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Aluminum alloy AA 6061-T651 and 5A06-H112 rolled plates were successfully welded by friction stir welding (FSW) at three rotation
speeds of 600, 900, and 1200 rpm with two transverse speeds of 100 and 150 mm/min. Mechanical properties and strain field
evolution of FSW AA 6061-AA 5A06 were characterized by the uniaxial tension and digital image correlation (DIC) tests. Fur-
thermore, the hardness distribution map of whole cross section was obtained via the nanoindentation method with 700 indents. Both
DIC and nanoindentation results reveal that the heat-affected zone (HAZ) of AA 6061 alloy is the softest area in the weldment, and
the fracture happens in this region. The microstructure evolution characterized by electron-backscatter diffraction (EBSD) indicates
that the continuous dynamic recrystallization is the primary grain structure evolution in the stirring zone, and the grain refinement
helps improve the mechanical properties. Analyses of the micro- and macrofeatures of the fracture surfaces via scanning electron
microscopy (SEM) and optical microscope suggest that the increasing of heat input could enlarge the size of HAZ and reduce the
slant angle of HAZ and thus lead the fracture angle to decrease and cause the dimples change from inclined ones to normal ones.

1. Introduction

In the past decades, aluminum alloys have been used as an
alternative to steel due to their high strength-to-weight ratio,
superior formability and machinability, and excellent cor-
rosion resistance [1-3]. However, conventional fusion
welding methods are not suitable for aluminum alloys,
particularly for dissimilar aluminum alloys. It has been
clearly confirmed that conventional fusion welding methods
have a series of severe issues, including the formation of
secondary brittle phases, porosity and cracking during so-
lidification, large welding deformation, and high residual
stresses [4-6]. In order to solve problems of conventional

fusion welding, it is of great importance to introduce a low-
cost, environmentally friendly manufacturing process, with
high productivity. Friction stir welding (FSW) is a solid-state
welding method, which is invented by The Welding Institute
(TWI) and has been demonstrated particularly suitable for
joining aluminum alloys [7, 8].

During the FSW, a rotating tool with pin and shoulder is
inserted into the workpiece and then moves along the
welding direction. Frictional heat causes the alloys to soften
and allows the tool to traverse along the joint line. There is
no melting in the FSW process, which is beneficial for the
FSW to avoid the welding issues occurring in the conven-
tional fusion welding mentioned earlier. Therefore, the FSW
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should be considered as an effective and reliable process for
the welding of aluminum alloys [7]. The FSW process
generates three distinct microstructural zones: the nugget
zone (NZ), the thermomechanically affected zone (TMAZ),
and the heat-affected zone (HAZ) [9-11]. The NZ is the
region that experiences dynamic recrystallization process
because of the effect of strong mechanical stirring and high
heat input, which generally consists of fine and equiaxed
grains. The TMAZ adjacent to the NZ exhibits plastic
deformation under the thermomechanical effects. The HAZ
experiences only heating effect without any mechanical
action. There have been a number of papers highlighting
the microstructural and mechanical changes from the
parent material to the welding nugget zone [12-17]. The
microstructure and mechanical properties depend on the
relative plastic deformation and heat distribution during
FSW process. Coarsening of strengthening precipitates and
dissolution as well as the formation of wide precipitate-free
zones have been found. The local nucleation, growth, and
coarsening processes for strengthening precipitates are
a function of temperature, which in turn is now a function
of distance from the weld nugget [18-20]. Mechanical
failure of the welds can occur in the NZ, HAZ, or TMAZ
depending on the amount of heat input, which is controlled
by welding parameters such as pin profile, tool rotation,
and travel speeds [21-23]. In FSW, the process parameters
exerted significant impact on the microstructural charac-
teristics, mechanical properties, and residual stress dis-
tributions of welds; therefore, it is necessary to optimize the
process parameters to improve the welding quality and
decrease welding defects [24, 25].

Nonbheat treatable 5A06 aluminum alloys (Al-Mg alloy)
have a better anticorrosion performance and excellent
mechanical properties, whereas heat treatable 6061 alu-
minum alloys (Al-Mg-Si alloy) are versatility in strength
and toughness [26]. Combination of these aluminum alloys
could improve their performance and broaden applications
in aerospace, automotive, and marine. In this paper, AA
6061-T651 and AA 5A06-H112 were joined together via
friction stir weld at different welding parameters. Digital
image correlation (DIC) and wuniaxial tension were
employed to investigate the variations of mechanical
properties including yield strength, ultimate tensile
strength, strain field evolution, and fracture features. A
large number of nanoindentation tests were also carried out
to obtain the hardness distribution to reveal the softest
region in the weldment [27, 28]. A comprehensive analysis
of mechanical properties and microstructure in FSW AA
6061 and AA 5A06 was proposed. Although the FSW
process is now well established in joining of Al-alloys in
similar combinations, there is still a need to fully un-
derstand the joint characteristics in dissimilar FSWed Al-
alloy joints.

2. Experiments

2.1. Materials and FSW. Friction stir welds were carried out
on 5mm-thick AA 6061-T651 and AA 5A06-H112 rolled
plates whose chemical compositions are listed in Table 1. Both
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aluminum plates were cut into rectangular shape measuring
200mm in length and 100mm in width. A stir tool with
a shoulder of 16 mm diameter and a conical probe of 4.6 mm
length was used. The conical probe has three grooves, and the
specific dimensions are shown in Figure 1(b). The principal
directions of FSW geometry were denoted as follows: welding
direction (WD), rolling direction (RD), and normal direction
(ND). Single-pass butt friction stir welds were performed
perpendicular to the rolling direction of the plates by placing
AA 6061 on the advancing side as shown in Figure 1(a).
During the FSW process, the tool was put on a 2° tilt angle and
4.7 mm plunge depth. Three tool rotation speeds (RS) and two
welding transverse speeds (TS) as listed in Table 2 were
considered.

2.2. Uniaxial Tension and Digital Image Correlation Tests.
Three tensile specimens were obtained from each welded
plate according to ASTM E8M, as shown in Figure 1(c). For
each specimen, 1 mm thickness of the top surface and
0.5mm thickness of the bottom surface were machined
away, to make the specimen flat with uniform cross section
in the gauge. The uniaxial tensile tests were carried out in
a material testing system MTS 810 with a constant ex-
tension speed of 1.5 mm/s. The yield strength and ultimate
tensile strength were obtained, and the average value was
used for analysis. During tensile tests, a two-dimensional
digital image correlation (DIC) system was employed to
monitor the stain field near the joint.

2.3. Nanoindentation Tests. Nanoindentation specimens
with the length of 29 mm and thickness of 3 mm were cut
from the joint area as shown in Figure 1(c). Then, the side
surface of the specimen was polished to mirror finish via an
automatic polishing machine with 0.3 ym alumina powder.
An Agilent Nano Indenter G200 system with a modified
Berkovich indenter was used to conduct nanoindentation
tests. To quantitatively evaluate the distribution of in-
dentation hardness in the joint area, an array that consists of
700 indents was carried out on the side surface of the
specimen, with 400 ym space between very two indents. For
each nanoindentation test, the indentation load was in-
creased linearly to a maximum load of 120 mN in 30 sec-
onds, then held for 10 seconds, and finally linearly decreased
to zero in 30 seconds. During indentation tests, the thermal
drift rate was within +0.05nm/s. The possible maximum
thermal drift was +3.5 nm for a test lasting 70 seconds, which
was much smaller than the indentation depth (about 2 ym).

2.4. Microstructure Analysis. Microstructural characteriza-
tion of the weld region was performed by electron-backscatter
diffraction (EBSD). An SEM equipped with an EBSD system
was used to conduct the high-resolution EBSD analysis.
Scanning electron microscopy (SEM) was employed to an-
alyze the microstructure of the fracture surface of tensile
specimens. And energy dispersive spectroscopy (EDS) anal-
ysis was also performed to assess alloy elements of fracture
surface.
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TaBLE 1: Chemical composition of AA 5A06, AA 6061, and the fracture surface of the welded specimen (wt.%).

Si Fe Cu Mn Mg Cr Zn Ti Al
AA 5A06 0.30~0.40 <0.40 0.05~0.10 0.50~0.80 5.80~6.80 — 0.10~0.20 0.02~0.10 Bal.
AA 6061 0.40~0.80 <0.70 0.15~0.40 <0.15 0.80~1.20 0.04~0.35 <0.25 <0.15 Bal.
Fracture surface 0.79 0.70 0.35 0.08 1.46 0.17 0.08 0.21 96.16
Downward force | 16.0 mm |
ND

RD

Tensile specimen

~—— Shoulder

()

FIGURE 1: (a) Schematic drawing of the FSW joining process, (b) specific dimensions of the tool, and (c) the locations where tensile,

indentation, and EBSD specimens were obtained.

TaBLE 2: Investigated welding parameters in experimental scale-up
processing.

Samples RS (rpm) TS (mm/min) RS/TS (r/mm)
Sample 1 600 150 4
Sample 2 900 150 6
Sample 3 1200 150 8
Sample 4 600 100 6
Sample 5 900 100 9
Sample 6 1200 100 12

3. Results and Discussion

3.1. Tensile Properties. 'The representative engineering stress-
strain curves of FSW joints and original AA 6061 and AA
5A06 are shown in Figure 2. For AA 6061 plates, the

average yield strength is 236.17 MPa, the average ultimate
tensile strength is 277.67 MPa, and the average elongation
at break is 13.08%; for AA 5A06 plates, the average yield
strength, ultimate tensile strength, and elongation at break
are 125.78 MPa, 307.87 MPa, and 22.13%, respectively. It
should be pointed out that the engineering stress-strain
curves of FSW joints overlapping with the curve of AA
5A06 at the beginning is a coincidence (Figure 2). Com-
parison of the alloy elements as listed in Table 1 reveals that
the yielding, necking, and fracture all occur at the AA 6061
side. This means the yield strength drops 50% to ~115 MPa
and the ultimate tensile strength reduces from 277.67 MPa
to ~190 MPa for AA 6061 in the FSW joints. Generally, the
heat input introduced by FSW could affect the mechanical
properties of joints a lot. For the present FSW joints, the
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FIGURE 2: Engineering stress-strain curves of the FSW AA 6061-AA
5A06 specimens as compared to those of base metals AA 6061 and
AA 5A06.

heat input definitely affects the mechanical properties of
the AA 6061. As Peel et al. pointed out, this is mainly
because the rolled AA 6061 stays in an extremely work
hardened state and has a highly unstable microstructure,
which will recrystallize readily under the elevated tem-
perature generated during FSW [29]. The recrystallization
will destroy the work hardened state and cause the me-
chanical properties to be weakened. It is commonly
regarded that the higher R/T ratio (the ratio of rotational
speed to transverse speed) leads to higher temperature and
heat input [30-32]. Figure 3 shows both the yield strength
and the ultimate tensile strength of FSW joints reduce
slightly (within 10%) even while the R/T ratio increases
from 4 r/mm to 12 r/mm. This means the increase of heat
input does not affect the yield strength and ultimate tensile
strength much. It could be inferred that the temperature
generated by FSW at the R/T ratio of 4 is high enough to
trigger the recrystallization of rolled AA 6061 and destroy
the work hardened state.

3.2. Strain Field Evolution. The evolution of strain field near
the joints was monitored by DIC during uniaxial tensile
tests. Due to the limitation of space, the strain field evolution
of Sample 1 is illustrated in Figure 4 as a representative one.
Figure 4(a) shows that the strain distributes uniformly be-
fore yielding. With the extension of the specimen, yielding
first occurs in the HAZ of the AA 6061 side as shown in
Figure 4(b). It is clear from Figures 4(c)-4(e) that another
weak area (red area) appears as the extension increases. The
newly appeared weak area indicates the joint interface which
could be clearly seen in Figure 5(a). Though the ratio of
rotational speed to transverse speed increases from 4 r/mm
to 12r/mm, a joint interface exists in the NZ for all FSW
samples. This means AA 6061 and AA 5A06 are difficult to
merge to form “onion ring.” In the current FSW samples, the
HAZ of AA 6061 and the joint interface are two weak areas.
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During the tensile tests, there is a competition between the
HAZ of AA 6061 and the joint interface. The evolution of
strain field shown in Figures 4(e)-4(j) demonstrates that the
joint interface won the competition and the HAZ of AA 6061
is the weakest area.

3.3.  Cross Section and Nanoindentation Results.
Figure 5(a) shows an optical micrograph of the cross
section of FSW AA 6061-AA 5A06, after etching in Keller’s
reagent at 0°C for 15 seconds. Differences in the absolute
shear strain rate between the advancing and the retreating
sides of the weld result in an asymmetric shape. The ad-
vancing side of the weld is where the rotational velocity of
the tool has the same direction as its travel velocity, whereas
on the retreating side of the weld, the two velocity com-
ponents having opposite directions. The NZ, TMAZ, HAZ,
and based material (BM) were labelled in Figure 5(a).
Generally, the order of average grain size for each zone is
HAZ>TMZ>NZ [33]. The size and shape of grains in the
extruded section are highly dependent on the extrusion
ratio. The nanoindentation hardness distribution is shown
in Figure 5(b), and it is evident that the lowest hardness
locates in the HAZ of AA 6061. Since the yield strength
being proportional to the hardness for metals, this could
intuitively explain why the yielding first occurs in the HAZ
of AA 6061 during tensile tests. It could be noted that the
shape and orientation of the yielding band shown in
Figure 4(b) agree well with that of the lowest hardness area
as shown in Figure 5(b). Figure 6 shows the representative
nanoindentation load-depth curves for different areas of
the welds (the position of selected indents were marked in
Figure 5(a)). It is clear from Figure 6(a) that the load-depth
curves for BM, HAZ, and NZ of the AA 6061 side deviate
from each other. Typically, a steeper load-depth curve
indicates higher nanoindentation hardness. Thus, the
hardness for each zone is BM > NZ > HAZ for the AA 6061
side. This demonstrates that the mechanical properties of
AA 6061 were weakened after FSW. In Figure 6(b), the
good superposition of the load-depth curves for different
areas of the AA 5A06 side indicates that the change of
mechanical properties for each zone is small after FSW. The
hardness in NZ and TMAZ is slightly higher than that in
BM (the reason is discussed in Section 3.4). It could be
summarized from Figures 5(b) and 6 that the mechanical
properties of AA 6061 are more sensitive to the heat input
than those of AA 5A06.

3.4. Grain Structure of the Weld Region. The EBSD grain
images in Figure 7 show that the grain size in the stirring
zones is much smaller than that in the base materials. This
can be related to the effect of dynamic recovery and re-
crystallization. Dynamic recovery and recrystallization are
the main mechanisms for grain refinement during FSW
[34, 35]. With increase of strain, dislocation is generated
and a rapid multiplication of dislocation occurs. A pro-
gressive increase in dislocation density with increasing
strain leads to three-dimensional arrays of low-angle grain
boundaries transforming to high-angle grain boundaries
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FIGURE 4: The strain field evolution of the weld region of Sample 1 monitored by DIC.
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FiGURE 5: (a) The cross-sectional view of FSW AA 6061-AA 5A06, and (b) nanoindentation hardness distribution on the cross section.
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FIGURE 6: Typical nanoindentation load-depth curves for different areas of the FSW joint at (a) the AA 6061 side and (b) the 5A06 side.

during FSW. Individual segments of high-angle grain
boundaries replace subgrains evolved at small strains, and
grain size refinement occurs. Presence of vibration partially
increases the temperature in the weld region, and addi-
tionally enhances the work hardening and leads to more
strain in the zone [36]. Both grain size refinement and work
hardening in the NZ and TMAZ could contribute to the
improvement of mechanical properties in such areas. This
helps us to explain the reason for each area having different
mechanical properties, as shown in Figure 5(b). For AA
6061, the high temperature during FSW destroys the
original work hardened state in the NZ, TMAZ, and HAZ
and leads the mechanical properties to weaken greatly.
However, the grain size refinement and work hardening

generated by stirring in the NZ and TMAZ improve the
mechanical properties with some extent. As a result, the
HAZ is the weakest area in FSW AA 6061. Since AA 5A06 is
nonheat treatable, the high temperature during FSW does
not affect the mechanical properties. With the strength-
ening of grain size refinement and work hardening, the
hardness in the NZ and TMAZ of AA 5A06 becomes the
strongest (Figure 5(b)).

3.5. Macro- and Microstructures of Fracture. Figures 8(a)-8(c)
show the optical macrograph of the side view of fracture surface
for samples 1, 2, and 3, and the fracture angle of the surface
decreases from 35° to 10°. The decrease of the fracture angle
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FiGUure 7: EBSD grain maps of FSW AA 6061-AA 5A06: (a) 5A06 NZ; (b) 5A06 BM; (c) 6061 NZ; (d) 6061 BM; (e) 6061 NZ-TMAZ.

could attribute to the change of the size and orientation of the
HAZ. For samples 1, 2, and 3, the welding transverse speed was
fixed at 150 mm/min and the rotation speeds were 600 rpm,
900 rpm, and 1200 rpm, respectively. With the increase of ro-
tation speed, more heat was generated during FSW. The in-
creasing heat input could enlarge the size of HAZ and change
the orientation of HAZ. As discussed above, the HAZ of AA
6061 is the weakest area, and yielding firstly occurs in this region.
Thus the initial yielding band shown in the DIC strain field
could reflect the size and orientation of HAZ. From the strain
field of samples 1, 2, and 3 at the beginning of yielding shown in

Figures 8(a)-8(c), it could be found that the yielding band
becomes thicker and the slant angle decreases gradually
with increasing heat input. The change of size and orien-
tation of HAZ was then intuitively revealed. The fracture
angle agrees well with the slant angle of the HAZ. It could
be concluded that the fracture angle of the welded specimen
is determined by the size and orientation of the HAZ.
Similar conclusion was obtained from Figures 8(d)-8(f) for
samples 4, 5, and 6, where the rotation speed increases from
600 rpm to 1200 rpm with a fixed welding transverse speed
of 100 mm/min.
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(d) (e) ()

F1Gure 8: Optical macrograph of the side view of fracture surface and the corresponding strain field at the beginning of yielding for (a)
Sample 1; (b) Sample 2; (c) Sample 3; (d) Sample 4; (e) Sample 5; (f) Sample 6.
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FIGURE 9: SEM fractographs of FSW specimens: (a) Sample 1; (b) Sample 2; (c) Sample 3; (d) Sample 4; (e) Sample 5; (f) Sample 6.

From the SEM micrographs of the fracture surfaces
shown in Figure 9, river patterns, cleavage steps, and tearing
with small irregularly distributed dimples are observed. In
Figures 9(a), 9(b), and 9(d)-9(f), most of the dimples are shallow
and incline towards one direction. These characteristics are
mainly caused by shear deformation. Due to the large fracture
angle as shown in Figures 8(a), 8(b), and 8(d)-38(f), a large shear
stress component exists along the fracture surface when the
specimens are stretched. The shear stress could drive the ma-
terials to move relatively along the fracture surface to form
shallow and inclined dimples. Thus, shear fracture should be the
primary failure mode for samples 1, 2, 4, and 5. However, the
equiaxed and normal dimples shown in Figures 8(c) and 8(f)
indicate that the fracture of samples 3 and 6 is caused by normal
stress. Since the macrofracture angles as shown in Figures 8(c)
and 8(f) are small, the shear stress component along the fracture
surface is ignorable, whilst the normal stress component is
dominant. Under normal stress, the materials on both sides of
the fracture surfaces eventually were pulled out from each other
to form equiaxed and normal dimples.

4. Conclusions

In this paper, AA 6061 and AA 5A06 were successfully
welded by FSW, and their microstructure and mechanical
properties were analyzed. The grain structure evolution in
stir zone is dominated by continuous dynamic recrystalli-
zation. The grain size refinement helps improve the me-
chanical properties in the HAZ and TMAZ of the
weldments. Both the strain field evolution obtained by DIC
and the nanoindentation hardness distribution map in-
tuitively reveal that the welded HAZ of AA 6061 is the
weakest region. Thus, the yielding, necking, and fracture
occur in this zone. After welding, the yield strength of AA
6061 drops 50% to about 115 MPa and the ultimate tensile
strength reduces from 277 MPa to about 190 MPa. Such
a significant weakening of mechanical properties is mainly
because the unstable work hardened state of rolled AA 6061
was destroyed by elevated temperature generated in FSW.
The SEM analysis of fracture surface demonstrates that
fractures in all tensile specimens are ductile fracture due to
the presence of dimples. Furthermore, analyzing the micro-
and macrofeatures of the fracture surfaces indicates that the

increasing of heat input could enlarge the size of HAZ and
reduce the slant angle of HAZ and thus leads the fracture
angle to decrease and cause the dimples to change from
inclined ones to normal ones. It was found that shear stress
forms shallow and inclined dimples, whilst equiaxed and
normal dimples are caused by normal stress.
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