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Friction stir welding (FSW), a promising solid state joining process invented at TWI in 1991, was used to
join 9 mm thick 7475 aluminum alloy which is considered essentially unweldable by fusion processes. In the
present work, the process parameters such as tool rotational speed were varied from 300 to 1000 rpm for a
travel speed of 50 mm/min and the influence of process parameters in terms of energy input on micro-
structure, hardness, tensile strength, and the corrosion property of 7475 aluminum joints was evaluated and
analyzed. The maximum tensile strength of FSW joints was obtained at rotational speed of 400 rpm and
traverse speed of 50 mm/min (59.2 kJ) which attributed maximum stirred zone area and maximum
hardness. The maximum corrosion resistance properties of weld in 3.5% NaCl solution, however, were
obtained at rotational speed of 1000 rpm and traverse speed of 50 mm/min. Furthermore, for a given weld,
stirred zone showed improved corrosion properties than TMAZ.

Keywords energy and corrosion rate, friction stir welding (FSW),
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(TMAZ)

1. Introduction

Friction stir welding (FSW) is an innovative welding
process developed by the welding institute (TWI), Cambridge,
UK, in 1991 (Ref 1). This process has emerged as a new solid
state joining technique, especially for high strength aluminum
alloys that are difficult to weld using conventional fusion
technique. To accomplish a FSW, a rotating tool is forced into
the material and traversed along the joint under appropriate
conditions. Friction between the tool and the workpiece results
in localized heating which raises the temperature of the material
to the range where it is plastically deformed. A welded joint is
produced as a result of this localized heating and complex
movement of the metal around the pin. The determination of
optimum FSW conditions is very important to obtain sound
joint as well as the required joint properties.

The FSW process generates three distinct microstructural
zones: stirred zone (SZ), thermo mechanically affected zone
(TMAZ), and heat-affected zone (HAZ). Because the produc-
tion of the three zones, particularly SZ of fine grained structure,
significantly affects the mechanical properties, understanding
the evaluation of the FSW microstructure is of significant
technological and scientific interest.

There have been a number of reports (Ref 2-16) highlighting
the microstructural changes due to plastic deformation and
frictional heat associated with FSW. Mechanical failure of the
welds can take place in the SZ, TMAZ, or HAZ region
depending on the amount of energy input which is controlled
by the welding parameters such as rotational and travel speed
(Ref 3-12). Since the material flow behavior is predominantly
influenced by the material properties such as yield strength,
ductility and hardness of the base metal, tool design (Ref 17),
and FSW process parameters, the dependence of weld micro-
structure on process parameters differs in different aluminum
alloys for a given tool design.

The changes in the microstructure are associated not only
with mechanical properties but also with the corrosion prop-
erties of the welds as well. The corrosion properties of the FSW
in different aluminum alloys have been examined by a number
of authors (Ref 18-26). Corrosion attack has been found in SZ,
at the interface between the SZ and TMAZ (Ref 19) and also in
HAZ (Ref 19, 25).

It is imperative that understanding the relationship between
microstructure, mechanical and corrosion properties of FSW in
aluminum alloys, particularly in heat-treated aluminum alloys,
is of significant technological and scientific interest. Moreover,
there has not been any systematic study reporting the relation-
ship between the welding parameters, especially in terms of
energy, mechanical properties, and corrosion behavior. Thus,
the aim of the work is to investigate how mechanical and
corrosion properties can be related to microstructural changes
controlled by the welding parameters in FSW AA 7475.

2. Experimental Materials

The chemical composition of the 7475 Al-alloy in as-rolled
condition is given in Table 1.
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2.1 Welding Parameters and Tool Specification

All butt joints were produced using a RM Series Friction
Stir Welder Model RM1A-0.7. The machine can be operated
with tool rotational speed up to 3000 rpm, axial load of 67 kN,
and plunge rates from 0.1 to 1000 mm/min.

The axial force, torque, and penetration depth values could be
recorded simultaneously during each welding operation with the
help of load cell coupled with a DAQ system. All the butt welds
were made under displacement control mode, i.e., the depth of
penetration was kept constant but the axial force response and
torque are not directly controlled. The tool usedwasmade of steel
SKD61 and composed of a shank, flat shoulder (diameter
32 mm), and threaded probe (diameter 10 mm) as shown in
Fig. 1. The tool axis was tilted by 2� with respect to the vertical
axis of the plate surface. Rotational speed was varied and travel
speed was kept constant at 50 mm/min. The FSW parameters
studied are listed inTable 2. The depth of probe tip from the upper
surface of the aluminum plate was also kept constant at 8.65 mm.

2.2 Energy Calculation

Since in FSW process friction heats the material, which is
then essentially extruded around the tool before being forged by
the large down pressure (Ref 27), role of energy on micro-
structure and joint strength has been emphasized. The energy
(Ref 28) for FSW was calculated using the following expres-
sions and the energy values are summarized in Table 3.

Energy ¼
Zt¼end of welding

t¼0

CzðtÞ � Np� 2p
60

dt ðEq 1Þ

where Cz and Np represent respective torque and rpm.

2.3 Metallographic Study

The samples for metallographic studies were first cut and
then polished using standard method and finally were etched
with Keller�s reagent [2 mL HF (48%) + 3 mL HCl + 5 mL
HNO3 + 190 mL distilled H2O] to reveal the microstructure.
Microstructural examination was carried out using a light optical
microscope (Make: Carl ZEISS; Model: Imager.A1m) and the
microphotographs were taken at different magnifications.

2.4 Microhardness Test

Microhardness measurements were performed on metallo-
graphically polished and etched samples across the butt joint
from aluminum base metal through the different zones using
Lica Vickers Micro Hardness Tester (Model: A-1170) at load
50 gf with dwell time 10 s and at an interval of 100 lm.

2.5 Tensile Strength Test

The welded joints were sliced in the transverse direction to
make the tensile specimens as per ASTM E8M-04 shown in
Fig. 2. The tensile test was performed on a Universal Testing
Machine (INSTRON 8862) of 100 kN capacities at a cross
head speed of 0.5 mm/min. The average fracture load values of
four specimens were taken for each combination of parameters.

2.6 Corrosion Study

The area of base metal, SZ, and TMAZ individually as well
as across the cross sections of four different weld metals are
exposed to 3.5% NaCl solution for corrosion study. The
potentiostatic polarization curves for base metal, SZ, and
TMAZ as well as weld metals were determined in 3.5% NaCl
solution using AUTOLAB PGSTAT 302 Potentiostatic
machine at a scan rate of 0.5 mv/s. Ag/AgCl electrode was
used as reference and platinum was used as counter electrode.
Taffel�s slopes were derived from the polarization curve.

2.7 SEM Study

Fracture surfaces of the tensile fractured specimens and the
corroded samples were examined under JEOL JSM-8360
scanning electron microscope (SEM) to understand the mode
of fracture.

Table 1 Base metal composition (wt.%)

Element Zn Mg Cu Fe Si Mn

Base metal 6.07 2.28 1.69 0.16 0.12 0.050

Fig. 1 Schematic diagram of tool and pin

Table 2 FSW parameters

Sl. no
Sample
no.

Rotational
speed, rpm

Traverse
speed, mm/min

1 FR3 300 50
2 FR4 400 50
3 FR7 700 50
4 FR10 1000 50

Table 3 Energy of different FSW joints

Sl. no Sample no. Energy, kJ

1 FR3 57.2
2 FR4 59.2
3 FR7 62.6
4 FR10 87.2
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3. Results and Discussion

3.1 Macrostructure

Typical cross section of the welded joints under different
parameters is shown in Fig. 2. The formation of different zones
in FSW such as stir zone (SZ), TMAZ, and HAZ are quite
evident from the macrostructures. Depending on processing
parameter, tool geometry, temperature of work piece, and
thermal conductivity of the material, different shapes of SZ
have been observed. Sato et al. (Ref 6) reported the formation
of basin-shaped SZ on friction stir welding of 6063 Al-T5 plate.
On the other hand, Rhodes et al. (Ref 3) and Mahoney et al.
(Ref 29) reported elliptical SZ in the weld of 7075 Al-T6. In the
present investigation, a change in shape of SZ on friction stir
welding of 7475 Al-alloy from basin-shaped to elliptical shaped
has been observed at higher tool rotation of ‡ 700 rpm
(Fig. 3). Similar change in shape of SZ at higher tool rotation
speed with the same tool geometry was reported by Mishra and
co-workers (Ref 30). The area of SZ has been measured from
macrographs using Autocad and the values are given in
Table 3.

The area of stir zone has been tried to correlate with energy
input as shown in Fig. 4. It is observed from Fig. 3 that with
increasing tool rotation speed from 300 to 400 rpm, area
fraction of the stir zone (SZ) first increases and with further
increasing tool rotation speed from 400 to 1000 rpm, area
fraction of the stir zone decreases (Table 4). In friction stir
welding, metal flow and temperature play an important role in
forming different zones in the welded joint. Formation of SZ, in
particular, involves stirring which is related to flow of
plasticized material. Material flow in the SZ is dominated by

the rotation of the pin. The material release from the pin surface
through outward-spinning motions provides an intrinsic driving
force for the downward spiral motion of the plasticized material
along the pin. The SZ expands when the material immediately
outside SZ could flow toward pin by following the SZ
extremity and be forced directly into SZ. With increasing rpm
more intense heating results in higher temperature. North et al.
(Ref 31), Bjornekelett et al. (Ref 32), and Frigaared et al. (Ref
33) have suggested that eutectic melting of the material may
occur at the tool interface. Such condition at the tool-material
interface will decrease the torque which will ultimately
decrease the outward-spinning motion. Thus, there should be
an optimum energy where area of stirring will be maximum. In
the present study, maximum area of stirring (62 mm2) has been
obtained at energy level of 59.2 kJ (Fig. 4).

Fig. 2 Schematic diagram of tensile specimen (ASTM E8M-04)

Fig. 3 Macrostructure of cross section of friction stir welded joint

Fig. 4 Stir zone (SZ) area vs. energy input plot for different wel-
ded joints
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Further, it is to be mentioned here that, some microvoids are
observed at the bottom portion of the macrographs in welds of
FR7 and FR10 (Fig. 5). FSW joints are prone to defects like pin
hole, tunnel defect, piping defect, cracks, etc. due to improper
flow of metal and insufficient consolidation of metal in the weld
region. Olga (Ref 34) reported that in FSW, as the rotational
speed increases, the heat input also increases resulting in more
intense stirring and mixing of materials. Higher tool rotational
speed associated with higher heat generation (energy) leads to
the excessive release of stirred material to the upper surface,
which resultantly produced microvoids in the stir zone.
Interestingly, the two welds (FR7 and FR10) which show
microvoids (Fig. 5) are involved with relatively higher energy
(Table 3).

3.2 Microstructure

The microstructure of base metal (AA7475 aluminum alloy)
as given in Fig. 6 shows a-aluminum and some particles
(precipitates). Again the grains are observed to be elongated.
Figures 7 to 9 show the optical micrographs of SZ, TMAZ, and
HAZ of all the FSW joints performed under different combi-
nations of FSW parameters.

The stir zone (Fig. 7) consists of fine equiaxed grains due to
dynamic recrystallization. Adjacent to the stir zone, the TMAZ
(Fig. 8) region shows the severe deformation of grains due to
the stirring action of the tool pin. It is evident that the welding
parameters, especially rotation speed, affected the grain size in
the stir zone of weld. At a given travel speed, an increase in
rotation speed the grain size increases (Fig. 7a to d). This is due
to the effect of heat input and it is well known that grain size
increases with increasing heat input. The HAZ (Fig. 9) shows
relatively finer grain than base metal. However, the elongated
grains characteristic of the rolled base plate still exist.
Furthermore, for both TMAZ and HAZ, grain size increases
with increase in rotational speed. At a particular rpm grain
coarsening is significantly observed from stir zone to TMAZ
and HAZ. This is applicable for all the four parameters studied.
In TMAZ region, the FSW tool has plastically deformed the
material without recrystallization and the heat from the adjacent

zone has resulted coarser grain size compared to stir zone. The
HAZ region is basically base metal affected by a thermal cycle
only and hence the original microstructure of the base metal has
been modified though the characteristic elongated grains of the
rolled base plate still exists. Furthermore, it is likely that MgZn2
particles could be present in the structure as all binary
intermetallic phases are assumed to have negligible ternary
(Al-Mg-Zn) solubility except for MgZn2. Again, the compo-
sition of the base metal falls into the region of (Al) + MgZn2 as
can be seen from pseudo-binary diagram (Fig. 10) of Al-Mg-Zn
at 5.33% Zn (Ref 35).

3.3 Microhardness Test

Microhardness was measured across the mid-thickness
region of the weld as shown schematically in Fig. 11. The
distribution of hardness values across the welded joint is
presented in Fig. 12. It is observed from Fig. 12 that the
hardness values gradually increased from the base metal and
reached maximum at SZ and then decreased to the base metal
region irrespective of the tool rotational speed used (Ref 36).
Maximum hardness at each point is observed in weld FR4;
whereas minimum hardness at each point is associated with
weld FR10. Among the three different zones (SZ, TMAZ, and
HAZ), maximum hardness is achieved in SZ which is attributed
due to finer grain size. For TMAZ, which has experienced
plastic deformation, significant grain coarsening has caused
lower hardness than SZ. The hardness of HAZ is still lower

Fig. 5 Macrographs of voids at rpm 700 and 1000

Table 4 Area of stir zone measured from macrograph

Weld samples FR3 FR4 FR7 FR10

SZ area, mm2 46 62 28 19
Energy, kJ 57.2 59.2 62.6 87.2

Fig. 6 Microstructure of base metal
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Fig. 7 Microstructure of SZ. (a) rpm 300, (b) rpm 400, (c) rpm 700, and (d) rpm 1000

Fig. 8 Microstructure of TMAZ. (a) rpm 300, (b) rpm 400, (c) rpm 700, and (d) rpm 1000
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than TMAZ. Basically this zone is affected by thermal cycle
only resulting in alteration of base metal microstructure. Slight
increase in hardness compared to base metal indicates no major
change in microstructure (Fig. 10) has occurred. Thus it can be
concluded that grain size exerted maximum effect on microh-
ardness across the welded joints.

3.4 Tensile Strength Test

Tensile testing was performed for base metal and all four
FSW joints. The tensile testing results of BM and FSW joints
are given in Table 5.

Among the four FSW parameters studied, i.e., at 300, 400,
700, and 1000 rpm, the maximum tensile strength of FSW
joint was achieved with rotational speed of 400 rpm and
traverse speed of 50 mm/min. This variation of tensile
strength with rotational speeds for a given traverse speed
appears to be linked to the energy of the welds. It is apparent
from Fig. 4 that improved joint strength could be achieved
within a certain range of energy as marked through circle in
the Fig. 4. Joint efficiency as high as 89.5% of base metal
could be achieved at 400 rpm. Again, the joint strength values
are consistent with the hardness profile shown in Fig. 12. The
harder interface zone has yielded higher strength (rpm 400)

Fig. 9 Microstructure of heat-affected zone (HAZ). (a) rpm 300, (b) rpm 400, (c) rpm 700, and (d) rpm 1000

Fig. 10 Al-Mg-Zn compound vertical section at 5.33 at. %Zn (Ref
32)
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and relatively softer interface zone shows lower joint strength
(rpm 1000).

Interestingly, all the FSW joints tensile fracture occurred at
or near the interface between stir zone and TMAZ on the
advancing side of the joint as shown in Fig. 13. Similar fracture
location after tensile testing of FSW aluminum alloys was also
reported by Liu et al. (Ref 37). The remarkable difference in the
structure particularly grain size between SZ and TMAZ cause
the fracture at or near the interface between the weld nugget
and the TMAZ on the advancing side.

3.5 Tensile Fracture Surface Study Under SEM

The broken tensile samples were studied under SEM and the
fractographs of samples are presented in Fig. 14. Fractographic
examinations of the broken tensile samples from FSW joints
reveal roughened fractures containing features having dimen-
sions similar to the grain size of the SZ (Fig. 14a). The more
ductile behavior is distinguished by the presence of numerous
tear ridges (Ref 29). These ridges reflect the material�s ability to
sustain the tensile load after microvoid coalescence has begun;

absence of the ridges (Fig. 14c) indicates that the specimen
fails soon after microvoid coalescence begins (Ref 29). The
fracture surfaces of both conditions exhibit very fine microv-
oids on the exposed grain surfaces (Fig. 14b, d). Furthermore,
there is a significant breakup of MgZn2 particles, subsequently
creating a uniform distribution of finer MgZn2 particles in the
a-aluminum matrix of optimized FSW parameters. However,
regardless of welding parameters, some particle coarsening and
clustering were observed in the vicinity of the tensile fractured
area of friction stir welded specimen (Ref 36).

3.6 Corrosion Study of Base Metal and Different Welded
Joints

Potentiostatic polarization study has been done for base
metal and SZ, TMAZ individually in each of the four different
weld metals and across the cross sections of four different weld
metals in 3.5% NaCl solution. From the potentiostatic polar-
ization study corrosion rate and Ecorr have been evaluated and
are given in Table 6. Corrosion resistance property for both SZ
and TMAZ increases as the rpm increases. When comparing
the corrosion rate between SZ and TMAZ in a given welded
joint, TMAZ shows a poor corrosion resistance as compared to
SZ. Furthermore, corrosion rate across the cross sections of four
different weld metals shows similar trend with individual zone,
i.e., the corrosion resistance property also increases with
increasing rpm.

The reactivity of the welds is influenced by the welding
parameter such as rotation speed. Precipitates start to occur at
the grain boundaries due to higher nucleation rate at the grain
boundaries (Ref 38-44). An increase in rotational speed,
increases grain size and also likely to increase more precipi-
tates. From Table 6 it is observed that the reactivity in the SZ
decreases with increasing rotation speed. It is likely that the
high rotation speed leads to a high temperature, maximizing
dissolution of precipitate particles, and the cooling rate helps to
retain the solutes in solid solution (Ref 45). Also, more uniform
solute distribution is expected from the higher temperatures
experienced in the SZ.

On the other hand, TMAZ heats up to a temperature just
below the solutionizing temperature of the alloy (Ref 46). This
results in coarsening of precipitates, as evident from the
decrease in the hardness (Fig. 10). Again, an increase in

Fig. 11 Schematic diagram for microhardness traverse position

Fig. 12 Microhardness from AS to RS direction along the cross
section of weld

Table 5 Tensile test results and joint efficiency
of different weld joints

Sl.
no.

Sample
no.

Yield
strength,
MPa

Ultimate tensile
strength, MPa % Elongation

Joint
efficiency,

%

1 BM 268 397.01 16.56
2 FR3 240.11 323.88 4.23 81.57
3 FR4 260.47 355 6.04 89.5
4 FR7 245.66 288 2.61 72.75
5 FR10 223.29 230 1.78 57.94

Fig. 13 Location of fracture (from boundary of SZ and TMAZ)
after tensile testing
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Fig. 14 Fracture surface of tensile samples (a) rpm 400 at magnification 1.00K9, (b) rpm 400 at magnification 5.00K9, (c) rpm 1000 at mag-
nification 1.00K9, and (d) rpm 1000 at magnification 5.00K9

Fig. 15 SEM micrograph of SZ (a, b) and TMAZ (c, d) after corrosion test
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rotational speed, increases grain size. With increase in grain
size, precipitation now starts to occur in a matrix due to lower
grain boundary area. This probably increases the potential
between matrix and grain boundary area, making corrosion
attack more favorable.

The slightly more negative critical potential of TMAZ than
SZ for all the four parameters can be attributed to the residual
stresses induced during the process of FSW. Hence it can be
concluded that corrosion resistance of SZ is better than that of
TMAZ. However, there exists a problem of galvanic kind of
corrosion because of difference in potentials across the friction
welded joint, especially in aggressive environments containing
halide ions (Ref 46).

3.7 SEM Micrographs of Corroded Surfaces

Corroded samples after potentiostatic polarization study
have been examined under SEM and the SEM micrographs of
different zones (SZ and TMAZ) are shown in Fig. 14.

The corrosion morphology of the welds shows presence of
intergranular attack along with some pits in both SZ and TMAZ
regions (Fig. 15). This is consistent with the higher reactivity
for TMAZ than SZ.

4. Conclusion

• Butt joint of 9 mm 7475 aluminum alloy (9 mm) could be
successfully made by the FSW process and joint effi-
ciency as high as 89.5% of base metal could be achieved.

• The maximum tensile strength of FSW joint was achieved
with rotational speed of 400 rpm and traverse speed of
50 mm/min. The variation of tensile strength with rota-
tional speeds is well linked with the energy of the welds.
Improved joint strength could be achieved within a certain
range of energy, i.e., 57.2 and 59.2 kJ.

• The maximum tensile strength of FSW joint corresponds
to maximum area of stirring (62 mm2) which attributed
maximum grain refinement and maximum hardness.

• As evaluated from potentiostatic polarization studies the
corrosion resistance property for both SZ and TMAZ in-
creases with increasing rpm from 300 to 1000. In other
words, maximum corrosion resistance property of welds
was obtained at rotational speed of 1000 rpm and traverse
speed of 50 mm/min. However, for a given welded joint,
SZ shows better corrosion resistance compared to TMAZ.
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