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Abstract Mechanical properties, microstructural events, re-
sidual stresses, and aging behavior of friction stir-welded
AA6061-T6 were investigated in this work. Microstructural
and mechanical characterizations of the friction stir-welded
joints in as-welded and post-welded conditions were made by
means of optical metallography, transmission electron micros-
copy, X-ray diffraction for determination of residual stresses,
tensile testing, and hardness measurements. It was found that
weld strength and hardness variations after welding are mainly
dependent on the imposed heat input per unit length. Besides,
the kinetics of natural aging in the welded samples was found
to be noticeable within the first 14 days, and its effect de-
creases considerably in longer aging durations. The residual
stress measurements show that subsequent natural aging leads
to considerable relaxation of residual stress of about 22 MPa,
while this effect is particularly significant in the stir zone and
the thermomechanically affected zone.
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1 Introduction

As a solid-state joining technique, friction stir welding (FSW)
is considered as a significant joining method in welding of
similar and dissimilar aluminum alloys [1]. During this

process, a weld joint is made by extrusion of thermally soft-
ened material from the leading side to the trailing side of a
rotating tool, while this process is performed at much lower
temperatures compared to the arc welding operations, and
thus, it is possible to avoid many of the environmental and
welding defects associated with arc welding operations. Ac-
cordingly, microstructural and mechanical properties of fric-
tion stir-welded materials may be affected by different factors
including welding parameters, alloy composition, initial mi-
crostructures, and geometric parameters of the tool and the
workpiece [1, 2]. In this regard, various investigations on
friction stir welding of aluminum alloys including AA6061
were conducted to evaluate influences of welding conditions
on thermal, mechanical, and microstructural responses during
and/or after welding.

Mishra and Ma [3], Nandan et al. [4], and Threadgill et al.
[5] have reported recent developments in process modeling,
microstructure, and mechanical properties as well as the ap-
plications of friction stir welding/processing. Murr et al. [6]
have studied the microstructural issues of friction stir welding
of AA6061-T6, utilizing light metallography and transmission
electron microscopy. Lakshminarayanan et al. [7] have com-
pared mechanical properties of AA6061 joints fabricated by
friction stir welding and arc welding techniques. Burkes et al.
[8] have investigated the effects of applied load on tempera-
ture distribution, microstructure, and mechanical properties of
friction stir-welded AA6061-T6. Lim et al. [9] have evaluated
the effect of welding speed on mechanical properties of
AA6061-T651 after FSW in which it was reported that a
decreasing welding speed or an increasing rotating speed
results in lower elongation of welded joints owing to the
clustering of coarse Mg2Si particles in the weld zone.
Krishnan [10] has studied post-weld heat-treated friction stir-
welded AA6061. The heat treatment was carried out at tem-
peratures of 520, 540, and 560 °C followed by aging at 175
and 200 °C. It is found that the grain structures of stir zone
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after post-weld heat treatment (PWHT) become very coarse,
and the presence of precipitate-free zones adjacent to grain
boundaries leads to brittleness of the welds. Shigematsu et al.
[11] have investigated the microstructural and mechanical
properties of friction stir-welded 3-mm-thick AA6061 plates.
İpekoğlu et al. [12] have studied the effect of temper designa-
tions on friction stir weldability of AA6061 Al–alloy plates. In
the other work, the effect of post-weld heat treatment on
microstructures and mechanical properties of friction stir-
welded AA6061 plates was taken into account [13]. Zhang
et al. [14] have studied the material flow in friction stir
welding of AA6061-T6 using three-dimensional finite ele-
ment modeling. Hamilton et al. [15] have predicted the ther-
mal history and thermomechanical behavior in friction stir
welding of AA6061-T6 using a three-dimensional analysis
based on a finite element method. Elangovan et al. [16] have
developed a mathematical model to predict a mechanical
strength of friction stir-welded AA6061 by incorporating
welding parameters and tool profiles. Rajesh et al. [17] have
determined a temperature field during FSW of AA6061, uti-
lizing an analytical model, and then, based on the calculated
thermal history, residual stress distribution was predicted.
Atharifar et al. [18] studied the material flow and heat transfer
in the friction stir welding of AA6061-T6, employing a com-
putational fluid dynamics model.

Although several works have been conducted to study the
different aspects of friction stir welding of heat-treatable alu-
minum alloys, there is still a need for detailed studies for
understanding microstructural changes and mechanical prop-
erties of this alloy after welding operations owing to subse-
quent natural aging. The aims of this research are to study the
effects of welding parameters on mechanical and microstruc-
tural behaviors as well as residual stress distribution during

and after similar joints of AA6061-T6. Accordingly, the mi-
crostructures and mechanical properties of welded alloy in as-
welded and post-welded conditions are evaluated by means of
hardness and tensile tests and residual stress measurements,
together with optical metallography and transmission electron
microcopy.

2 Experimental procedures

Friction stir welding experiments were made on the plate
samples of AA6061-T6. The composition of the alloy is (in
weight percent) as follows: 0.918 % Mg, 0.083 % Mn,
0.065%Cr, 0.491% Fe, 0.663% Si, 0.328%Cu, and balance
Al. The aluminum plate with 5-mm thickness was cut out of
the raw material. The welding samples were the first solution
treated at 525 °C for 2 h and then artificially aged at 160 °C for
18 h. The artificially aged plates were then friction stir welded
using rotational speeds of 840 and 900 rpm and welding
speeds of 10 and 15 cm/min as listed in Table 1. As shown
in Fig. 1, a FSW tool made by H13 steel with a shoulder
diameter of 20 mm, 2° conical cavity, and conical probe with
three grooves of 3 to 6 mm in diameter and 4.8 mm in length
was used in the experiments. During welding, the inclination
angle was set about 1°. Furthermore, the welded samples were
allowed to be naturally aged at room temperature up to
250 days to assess the changes in mechanical properties of
the weld zone after FSW. Microstructural characterization of
the joints was carried out by means of an optical microscope
Olympus PME3 equipped with a digital camera CLEMEX-
BX51M and by transmission electron microscopy (TEM).
The metallographic samples were mechanically ground and
polished and then etched with a reagent made of 3 ml HNO3,

Table 1 Welding parameter used
in the experiments Designation Rotational speed (rpm) Welding speed (cm/min) Weld pitch (mm/rev)

Sample A 840 10 0.119

Sample B 840 15 0.179

Sample C 900 10 0.111

Sample D 900 15 0.167

Fig. 1 The view of tool geometry
used in this study
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6 ml HF, 6 ml HCl, and 150 ml H2O. Microhardness profiles
were also measured across the welded joints at different
locations on the transverse cross section of the joints using a
Vickers indenter Peitz Wetzlar with 100 g and holding time of
15 s. The hardness measurements were performed after dif-
ferent aging durations for determining the changes in mechan-
ical properties of the weld during natural aging after FSW. In
order to determine the transversal and longitudinal tensile
strengths of the welded samples, tensile tests were carried

out. The tensile test specimens were prepared according to
ASTM E8M and performed with constant crosshead speed of
1 mm/min. For the transverse tensile samples, the local strain
fields were measured by digital image correlation (DIC) meth-
od using Aramis 3D 5M optical system (GOMGmbH). X-ray
diffraction (XRD) technique was also utilized to measure the
residual stress of the welded samples in different pe-
riods, i.e., as-welded and post-welded conditions, and longi-
tudinal and transversal residual stress distributions were

Fig. 2 Developed
microstructures after FSW in
sample B. a The view of the weld
zone, b base material, c HAZ in
the advancing side, d TMAZ in
the advancing side, e TMAZ in
the retreating side, f stir zone
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evaluated along the direction normal to the weld line at
the mid-length position of the welded plate.

3 Results and discussion

The macrostructure and three distinct microstructural zones
including stir zone (SZ), thermomechanically affected zone
(TMAZ), and heat-affected zone (HAZ) for sample B are
shown in Fig. 2. The microstructure of the base material
contains relatively large grains with the mean grain size of
65 μm as shown in Fig. 2b. As expected, the microstructure
within the HAZ is somehow similar to the base material
(Fig. 2c). The grains within TMAZ of the advancing side are

deformed and elongated as a result of the fiber structure that
formed during deformation as shown in Fig. 2d. Figure 2e also
displays the microstructure of the retreating side in which no
clear deformation structure such as twins and elongated grains
can be detected. Moreover, the boundary between SZ and
TMAZ cannot be clearly distinguished in the retreating side.
As shown in Fig. 2f, microstructure of stir zone consists of
fine and equiaxed grains as a result of continuous dynamic
recrystallization that occurs during severe plastic deformation
at high temperatures [3].

Figure 3 illustrates the horizontal hardness profiles across
the joints of samples B and C measured at 2 mm from the root
face, while the hardness AA6061-T6 base metal was about
101 HV. In heat-treatable alloys such as AA6061, the different

Fig. 3 Microhardness profile of
samples: a sample B and b
sample C
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phenomena may occur in HAZ, TMAZ, as well as in the stir
zone depending on the imposed heat flux, strain distribution,
and cooling rate of the welded samples. Accordingly, the
abovementioned regions may be left in overaged condition,
partially solution-treated conditions, or single-phase solid so-
lution. It should be noted that, in the nonequilibrium solid
solution AA6061, the decomposition proceeds in the follow-
ing steps: the formation of needle-like zones along the <100>
Al crystal direction, the ordering of their structure and the
formation of β ′ ′ needles, the transition from β ′ ′ needles to β ′
rods, and the formation of equilibrium β (Mg2Si) phase [19].
The β ′ ′ precipitate has shown an effective role on strengthen-
ing the aged alloys, while the Mg2Si precipitate has little
contribution to the strengthening of AA6061. According to
Fig. 3, an abrupt decrease in hardness can be observed across
the joints due to partial dissolution and coarsening of the
hardening particles. Similar results have reported in case of
FSW of heat-treatable aluminum alloys including 6061-T6
and 7075-T6 in which the overaging can take place in HAZ
[13, 20, 21]. The as-welded hardness distribution in samples B
and C are almost the same; however, the weld zone is larger in
sample C with higher heat input, i.e., higher rotational speed
and smaller linear velocity. On the other hand, both samples
show a similar trend of natural aging after 250 days in which
the hardness in the stir zone reaches to about 78 HV and 74
HV in samples B and C, respectively. Note that the hardness
increases rapidly in TZ and TMAZ approximately up to
14 days, while in longer aging periods, it increases with a
slower rate (Fig. 4). Figure 5 also shows the TEM images of
base material, TZ, TMAZ, and HAZ in sample C after
250 days of natural aging. Base material contains needle-
type precipitates in the range of 21–44 nm length and Si-rich
round precipitates surrounded by a web of dislocations shown
in Fig. 5a. This microstructure displays a good correlation
with observations in previous studies about β ′ ′ needle phase
by Olea et al. [22]. As shown in Fig. 5b, the HAZ microstruc-
ture contains rod-shaped precipitates with size in the range of
65–110 nm length and 4–13 nm width together with 5–18 nm
round precipitates. According to the selected area diffraction
pattern (SADP) and previous study by Chakrabarti and
Laughlin [23], the rod phase can be β ′ particles, and round
precipitates are β (Mg2Si) particles. According to TEM image
of TMAZ as displayed in Fig. 5c, dissolved rod-shaped pre-
cipitates and round-shaped precipitates in a relatively wide
range of 50–200 nm in size are observed. These changes in the
size and morphologies of the precipitates justify the abrupt
reduction of TMAZ hardness. On the other hand, Figs. 2 and
5d show that the stir zone includes a large number of rods and
round phases within a fine and equiaxed grain structure re-
sulted from dynamic recrystallization during FSW [2, 3]. It is
worth stating that the increase in the hardness can be related to

the formation of GP zones and β ′ ′ precipitates during natural
aging within the stir zone.

The results of the tensile tests for all samples after natural
aging for periods of 7 and 70 days are shown in Fig. 6 where
the yield and tensile strengths of base material, i.e., AA6061-
T6, are about 278 and 315 MPa, respectively. It has been
reported that heat generation (Q t) by the shoulder is an im-
portant factor in FSWoperations, and also, the final properties
of the weld are strongly influenced by this factor [24]. The
FSW tool moves during FSW, and thus, the heat flow during
FSW should be evaluated by “Q t/S”where S denotes welding
speed. In addition, the heat generation (Q t) is directly depen-
dent on the tool rotational speed (ω ) [24]. Therefore, the speed
ratio (ω /S ) could be considered as a measure of heat input per
unit length of the weld. The results show that the yield stress
of the welded sample is less than that of the base material,
while the yield stress of welded alloys lightly decreases as the
imposed heat input increases. Figure 7a compares the stress–
strain diagrams of the AA6061 in T4 and T6 temper condi-
tions with those obtained for the stir zone of sample C in as-
welded and naturally aged conditions. It is seen that the initial
strength, i.e., T6 condition, is never reached during

45

50

55

60

65

70

75

80

0 50 100 150 200 250 300

V
ic

ke
rs

 m
ic

ro
ha

rd
ne

ss

Aging time (days)

Sample B

Sample C

40

45

50

55

60

65

70

75

80

0 50 100 150 200 250 300

V
ic

ke
rs

 m
ic

ro
ha

rd
ne

ss

Aging time (days)

Sample B

Sample C

a

b
Fig. 4 Microhardness vs. aging time of samples B and C. a Stir zone, b
TMAZ

Int J Adv Manuf Technol (2014) 71:933–941 937



subsequent natural aging; however, the tensile stress of natu-
rally agedwelds is obviously higher than that for the AA6061-
T4 condition. It may be attributed to the effect of grain

refinement in the weld nugget that enhances the nucleation
rate, and thus, it produces a fine and dispersed distribution of
strengthening precipitates. It is interesting to note that the as-
welded sample shows a serrated flow, while this effect is
disappeared after aging for 7 days. The possible reason of
serrated flow can be attributed to immobilizing of dislocations
by in-solution substitutional atoms during tensile test [25].
Note that in welding stage, partial solution treatment takes
place that produces a supersaturated substitutional solid solu-
tion. As a result, the Portevin–Le Chatelier (PLC) effect is
expected to be operative in as-welded material; however, after
a certain aging duration, i.e., after about 7 days for the condi-
tions employed in this work, substitutional atoms like Mg
atom take part in precipitation process, and therefore, PLC
serrations disappeared due to the formation of new strength-
ening particles. Figure 7b shows the strain maps and the local
tensile properties of different weld subzones in sample C. As
shown in this figure, fracture in the tensile sample occurs in
the TMAZ of the advancing side, where a sudden change in
hardness is observed according to Fig. 3. The local stress–
strain curves were computed from local strain field achieved
by DIC method based on a method explained in the study of
Leitão et al. [26]. Comparing strain map and hardness profile
shows a rational consistency between DIC data and hardness

Fig. 5 TEM images taken from
sample C. a Base metal, b HAZ,
c TMAZ, d stir zone

Fig. 6 The relationship between mechanical properties of FS-welded
samples and heat input
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profile of the weldment. For instance, the yield strength and
average microhardness of TMAZ in sample C are 155 MPa
and 65 HV, respectively, while the yield strength and average
microhardness of HAZ increase to 256 MPa and 94 HV,
respectively.

Finally, Fig. 8 shows the measured longitudinal and trans-
verse residual stress distribution in the sample C after natural
aging for periods of 7 and 70 days. This figure clearly shows
the changes in residual stress distributions during subsequent
aging, particularly in the stir zone and the thermomechanically
affected zone. As seen, the longitudinal residual stresses
around the weld line are tensile and almost the same at the

retreating and advancing sides, while their nature gradually
changes to being compressive beyond the heat-affected zone.
The tensile residual stress in the weld centerline is lower than
the TZ/TMAZ interface. Similar behavior occurs in the trans-
versal residual stress profiles with a main difference; the
longitudinal residual stresses are approximately two times
higher than transverse residual stresses. As stated above, the
important point in Fig. 8 is that the residual stresses change as
the natural aging proceeds. This indicates interconnection
between aging kinetics and relaxation of residual stresses
within the weld sample. In this regard, a decrease in
the residual after a 70-day aging period occurs within

Fig. 7 a Stress–strain diagrams
of AA6061-T6, AA6061-T4, and
sample C. b The strain maps and
the local mechanical properties of
different weld subzones for
sample C
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the stir zone, and considerable stress relaxation of about
22 MPa has been detected. This point is particularly
important in the application of the weldment under
fatigue loading. A similar influence on residual stresses
during natural aging conditions has been reported by
Woo et al. [27] in thermomechanically deformed
materials.

4 Conclusions

In this study, aging behavior, mechanical properties, micro-
structures, and distribution of residual stresses after friction
stir welding of AA6061-T6 have been evaluated by optical
microscopy, transmission electron microscopy, tensile testing,
microhardness, and X-ray residual stress measurements in as-
welded and post-welded conditions. The results can be sum-
marized as follows:

– A considerable decrease in hardness is observed across
the as-welded joints due to partial dissolution and coars-
ening of the hardening particles.

– The natural aging in the welded samples significantly
affects the mechanical properties during the first 14 days;
however, its effect decreases considerably in longer aging
durations.

– The longitudinal and transverse residual stress in the stir
zone shows noticeable decreases during subsequent nat-
ural aging, while no significant decreases were observed
in the base metal and HAZ.

– The particle morphologies in HAZ are in forms of rod and
round shapes, while in the TMAZ, the rod-shaped pre-
cipitates are mostly dissolved, and the round precipitates

with the diameters in the range of 50–200 nm are
observed.
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