slightly decreases because of the insufﬁcient reaction time caused by higher welding
speed. When the welding speed is 60 mm/min, excessive heat input softens the upper Al and then the tool gets inserted into the
Ti base metal. Ti particles are pulled away by the forge of tool
probe from the Ti side and are mixed with Al in SZ. Many large void
defects arise in Ti side because of the insufﬁcient ﬂow behavior of
Ti metal. Such defects act as cracking sources and deteriorate the
tensile properties of joints during the tensile test.
The key factor of joining Al to Ti is the formation of intermetallic
phases, which depends on process-related temperature–time

cycles. Phase diagram of Al and Ti shows that several intermetallic
compounds, namely, Ti3Al, TiAl, TiAl2, Ti2Al5 and TiAl3 can form in
this system. However, XRD results demonstrate that TiAl3 phase is
the only reaction product in our experiment. The formation of TiAl3
as the only product had also been reported during FS Ti and Al
[2,9–11]. The synthesis of titanium aluminides through powder
metallurgical routes showed that TiAl3 formed prior to the formation of any other titanium aluminide [26–29]. These results are
consistent with thermodynamic calculations, which show that
TiAl3 has the lowest free energy of formation among the compounds TiAl3, TiAl and Ti3Al of Type-I aluminides. The formation
of TiAl2 and Ti2Al5 of Type-II aluminides is through a series of solid–liquid and/or solid state reactions involving TiAl as one of the
starting phases [30]. Moreover, TiAl3 phase is the only transient
phase when the reaction temperature is lower than Al melting
point [30,31]. Therefore, it is understandable that in the reaction
of Ti and Al during FSW, TiAl3 phase forms preferentially.
In friction stir lap joining Al and Ti, Al–Ti reaction occurs and
the intermetallic phase of TiAl3 forms at the interface. The sequence of joining mechanism is proposed as follows. Firstly, the
metal in the lap interface undergoes the synthetic effect of the
thermal cycle and the mechanical cycle because of the action of
friction, stir and extrusion of the tool during FSW. Thus, high temperature and high pressure are generated at the interface. High
pressure results in the rupture of surface oxide ﬁlms at both sheets
surface, which causes intimate contact between Ti and Al. Secondly, the heat provided by the friction stir of the tool raises the
temperature high enough to initiate the exothermic reaction Al +
Ti ? TiAl3 + Q. The heat release further increases reaction heat,
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which can enhance the reaction. Finally, TiAl3 phase remains the
only reaction product at joining interface because the peak temperature in Al stir zone is lower than the melting point of Al.
4. Conclusions
In summary, the following conclusions are reached. ADC12 Al
alloy and pure Ti can be successfully lap welded using friction stir
welding technology. The maximum failure load of lap joints can
reach 62% that of ADC12 Al alloy base metal. The transient phase
TiAl3 forms at the joining interface by Al–Ti diffusion reaction.
The formation of TiAl3 is strongly dependant on welding speeds
(heat inputs) during FSW and thus affects the mechanical properties of joints. A preliminary investigation of friction stir lap joining
Al and Ti in the present materials indicates the feasibility of a defect-free and considerable mechanical property lap joint.
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