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Abstract: Friction stir processing (FSP) was applied to process a 2 mm thick Al-Mg-Si (6061-T6) alloy plate. The influence of the
FSP with the same speed ratio on microstructure evolution, microhardness distribution, tensile properties and corrosion performances
of the stirred zone (SZ) in the 6061-T6 alloy was investigated. Results show that there are obvious differences in the microstructure,
such as grain morphologies, mean grain size, grain boundary distributions and precipitate distributions of the SZ prepared using the
FSP with different processing speeds, which in turn affects the mechanical properties and corrosion resistance. The mean grain size of
the equiaxed recrystallized grains of the SZ sample prepared by high speed (8000 r/min, 800 mm/min) is 9.5 pum, which is
significantly refined compared to 23.2 um of the conventional speed (1000 r/min, 100 mm/min) and 13.6 um of the as-received 6061-
T6 alloy. In addition, the distribution characteristics of the precipitates are more similar to that of the as-received 6061-T6 alloy. As a
result, in addition to the slight change in corrosion resistance, the SZ sample prepared using the high speed FSP exhibits excellent
mechanical properties. The maximum tensile strength and elongation of the SZ sample are 281.5 MPa and 34.8%, which are 86.3%
and 122.1% of that of the as-received 6061-T6 alloy, respectively.
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Al-Mg-Si (6061-T6) alloys have been widely applied in
structural components, such as
shipbuilding, for reducing mass due to their low densities and
relatively high strength™?,
aluminum alloy, the mechanical properties and corrosion

aerospace, train and

As a precipitation-strengthened

resistance of the 6061-T6 alloy mainly depend on the
distribution characteristics of precipitates, followed by the
mean grain size'”
refinement can enhance the tensile properties of the 6061-T6
alloy based on the well-known solid solution strengthening
and Hall-Petch relation™”. Although aluminum alloys have
good corrosion resistance, the precipitates, such as Mg,Si in

the 6061-T6 alloy, distributed at the grain boundaries may

. The precipitate distribution and grain
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induce the susceptibility to intergranular corrosion’. It is
urgent to develop a processing technology that can not only
refine the grain size, but also improve the distribution
characteristics of precipitates.

Friction stir processing (FSP), as a solid-state processing
technology, can change the grain size and precipitate
distributions by adjusting the processing conditions'™, such as

1o cooling condi-

processing parameters”, tool geometries
'>13" and adding nano-sized ceramics'* and alloy parti-
cles" in the processed area. Mohamadigangaraj et al’”
assessed the effect of rotating speed and number of FSP
passes on the mechanical properties of aluminum alloy using

the response surface methodology and found that the

tion!
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microhardness and mechanical properties increase with
increasing the rotating speed and the number of FSP passes.
Woo et al'”! investigated the influence of the tool geometries
on microstructural softening during FSP and found that the
microstructural softening is mainly attributed to the frictional
heat input between the workpiece and tool shoulder, which
causes the dissolution and growth of the precipitates and
further reduces the microhardness. Chen et al™® ascertained
the effect of water cooling on the microstructure and
mechanical properties of FSP 6061 alloy and found that its
influence mainly depends on the initial tempering of 6061
alloy. The stirred zone (SZ) prepared by FSP with water
cooling is significantly strengthened for natural-aged 6061
alloy due to grain refinement, high density of dislocations and
a large number of fine precipitates, whereas it is less
strengthened for the annealed 6061 alloy due to little
microstructure difference. Zhao et al'” investigated the effect of
FSP with B4C particles on the grain size, particle distributions
and microhardness of the SZ in the 6061 alloy and found that
the average microhardness value increases due to grain
refinement and uniform particle distributions. In addition to
microstructure evolution and mechanical properties, some
researchers also paid attention to the corrosion properties of
the FSP aluminum alloy. Barati et al®” adopted FSP and FSP
with vibration to adjust the surface microstructure of the 6061
alloy by adding or not adding SiO, strengthening nano-
particles. The SZ prepared by FSP with vibration by adding
Si0, strengthening nanoparticles is better than that prepared
by FSP due to the finer grain size and more uniform
distribution of SiO, strengthening nanoparticles. They also
investigated the influence of passes number on the
microstructure evolution and corrosion resistance of the SZ
with SiO, strengthening nanoparticles in the 6061 alloy, and
found that the SZ presents more homogenous distribution of
the SiO, strengthening nanoparticles and coarsening of Mg,Si
precipitates by increasing the passes number®. As a result,
the SZ exhibits worse corrosion properties due to coarsening
of Mg,Si precipitates and grain refinement™. Although FSP
can improve the mechanical properties and corrosion
resistance of aluminum alloy by adjusting the microstructure
of the SZ, most of the published research reports are based on
conventional rotating speed and travelling speed. That is, the
rotating speed and travelling speed are typically less than
2000 r/min and 200 mm/min, respectively. However, there are
few reports on the microstructure evolution, mechanical
properties and corrosion behavior of the SZ in aluminum alloy
prepared by high rotating speed FSP.

The present work aimed to prepare the sound SZ in 6061-
T6 alloy with excellent mechanical properties and corrosion
performances by high rotating speed FSP technology. At the
same time, the microstructure evolution of the SZ in the FSP
process was studied to elucidate the mechanical properties and
corrosion behavior.

1 Experiment

1.1 Materials and FSP procedure

The as-received material used in the present work was 2
mm thick commercial 6061-T6 alloy with a chemical compo-
sition (Wt%) of 0.40~0.80 Si, 0.7 Fe, 0.15~0.40 Cu, 0.15 Mn,
0.80~1.20 Mg, 0.04~0.35 Cr, 0.25 Zn, 0.15 Ti, and Al balance.
The FSP samples with dimensions of 180 mm in length and
100 mm in width were prepared using a wire electro-discharge
machining (WEDM). The FSP operation was conducted using
a dedicated high-speed FSW-TS-F08-DZ FSW machine. A
tool used in the present FSP was made of H13 tool steel,
which comprised a 10 mm diameter shoulder with a three
helical concave surface of 5° and a 1.5 mm long cone-shaped
pin. The top and root diameters of the pin were 3 and 2 mm,
respectively. A single pass FSP with the same speed ratio was
performed along the rolling direction with a tool inclination
angle of 0°, and the processing parameters applied in this
study are listed in Table 1. The samples were named based on
the processing condition; for instance, the sample fabricated
using a rotating speed of 1000 r/min and travelling speed of
100 mm/min was labeled as 1000-100.

1.2 Microanalysis

After FSP operation, the SZ was sectioned perpendicular to
the processing direction and then prepared by standard
metallographic techniques. Then, the sample obtained from
the central portion of the SZ was used for microstructure exa-
mination, corrosion and hardness tests. Texture development
was examined using an electron backscatter diffraction
(EBSD, HKL Channel 5 System). The precipitate evolution in
the SZ was observed using a transmission electron microscope
(TEM, FEI TECANI-F30) operated at 200 kV after electro-
polishing. The electrochemical testing was performed using a
VERSASTAT 400 three-electrode electrochemical workstation,
which was conducted on the SZ surface with a 1 cm’ testing
area. The working, reference and auxiliary electrodes were the
SZ, a saturated Ag/AgCl electrode and platinum, respectively.
The hardness distribution was measured using a HMV-1
hardness tester, along mid-thickness of the SZ using a load of
0.98 N and a dwell time of 10 s with a distance of 0.25 mm
between indents. It should be noted that the hardness measure-
ment was conducted after sufficient natural aging (4 weeks).
The tensile testing was conducted on an INSTRON 3382
universal testing machine, using a standard specimen with a
width of 6 mm obtained from the SZ parallel to the tool travel
direction, and a constant cross head speed of 1.0 mm/min.

2 Results and Discussion

2.1 Surface morphology and microstructure
Fig. 1 shows the surface morphologies of the SZ on 6061-

Table 1 FSP parameters applied in the present study

Sample Rotating speed/r'min”  Travelling speed/mm-min”
1000-100 1000 100
2000-200 2000 200
4000-400 4000 400
8000-800 8000 800
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Fig.1 Surface morphologies of the SZ on 1000-100 (a), 2000-200
(b), 4000-400 (c) and 8000-800 (d) samples

T6 alloy prepared using FSP with the same speed ratio. In
addition to the defect-free, it can be also seen that the sound
SZ on 6061-T6 alloy becomes smooth and flat with increasing
the rotating speed and travelling speed. It means that the
selected rotating speed and travelling speed used in this study
are reasonable, which can produce a sufficient heat input to
enhance a balanced material flow™™. As a result, the SZ with
defect-free is produced in the processed zone.

characteristics, including grain
size distributions, grain boundary

The microstructure
morphologies, grain
distributions, grain type distributions and precipitate
evolution, of the 6061-T6 alloy and SZ prepared by FSP with
the same speed ratio are presented in Fig.2~5. It can be seen
that the grains in the as-received 6061-T6 alloy are elongated
along the rolling direction and presents a pancake-shaped
grain morphology, as shown in Fig.2a. The mean grain size
and high angle grain boundaries (HAGBs) of the as-received
6061-T6 alloy are 13.6 um and 92.2% according to the grain
size distributions and grain boundary distributions, as shown
in Fig. 2b and 2c, respectively. The grain type distributions
indicate that the as-received 6061-T6 alloy is mainly
composed of recrystallized grains, which is about 96.0%, as
shown in Fig.3a. After FSP, the SZ of the 6061-T6 alloy is
characterized by equiaxed grains, as shown in Fig.2d, 2g and
2j. With the increase of the rotating speed and travelling
speed, the mean grain size of the SZ gradually decreases
(Fig.2e, 2h and 2k), whereas the proportions of the HAGBs
and recrystallized grains gradually increase, as shown in
Fig.2f, 2i, 21, respectively. The mean grain sizes of the SZ on
the 1000-100, 4000-400 and 8000-800 samples are 23.2, 10.5
and 9.5 pm, respectively. And the SZ of the 1000-100 sample
prepared by conventional processing speed consists of 31.4%
recrystallized grains, but the SZ of the 4000-400 and 8000-
800 samples prepared by high processing speed consists of
42.7% and 65.1% recrystallized grains, respectively, as shown
in Fig. 4. The number and size of the Mg,Si, Al;Fe,Si and
Al,CuMg precipitates significantly increase with the increase
of the rotating speed and travelling speed with the same speed
ratio, as shown in Fig.5. The precipitates in the as-received
6061-T6 alloy are Mg,Si, AlFe,Si and Al,CuMg, as shown in
Fig.5a. The specific characteristics of the Mg,Si, Al;Fe,Si and

Al,CuMg precipitates have been determined in our previous
researches™. Furthermore, the precipitate distributions of the
Mg,Si, AlFe,Si and Al,CuMg,
morphology and size, are more similar to that of the as-
received 6061-T6 alloy with increasing the rotating speed and
travelling speed, as shown in Fig.5b~5d. This phenomenon is

consistent with what we have previously discovered in the
24

such as the number,

friction stir welding of 6061-T6 alloy””. The number of
precipitates in the nugget zone produced by high speed
friction stir welding is obviously larger than by conventional
speed friction stir welding, and the distribution is more
dispersed and homogenized®". It can be seen that in addition
to the most similar distributions of the precipitates with the
6061-T6 alloy, the SZ of the 8000-800 sample exhibits the
finest mean grain size and the largest proportions of the
HAGBs and recrystallized grains, which are 9.5 um, 58.7%
and 65.1%, respectively.

It is well known that the microstructure evolution of the SZ
during FSP mainly depends on the processing heat input,
which is mainly caused by the rotating speed and travelling
speed. The peak temperature (7)) of the SZ can be evaluated by
the rotating speed (w), travelling speed (v) and the melting
temperature (7,) of the 6061-T6 alloy™.

2

)T, D

1)
T=X( v-10*
where K and o are constants.

Based on Eq.(1), the influence of rotating speed on the peak
temperature of the SZ is greater than that of the travelling
speed. As a result, even if the same speed ratio is used in the
process of the FSP, the peak temperature will increase with
increasing the rotating speed. In this way, the dissolution and
reprecipitation of the precipitates in the SZ during the heating
and cooling stages are more sufficient in the high rotating
speed FSP, making the precipitate distributions more similar
to that of the as-received 6061-T6 alloy. In general, the higher
the temperature of the SZ, the larger the mean grain size.
However, in the present work, it is found that the mean grain
size gradually decreases with the increase of the rotating
speed. In fact, the mean grain size of the SZ not only depends
on the heat input, but also on the strain rate. Previous studies
have demonstrated that the mean grain size of the SZ
decreases as increasing the strain rate™?. In the present work,
the SZ prepared using high rotating speed FSP is characterized
by finer mean grain size, which indicates that the strain rate is
the main factor influencing the grain refinement of the high
rotating speed FSP. In addition, the higher heat input and
greater strain rate can cause more complete recrystallization in
the SZ, resulting in a significant increase in the proportions of
the HAGBs and recrystallized grains. An interesting
phenomenon in the present study is that the heat input of the
1000-100 sample is smaller than that of the 8000-800 sample
according to Eq.(1), but the mean grain size of the 1000-100
sample is significantly larger than that of the 8000-800
sample. This means that the mean grain size of the SZ
prepared by conventional rotating speed FSP mainly depends
on the heat input rather than on the strain rate. Generally, this
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Fig.2 Microstructure characteristics of 6061-T6 alloy (a, b, ¢) and samples of 1000-100 (d, e, f), 4000-400 (g, h, 1) and 8000-800 (j, k, 1)

phenomenon of microstructural instability at high tempe-
ratures is commonly found in post heat-treated friction stir
welded aluminum alloys, such as 6061°” and 60827**", This
abnormal grain growth phenomenon is often explained in

15* Jandaghi et al®” in-

terms of Humphreys’s cellular mode
vestigated the influence of the solution treatment on the
interfacial phase evolutions of the dissimilar friction stir
welded joints of AA2198-AA7475 and AA2198-AA6013, and
found that the ultrafine grains of the SZ are the initiation sites
for abnormal grain growth. The ultrafine grains of the SZ
experience the most serious abnormal growth during treatment

at elevated temperatures. As a result, the ultrafine grains in the

SZ are significantly coarser after solution treatment””.

2.2 Mechanical properties

The microhardness distributions and tensile strength
significantly smaller of the 6061-T6 and SZ samples prepared
by FSP with the same speed ratio are shown in Fig. 6. The
mean microhardness value of the SZ is significantly smaller
than that of the as-received 6061-T6 alloy, as shown in Fig.6a.
The mean microhardness value of the SZ produced using high
rotating speed FSP is obviously greater than that of the SZ
prepared using conventional rotating speed FSP. However, the
microhardness distribution of the SZ prepared using high
rotating speed FSP exhibits little difference. The average
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Fig.3 Grain type distributions of the 6061-T6 alloy (a) and samples of 1000-100 (b), 4000-400 (c) and 8000-800 (d)
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obtained corresponding to Fig.3

microhardness value of the SZ of the 1000-100 sample is 610
MPa, but the mean microhardness value of the SZ of the 4000-
400 and 8000-800 samples are 860 and 868 MPa, respectively.
The tensile test results indicate that the tensile strength of the
SZ sample is smaller than that of the 6061-T6 alloy, whereas
the elongation of the SZ produced by high rotating speed FSP
is greater than that of the 6061-T6 alloy, as shown in Fig.6b.
The SZ of the 8000-800 sample exhibits excellent tensile
properties. The maximum tensile strength of 281.5 MPa and
elongation of 34.8% are obtained in the SZ of the 8000-800
sample, which are 86.3% (326.0 MPa) and 122.1% (28.5%) of
the 6061-T6 alloy, respectively. The minimum tensile strength
of 195.1 MPa and elongation of 22.7% are obtained in the SZ
of the 1000-100 sample, which are 59.8% and 79.6% of the
6061-T6 alloy, respectively. According to the tensile
properties of the SZ, it can be inferred that high rotating speed
FSP is more conducive to enhancing the mechanical
properties of the 6061-T6 alloy compared to conventional

rotating speed FSP.

According to the existing research results, the micro-
hardness and tensile strength of the 6061-T6 alloy, as a
precipitation-strengthened aluminum alloy, mainly depend on
the distribution characteristics of precipitates, while its
elongation mainly depends on the mean grain size"™”. The
precipitates in the SZ are smaller than that of the 6061-T6
alloy, resulting in obviously lower average microhardness
value and tensile strength of the SZ. However, the precipitate
distributions in the SZ prepared by high rotating speed FSP
are more similar to that of the 6061-T6 alloy compared to
conventional rotating speed FSP, resulting in the significant
increase in the average microhardness value and tensile
strength of the high rotating speed FSP SZ. In addition, the SZ
produced using high rotating speed FSP has a finer mean grain
size, resulting in a larger elongation of the SZ.

2.3 Corrosion resistance

Fig. 7 presents potentiodynamic polarization and Nyquist
curves of the 6061-T6 alloy and SZ produced using FSP with
the same speed ratio in 3.5 wt% NaCl aqueous solution. The
self-corrosion potential and self-corrosion current of the 6061-
T6 alloy and SZ are estimated according to the cathodic
extrapolation method of Tafel curve™, as shown in Table 2.
The self-corrosion potential of the 6061-T6 alloy and SZ on
1000-100, 2000-200, 4000-400 and 8000-800 samples are
-0.56, -0.54, -0.56, -0.92 and -0.96 V, and the self-corrosion
current are 7.59x10°, 1.41x10°, 2.24x10°, 1.78x10° and
4.90x10° A,
potential and minimum self-corrosion current of the SZ are
-0.54 'V (1000-100 sample) and 1.78x10° A (4000-400
sample), which are 96.4% and 23.5% of that of the 6061-T6
alloy, respectively. It can be seen that the SZ prepared by the
conventional rotating speed FSP has good self-corrosion

respectively. The maximum self-corrosion
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Fig.5 Precipitate distributions of 6061-T6 alloy (a) and samples of 1000-100 (b), 4000-400 (c) and 8000-800 (d)
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Fig.6 Microhardness distributions of SZ samples (a) and tensile
strength (b) of the 6061-T6 alloy and SZ

potential and poor self-corrosion current, while the SZ
prepared by the high rotating speed FSP has poor self-
corrosion potential and good self-corrosion current. Previous
research results have demonstrated that the larger the diameter
of capacitive loop, the smaller the corrosion rate”". The SZ
prepared using high rotating speed FSP have larger diameter
of capacitive loop, which means that they have smaller self-
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Fig.7 Potentiodynamic polarization curves (a) and Nyquist (b)
curves of the 6061-T6 alloy and SZ samples

corrosion current.

The corrosion resistance of the 6061-T6 alloy is mainly
affected by the precipitate distribution and grain size”. When
the precipitates with moderate size are uniformly distributed
or the average grain size is significantly refined, the 6061-T6
alloy can exhibit excellent corrosion performance. In the

present work, the SZ prepared using conventional rotating
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Table 2 Self-corrosion potential and self-corrosion current of
the 6061-T6 and SZ sample calculated according to the

cathodic Tafel extrapolation

Self-corrosion Self-corrosion current/

Sample potential/V x10°A
6061-T6 -0.56 7.59
1000-100 -0.54 14.1
2000-200 -0.56 2.24
4000-400 -0.92 1.78
8000-800 -0.96 4.90

speed FSP, such as 1000-100 sample, has a larger average
grain size and fewer precipitates, resulting in worse self-
corrosion current. The SZ prepared using high rotating speed
FSP, such as 4000-400 and 8000-800 samples, has a finer
average grain size and more precipitates, resulting in better
self-corrosion current.

3 Conclusions

1) FSP with the same speed ratio is successfully applied to
process 6061-T6 alloy plate. The sound stirred zone (SZ) is
obtained using high rotating speed FSP or conventional
rotating speed FSP. The SZ sample prepared using high
rotating speed FSP is smoother and flatter than using
conventional rotating speed FSP.

2) Compared with conventional rotating speed FSP, the SZ
in the process of high rotating speed FSP is subjected to
greater heat input and stronger plastic strain, resulting in more
complete recrystallization. As a result, there are finer mean
grain sizes, a larger proportion of HAGBs and more
precipitates with more uniform distribution in the SZ.

3) In addition to the slight change in corrosion resistance,
the SZ sample prepared using high rotating speed FSP exhibits
greater microhardness value, larger tensile strength and
elongation compared to that of the SZ sample prepared using
conventional rotating speed FSP.
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FEIENER B L 43 3 BRI N T X%t Al-Mg-Si & & X WM LA L ETT
FIF M REFNIE 1T AR

INEHRY, KW, BRigHS
(1. FARBe RV LR 220E, BVt #adk 719000 )
(2. MIMREERE MOARTI & S A MRS PG B R B R SE0R s, BRPE Midk 719000)
(3. PaAb RS AR R, BEPE PiZe 710072)

OB RABFEEEIN THE AN 2 mm JE Al-Mg-Si (6061-T6) & &AM AT IN Lo W58 7 ELATAH[RIEEE L 1 4 BRI T X B
MALUHAS . AR LT B PEREFIR MAT AT . 25 R, I X Ao AL SRS PRI S 4 A AT H AR
TEARRRAE AT W) R 25 5, RN A 2 BRI E Gnh AT e AR S SR o T X A T 8 R T8 RS B A S P S N RN .
3% 8000 r/min A0 3% & 800 mm/min T 25 il 4 (K100 T X P 1 ki B S 404k, 7 HAR 0 A th S s - BEM A0 A Al . K, %A T
X B T i S e AR e 2 Ah, RO TR Ty . I T X IR R B R R AE {1 2 43 i1k 281.5 MPa i1 34.8%, 43 A RERF 1)
86.3% 1 122.1%. ey A5 Ff AR N To0f ik BE e st AN B 2., (HUAT A A0 AL-Mg-Si & & 1170 1Rt

KB AlLMg-Sia s BRI T WOWALUEAS; J1 R AT A
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