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Abstract: The 6061 aluminum alloy and QP980 steel were lap-welded by friction stir welding (FSW) technique, and the effect of
different probe lengths of 1.5 and 2.1 mm on the microstructures and properties of welded joints was investigated. Results show that
the FSW lap-welded joints of 6061 aluminum alloy/QP980 steel consist of three layers: the upper layer is aluminum alloy, the middle
layer is composed of Fe, Al, and intermetallic compounds, and the under layer is steel. When the probe length is 2.1 mm, the
aluminum layer contains scattered steel fragments. Two kinds of intermetallic compounds can be detected: the dark gray layer close to
Al is Fe, Al , phase, and the one close to steel is Fe,Al; phase. With extending the probe length, the fracture load of the joints is
decreased from 4 kN to 3 kN. The joints welded by short probe fracture at the bonding interface, whereas those welded by long probe
fracture at the mixture zone of Al and steel. The fracture position change is caused by the porosities and steel fragments. In addition,
the steel fragments embedded in the Al matrix promote the stress concentration and crack initiation during the deformation process,

therefore decreasing the mechanical properties of the joints.
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Aluminum alloys and ultra-high strength steels are
commonly used jointly in automobile industry due to their
excellent properties, controllable flexibility, and low cost™?.
Fusion welding techniques, such as argon-arc welding, laser
welding, and electric resistance welding, have been widely
used to join dissimilar materials. However, the differences in
thermophysical characteristics and crystal structures of Al and
Fe are too large to obtain welds by fusion welding technique.
In addition, the brittle intermetallic compounds (IMCs), such
as Fe,Al and FeAl phases, can decrease the mechanical
properties of welding structures”. Thus, the combination of Al
and steel is restricted due to the disadvantages of fusion
welding in the vehicle fields™.

Friction stir welding (FSW) is a solid joining process with
great industrial potential®, which is characterized by the
relatively small heat input and less formation of concomitant
IMCs layer™”. There is no bulk melting of the parent material
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in the joint during FSW process, so the joints do not suffer
from pores or hot cracking. Therefore, FSW has been widely
applied to aluminum alloys and steels™. During FSW
process, the materials undergo very large strains at high
temperatures under a relatively high strain rate. Thus, FSW
normally involves complex interactions and components,
because of mass and heat transports, plastic deformation,
damage, and evolution*",
Consequently, the material microstructure and mechanical

fracture microstructure
properties in the welded region are highly complex.

The effects of process parameters, including rotation speed,
welding speed, and tool offset, on the joint microstructure
evolution and mechanical properties have been studied"*'".
Pourali et al"” reported that the optimum tensile strength of
1100Al/low carbon steel joint is achieved after lap-welding at
low welding temperature and high rotation speed. Zhao et al"”
investigated the effects of tool size and tool offset on AA6061/
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transformation-induced plasticity steel after FSW and proved
that the tool parameters can determine the amount of
generated heat and the thickness of IMC layer. Dehghani et
al" also studied the effect of FSW parameters on IMCs and
defect formation in Al/mild steel joints. Various IMCs,
including FeAl, Fe,Al, (FeAl,), Fe,Al;, and FeAl,, can be
found in the Al/steel joint after FSW™. As for the friction
stir lap welding, the probe length definitely affects the
microstructure and mechanical properties of the joints. Chen
et al®" discussed the effect of probe length on microstructure
and mechanical properties of friction stir lap-welded Mg/steel
joints. The microstructure at the bonding interface, the
fracture loads, and the fracture locations of the joints are
changed significantly with different probe lengths. However,
the effect of probe length on the microstructure evolution and
mechanical properties of Al/steel joint is rarely reported.

In this research, 6061 Al alloy and QP980 steel were
welded by FSW with two different probe lengths. The
microstructure evolution and mechanical properties of joints
along the bonding interface were investigated, providing a
guidance for the microstructure control in the fabrication of
FSW joints.

1 Experiment

The base materials used in this study were 6061 aluminum
alloy plates with 2 mm in thickness and QP980 high strength
steel plates with 1.5 mm in thickness. The chemical
composition of 6061Al and QP980 steel is shown in Table 1
and Table 2, respectively. The rectangular specimens of these
two alloys with dimension of 150 mmx100 mm were lap-
welded by FSW, as shown in Fig. la. Before welding, the
surfaces of the plates were ground and wiped using sandpaper
and acetone to remove the surface oxides and oil
contaminations, respectively. FSW was conducted with a tool
of 15 mm in diameter and probes of different lengths. Two
probes with length of 1.5 and 2.1 mm were used in this
research, which were denoted as short probe and long probe,
respectively, as shown in Fig.1b. The short probe and the long
one could be inserted only in aluminum alloy and in
aluminum alloy with steel, respectively. The tool rotation rate
and transverse speed were 1000 r/min and 120 mm-min’',
respectively.

After welding, a wire-electrode cutting machine was used
to prepare the specimens for metallographic observation and
tensile tests. The laser confocal microscope LEXT OLS4100

Table 1 Chemical composition of 6061Al base materials (wt%)

Mg Si Fe Cu Mn Zn Ti Al
1.14 0.57 0.62 0.21 0.15 0.25 0.15 Bal.

Table 2 Chemical composition of QP980 steel base materials
(wt%)

C Si Mn P S Al Fe
0.20 1.30 2.00 0.013 0.008 0.04 Bal.

Steel

AS: advancing side
RS: retreating side

Fig.1 Schematic diagrams of FSW process (a) and welding probes
with different lengths (b)

was employed to characterize the microstructure of the joints.
The mechanically polished specimen was analyzed by
electron backscattered diffraction (EBSD). The specimen was
rectangular and its gage length was 25 mm. The tensile tests
were conducted at room temperature at the crosshead speed of
0.5 mm-min" by CMT5105 tensile testing machine. The
mechanical properties of the joint were measured and the
average value of three tensile specimens cut from the same
weld plate was used. The Vickers hardness of cross-section of
the polished specimen was measured at the load of 0.98 N and
dwell time of 15 s. The microstructure characteristics and
element distributions along the interface were analyzed by
scanning electron microscope (SEM) equipped with energy
dispersive X-ray spectroscope (EDS). In order to obtain the
temperature and strain distributions along the joint, the
ABAQUS software was used to build the thermal-mechanical
coupled model of FSW process based on the coupled Eulerian-
Lagrangian (CEL) model.

2 Results and Discussion

2.1 Microstructure

The cross-section microstructures and EDS analyses of
bonding interface of 6061A1/QP980 steel joint after friction
stir lap-welding with short and long probes are shown in Fig.2
and Fig. 3, respectively. As shown in Fig. 2, the stir zone is
only in Al alloy side. Whereas for the joints welded by the
long probe, the stir zone expands to steel side (Fig.3). The
cross-section morphologies also reveal that the lap-welded
joints have good surface quality at the stir zone and
neighboring areas.

It can be seen from Fig.2 that the lap-welded joint prepared
by short probe consists of three layers: the stir zone of 6061A1
alloy, IMC layer, and QP980 steel. Similarly, three distinct
regions can also be observed in the lap-welded joints prepared
by long probe: the top layer consisting of 6061Al matrix with
scattered steel fragments, the middle layer consisting of Fe-Al
solid solutions of lamellar structure with IMCs, and the
bottom steel layer with stir zone. The scattered steel fragments
inside the Al matrix are surrounded by IMC layer. It is known
that the IMCs are generally formed along the Al/Fe interface
due to the high temperature which promotes the element
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Fig.2 Cross-section microstructure (a) and EDS element distributions (b~d) of bonding interface of 6061A1/QP980 steel joint after friction stir

lap-welding with the short probe: (b) overall element distribution; (c) Al distribution; (d) Fe distribution

Fig.3 Cross-section microstructure (a) and EDS element distributions (b~d) of bonding interface of 6061A1/QP980 steel joint after friction stir

lap-welding with the long probe: (b) overall element distribution; (c) Al distribution; (d) Fe distribution

mutual diffusions during the welding process®.

The variations of Al and Fe elements across the bonding
interface of the stir zone are analyzed through the arrow
marked in Fig.4a. It is clear that the Al content is decreased
while the Fe content is increased along the arrow from 6061A1
side to QP980 steel side. Two kinds of IMCs can be observed.
Four points S1~S4 are chosen for phase component analysis,
and EDS analysis results are shown in Table 3. It can be
speculated that the dark grey layer (S2) close to Al matrix is
Fe,Al,, phase, and the bright grey layer (S3) close to steel

matrix is Fe,Al; phase.

The temperature distributions at different layers of the joint
cross-section (displacement=0 pm) perpendicular to the tool
transverse direction are predicted by the thermal-mechanical
coupled model, as shown in Fig. 5a and 5b. The peak
temperature of 510 °C is obtained at the 6061 Al matrix side
for the lap-welded joint prepared by short probe, because the
6061A1 matrix has direct contact with the tool shoulder,
thereby generating most heat during FSW process. This
temperature is about 90% of the melting point of 6061Al alloy
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Fig.4 Cross-section microstructure (a) and element distributions
along the white arrow marked in Fig. 4a (b) in bonding

interface

and only plastic deformation occurs in the joints during
welding process. Therefore, no casting-induced voids or
cracks are formed in the joint microstructure, as shown in
Fig.6a. The peak temperature is 640 °C at QP980 steel side for
the lap-welded joint prepared by long probe (Fig.5b), which is

Table 3 EDS analysis results of S1~S4 points in Fig.4a (at%)

Point Mg Al Si Mn Fe Phase
S1 3.38 95.60 0.26 0.10 0.66 a-Al
S2 1.77 78.25 0.86 0.48 18.65 Fe,Al,,
S3 2.50 65.56 1.81 0.75 29.32 Fe, Al
S4 0.47 18.98 2.57 1.93 76.05 y-Fe

higher than that prepared by short probe. This phenomenon is
related to the difference in specific heat capacity of Al (0.88
kJ'kg™'-K™") and steel (0.46 kJ-kg™'-K™") and the probe rotation
in steel. It can be concluded that the sufficient heat is
generated to soften the material. The high temperature leads to
the melted Al, and thus the microstructure with voids and
cracks can be observed in Fig. 6b. The formation of void
defect can be explained by the stirring of the liquid phase (Al
alloy) with low melting point in the stir zone resulting from
the synthetic effect of high temperature and deformation
caused by the application of long probe. The results indicate
that the short probe is beneficial to obtain lap-welded Al/steel
joints. The strain distributions across the bonding interface of
the joints predicted by thermal-mechanical coupled model are
presented in Fig.5c and 5d. The longer the probe length, the
higher the strain. In addition, the highest strain is achieved at
the 6061Al matrix side because of the stirring of the shoulder
and probe.

Due to the thermo-mechanical influence of FSW tool on the
weld regions, the microstructure refinement in welded joints
occurs due to the recrystallization caused by strain and
temperature™. In this research, the 6061A1/QP980 steel joint
is subjected to high temperature (510~640 ° C) and large
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Fig.5 Temperature (a, b) and strain (c, d) distributions of 6061 A1/QP980 steel joint after friction stir lap-welding with short (a, ¢)

and long (b, d) probes
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Fig.6 SEM microstructures of 6061A1/QP980 steel joint after
friction stir lap-welding with short (a) and long (b) probes

FO L Rl ¢

deformation (effective strain of 10~18) during FSW process,
which results in dynamic recrystallization in aluminum alloy.
The continuous dynamic recrystallization occurs in 6061Al/
QP980 steel joint during FSW due to the high stacking fault
energy™”. Fig. 7 shows the grain orientations in different
positions of 6061 AI/QP980 steel joint. At the 6061Al side, the
obviously refined grains can be observed. The average grain
sizes in stir zones of 6061Al and QP980 steel matrixes are
6.25 and 5.10 pm, respectively, which are much smaller than
those of the original materials.

2.2 Mechanical properties

The Vickers hardness of 6061A1/QP980 steel joints after
friction stir lap-welding with short and long probes is shown
in Fig. 8. The distance between adjacent measured points is
0.5~1 mm. The hardness HV, of original 6061Al alloy is
637~686 MPa. However, the hardness HV, of the stir zone in
the joint prepared by either the long or the short probe is
reduced to 588~637 MPa. This reduction is mainly attributed
to the associated thermal cycles caused by the friction
between shoulder and welded plates, which exerts the
annealing effect essentially. During the thermal cycles, the
grains and strengthened phases are coarsened, which weakens

Fig.7 Grain orientations of cross-section of 6061A1/QP980 steel joint (a), 6061 Al matrix (b), stir zone of 6061Al matrix (c), QP980 steel

matrix (d), and stir zone of QP980 steel matrix (e)
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Fig.8 Vickers hardness HV , of 6061A1/QP980 steel joint after friction stir lap-welding with short (a) and long (b) probes
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Fig.9 Tensile strength of 6061A1/QP980 steel joints after friction stir lap-welding (a); appearances of fracture locations of 6061A1/QP980 steel

joints after friction stir lap-welding with short (b) and long (c) probes

Fig.10 SEM fracture morphologies of 6061A1/QP980 steel joints after friction stir lap-welding with short (a) and long (b) probes

the strengthening effect. The further the distance from the
heat-affected zone, the higher the hardness in the joint. In
addition, the hardness of welded joints prepared by long probe
shows a larger fluctuation due to the nonuniform
microstructure caused by high temperature and detached
fragments of steel.

Fig. 9 shows the effect of probe length on the tensile
strength and fracture locations of lap-welded 6061A1I/QP980
steel joints. The fracture loads for the joints prepared by short
and long probes are ~4 and ~3 kN, respectively. Thus, the
better tensile strength is obtained for the joints prepared by
short probe. The materials in the interface region undergo
synthetic effect of thermal cycles and the mechanical cycles
during FSW process, thereby resulting in the microstructure
evolution and fracture behavior of the welded parts. For the
joints prepared by short probe, the thermal cycle accelerates
the mutual diffusion of Al and Fe atoms. As a result, the
metallurgical bonding forms and the joints are strengthened.
However, the fracture load of the joints prepared by long
probe is relatively low. When the probe penetrates the QP980
steel, a large number of steel fragments are distributed in the
bonding interface and even into the 6061Al matrix. Besides,
the void defects exist in the joint due to the melt of aluminum
alloy. These steel fragments and void defects are the suitable
sites for crack initiation and propagation during tensile tests”.
It can be seen from Fig.9 that the joints prepared by short
probe fracture at the bonding interface of 6061Al matrix side
(Fig. 9b), whereas the fracture occurs at the stir zone of

bonding interface in joints prepared by long probe (Fig.9c).
The weakest part of the joints changes from the bonding
interface to the stir zone of 6061Al side with decreasing the
probe length, which is consistent with the change of
mechanical properties.

SEM fracture morphologies of 6061AI/QP980 steel joints
after tensile tests are shown in Fig.10. For the joints prepared
by short probe, the cleavage steps and partial dimples can be
observed in Fig. 10a, indicating that the fracture mode is
ductile-brittle fracture. For the joints prepared by long probe,
the cleavage steps, river patterns, tear ridges, and some micro-
voids appear on the fracture surface, as shown in Fig. 10b,
suggesting the quasi-cleavage brittle fracture. In addition,
according to Table 4, some brittle Fe-rich IMCs are embedded
in the fracture surface of 6061Al matrix in the joint prepared
by short probe. Based on the results of S2 and S3 points in
Table 4, the fracture is related to brittle secondary phases,
which are the stress concentration locations for the joints
prepared by long probe.

Table 4 Element contents at fracture positions in Fig. 10 of
6061A1/QP980 steel joints after friction stir lap-welding

(at%)

Position Mg Al Si Mn Fe
S1 3.18 96.82 - - -
S2 1.71 66.88 1.08 1.01 29.33
S3 - 52.37 - 1.52 46.11
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