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Strain-controlled low-cycle fatigue (LCF) tests and microstructural evaluation were performed
on a friction-stir-welded 6061Al-T651 alloy with varying welding parameters. Friction stir
welding (FSW) resulted in fine recrystallized grains with uniformly distributed dispersoids and
dissolution of primary strengthening precipitates b¢¢ in the nugget zone (NZ). Two low-hardness
zones (LHZs) appeared in the heat-affected zone (HAZ) adjacent to the border between the
thermomechanically-affected zone (TMAZ) and HAZ, with the width decreasing with
increasing welding speed. No obvious effect of the rotational rate on the LHZs was observed.
Cyclic hardening of the friction-stir-welded joints was appreciably stronger than that of base
metal (BM), and it also exhibited a two-stage character where cyclic hardening of the friction-
stir-welded 6061Al-T651 alloy at higher strain amplitudes was initially stronger followed by an
almost linear increase of cyclic stress amplitudes on the semilog scale. Fatigue life, cyclic yield
strength, cyclic strain hardening exponent, and cyclic strength coefficient all increased with
increasing welding speed, but were nearly independent of the rotational rate. Most friction-stir-
welded joints failed along the LHZs and exhibited a shear fracture mode. Fatigue crack initi-
ation was observed to occur from the specimen surface, and crack propagation was mainly
characterized by the characteristic fatigue striations. Some distinctive tiremark patterns arising
from the interaction between the hard dispersoids/inclusions and the relatively soft matrix in the
LHZ under cyclic loading were observed to be present in-between the fatigue striations.
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I. INTRODUCTION

HEAT-TREATABLE 6xxx-series aluminum alloys,
containing magnesium and silicon as major alloying
elements, are of particular interest due to their attractive
combinations of properties as structural materials for
the automotive and aerospace applications, i.e., medium
strength, high strength and stiffness-to-weight ratios,
formability, fatigue resistance, corrosion resistance, and
relatively low cost.[1–3] 6xxx-series aluminum alloy
accounts for a large percentage of the total aluminum
production in the world.[4] The application of 6xxx-
series aluminum alloy in the aerospace and automotive
industries involves welding and joining. It is relatively
difficult to weld the aluminum alloys using the fusion
welding processes. Friction stir welding (FSW), invented
at The Welding Institute (Cambridge, United Kingdom)
in 1991, provides a promising solution since it is an
environmentally friendly, energy-effective, and versatile
solid-state joining technique that offers significant

benefits over conventional joining processes due to the
absence of the fusion zone.[5,6] This joining technique
has been proven to be a good alternative especially for
the aerospace materials such as 6xxx-series aluminum
alloys.
FSW of aluminum alloys has prompted considerable

scientific and technological interest because of the
difficulties of ensuring the integrity and reliability of
joints of lightweight alloys using traditional fusion
welding. The advances in this area over the past nearly
two decades have been well documented in several
excellent overview articles, e.g., References 6 through 8.
Recent research into the FSW or friction stir processing
(FSP) of 6xxx-series aluminum alloys includes precipi-
tation sequence,[9–13] dislocation density,[14] texture,[15–18]

and mechanical properties.[19–21] From an engineering
design perspective, fatigue properties of FSW aluminum
alloys are of particular importance. This has led to
increasing research interest in evaluating the fatigue
resistance of friction-stir-welded joints, including stress–
number of cycles to failure (S-N) behavior[22–25] and
fatigue crack propagation behavior.[6,26–28] However,
studies on the low-cycle fatigue (LCF) behavior of the
friction-stir-welded aluminum alloys have been lim-
ited,[29–31] and they are indeed required by automobile
manufacturers to estimate the lifetime of components.
The LCFs of friction-stir-welded Al-Mg alloys by
Czechowski[29] and friction-stir-welded AA6061/Al2O3p
and AA7005/Al2O3p joints by Ceschini et al.[30,31] have
recently been reported. Our previous work on friction-
stir-welded 7075Al-T651 alloy has indicated that cyclic
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hardening and fatigue life increased with increasing
welding speed, but were only weakly dependent on the
pin tool rotational rate; the cyclic hardening of the
friction-stir-welded joints exhibited a two-stage charac-
ter.[32] To date, no LCF information of the friction-stir-
welded 6xxx-series aluminum alloy is available in the
literature.

Although the precipitation-hardened aluminum alloys
are readily weldable, FSW resulted in a severely softened
region in the heat-affected zone (HAZ),[33] which was
basically characterized by the dissolution/coarsening of
precipitates during the thermal cycle.[13,15,34] Liu and
Ma proposed a heat source zone-isothermal dissolution
layer model to explain the low hardness zones
(LHZs).[35] It was reported that the tensile fracture path
of the welds corresponded to the LHZs.[35,36] Although
several studies have offered important insights in this
regard, it is still unclear how the LHZs and the relevant
FSW parameters affect LCF properties, and if there are
differences in the cyclic hardening characteristics be-
tween the friction-stir-welded 6061Al and 7075Al alloys.
The objectives of this study were, therefore, to (1)
identify the effect of FSW parameters on the micro-
structure evolution and LCF properties of the welds, (2)
study the detailed characteristics on the LCF fracture
surfaces of friction-stir-welded joints using a 3-D frac-
tographic examination, and (3) ascertain the cyclic
deformation characteristics of the friction-stir-welded
6061Al-T651 joints.

II. MATERIAL AND EXPERIMENTAL
PROCEDURE

The 6.2-mm-thick commercial 6061Al-T651 rolled
plates (400-mm long and 80-mm wide), with a compo-
sition (wt pct) of (0.8 to 1.2) Mg, (0.4 to 0.8) Si, 0.7 Fe,

(0.15 to 0.4) Cu, (0.04 to 0.35) Cr, (0.15 to 0.4) Mn,
(0.15) Ti, and the balance Al, were friction stir welded
along the rolling direction using an FSW machine
(China FSW Center, Beijing FSW Technology Ltd.,
Beijing, China). A steel tool with a shoulder 16 mm in
diameter and a cylindrical threaded pin 6 mm in
diameter was used. The pin tool rotational rates were
from 600 to 1400 rpm, and the welding speeds were
from 200 to 600 mm/min.
The specimens for microstructural examinations were

cross sectioned perpendicular to the FSW direction.
Microstructural characterization were carried out
using scanning electron microscopy (SEM) (JEOL*

JSM-6380LV) coupled with energy dispersive X-ray
spectroscopy (EDS) and three-dimensional (3-D) frac-
tographic analysis capacity, X-ray diffractometry
(XRD) (D/max 2500 PC), electron backscattered dif-
fraction (EBSD, HKL), transmission electron micro-
scopy (TEM) (FEI TECNAIG2), and high-resolution
transmission electron microscopy (HRTEM). The spec-
imens for EBSD were prepared by electrochemical
polishing with 160 mL nitric acid + 640 mL methanol
at �30 �C. The TEM thin foils, 3 mm in diameter, were
prepared by twin-jet electropolishing using a solution of
70 pct methanol and 30 pct nitric at �35 �C and 19 V.
Vickers microhardness distribution maps were mea-

sured on the cross section perpendicular to the welding
direction using a computerized Buehler hardness tester
under a load of 300 g for 15 seconds. A total of seven
test lines were measured through the cross section at an
interval of 0.5 mm with a total of 567 indentations, as
schematically shown in Figure 1. Subsized fatigue spec-
imens referring to ASTM E8 standard, with a parallel

Fig. 1—Schematic illustration of friction-stir-welded 6061Al-T651 joints showing fatigue specimen machining, microindentation hardness test
path, and various zones (BM, HAZ, TMAZ, and NZ) across the weld.[32]

*JEOL is a trademark of Japan Electron Optics Ltd., Tokyo, Japan.

METALLURGICAL AND MATERIALS TRANSACTIONS A VOLUME 41A, OCTOBER 2010—2627



section of 32 9 6 9 5.6 mm in size, were machined
perpendicular to the FSW direction, as indicated in
Figure 1. The fatigue specimens were ground with SiC
papers up to grit 600 to remove the machining marks
and to achieve a consistent and smooth surface. Total
stain-controlled, push-pull type LCF tests were con-
ducted using a computerized Instron fatigue testing
system (Instron, Norwood, MA). The strain was mea-
sured using an extensometer with a gage length of 25 mm.
In the fatigue testing, a triangular waveform with a strain
ratio of R = �1 was applied at a constant strain rate of
1 9 10�2 s�1. The strain-controlled testing at low total
strain amplitudes was carried out until 10,000 cycles,
after which it was changed to a load-control test at a
frequency of 50 Hz. Total strain amplitudes of 0.2 to
0.8 pct were selected, where at least two specimens were
tested at each level of strain amplitude. After the fatigue
tests, the crack initiation sites and propagation mecha-
nisms were examined via SEM.

III. RESULTS

A. Microstructure

A typical orientation map of the 6061Al-T651 alloy is
shown in Figure 2(a), where high-angle grain bound-
aries (HAGBs) with grain misorientations ‡15 deg are
depicted by black lines. It is seen that 6061Al-T651 alloy
consisted of large, elongated, pancake-shaped grains, a
typical structure in a hot-rolled plate. The misorienta-
tion distribution of 6061Al-T651 alloy is different from a
random grain assembly predicted by Mackenzie for
randomly oriented cubes[37,38] (Figure 2(b)). Figure 2(c)
shows a scanning transmission electron microscopy
(STEM) image of a high density of fine needle-shaped
precipitates and the coarse dispersoids as indicated by a
white arrow, which consisted of aluminum, chromium,
manganese, iron, and silicon, as revealed by the EDS
spectrum inserted at the upper right corner on the image
Figure 2(c). Figure 2(d) demonstrates the needle-shaped
precipitates and the dislocations pinned by the coarse
dispersoid. Figure 2(e) presents a STEM image of a high
density of fine needle-shaped precipitates at a higher
magnification. Figure 2(f) illustrates an HRTEM lattice
image of the fine needle-shaped precipitates in the
6061Al-T651 alloy at a further higher magnification. As
shown in Figure 3, the XRD pattern of the 6061Al-T651
alloy revealed the presence of Al, Mg2Si, Mg5Si6,
Al7Cu2Fe, and (Al,Fe,Si) phases.

After FSW, the nugget zone (NZ) of the friction-stir-
welded 6061Al-T651 alloy (1400 rpm–600 mm/min) was
characterized by fine and equiaxed recrystallized grain
structure (Figure 4). However, the coarse dispersoids
were still seen in the NZ (Figures 4(a) through (c)). The
dispersoids were distributed both within the grain and at
the grain boundary, as indicated by arrows in Fig-
ure 4(b). It is of interest to observe from Figure 4(b)
that while the dislocation density in the NZ was quite
low, some dislocations were pinned by the dispersoids.
As seen from Figure 4(c), the STEM image indicated
that a considerable amount of dispersoids was randomly

distributed both within grains and at grain boundaries.
Like those existing in the unwelded base metal (BM)
(Figure 2(c)), the dispersoids in the NZ contained
aluminum, chromium, manganese, iron and silicon as
well, as revealed by the EDS analysis shown in the insert
of Figure 4(c). No other fine precipitates were observed
any more via STEM examinations (Figure 4(c)).
As the welding speed decreased from 600 to 200 mm/

min and the rotational rate from 1400 to 600 rpm, the
NZ was still characterized by fine recrystallized grain
structure (Figure 5(a)). However, more dislocations
became piled up and pinned by the coarser dispersoids
(Figure 5(b)). The thermomechanically affected zone
(TMAZ) of friction-stir-welded joint (600 rpm–200 mm/
min) was shown in Figures 5(c) and (d), where sub-
structure and denser dislocation walls were clearly
visible.

B. Microhardness

Figure 6 shows the microhardness contour maps for
the friction-stir-welded 6061Al-T651 joints with differ-
ent FSW parameters, which were plotted from 567
hardness values obtained across each welded joint
following the pathway indicated in Figure 1. Two
LHZs, located in the HAZ adjacent to the border
between the TMAZ and HAZ, are obviously seen. The
width of the LHZs increased and the hardness values of
the LHZs decreased with decreasing welding speed from
600 to 200 mm/min while keeping a rotational rate
constant of 1400 rpm (Figures 6(a) and (b)). However,
the width and the hardness values of the LHZs were
nearly independent of the rotational rate when it
changed from 1400 to 1000 rpm (Figures 6(b) and (c)).
The asymmetry of the weld was noticeable between the
advancing side (AS) and retreating side (RS).

C. LCF Behavior

Figure 7 shows the variation of the stress amplitude
and plastic strain amplitude with the number of cycles
for the BM and friction-stir-welded joints made at a
given rotational rate of 1400 rpm and different welding
speeds, tested at total strain amplitudes from 0.4 to
0.8 pct. The following major features can be seen in
Figure 7(a). First, the stress amplitude increased and
fatigue life decreased with increasing total strain ampli-
tude. Second, the stress amplitudes of the friction-stir-
welded joints were lower than that of the BM. Third, the
stress amplitudes increased with increasing welding
speed. Fourth, the cyclic hardening characterized by
the increase in the stress amplitude for the friction-
stir-welded joints was much stronger than that for the
BM. As cyclic deformation proceeded, the BM remained
basically cyclic stable or displayed only slight cyclic
hardening, while the friction-stir-welded joints exhib-
ited significant cyclic hardening. These cyclic hardening
characteristics could be correspondingly seen in
Figure 7(b), where the variation of the plastic strain
amplitude was expected to be just in contrast to that of
the stress amplitude (Figure 7(a)). For instance, the
stronger cyclic hardening of the welded joints, in
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Fig. 2—Microstructure of 6061Al-T651 BM: (a) EBSD orientation map (the unit triangle legend), (b) number fractions vs misorientation angle,
(c) STEM image showing the coarse dispersoids and the uniformly distributed tiny precipitates (inserted graph showing the EDS spectrum of the
coarse dispersoid as indicated by a white arrow), (d) TEM image showing the tiny precipitates and the dislocations pinned by the coarse disper-
soid, (e) STEM image showing the needlelike primary strengthening precipitates, and (f) HRTEM image showing the fine needlelike primary
strengthening precipitates.
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comparison with the BM, was represented by the more
drastic decrease in the plastic strain amplitude. As well,
the plastic strain amplitude of the BM was much lower

than that of the welded joints at a given total strain
amplitude applied. The changes in the cyclic deforma-
tion characteristics after FSW were directly associated
with the microstructural changes and softness of the
welded joints, as shown in Figures 4 through 6. For a
given material, the occurrence of cyclic hardening-
softening behavior was basically dependent on the
initial state of the material provided that the test
conditions were kept the same.[39] That is, the initially
hardened material would be cyclically softened, while
the initially softened material would be cyclically hard-
ened. As a result, cyclic hardening would be anticipated
for the initially softened friction-stir-welded joints
(Figure 6).
Figure 8 shows the effect of the rotational rate from

600 to 1400 rpm on the cyclic hardening-softening
behavior of the friction-stir-welded joints, in compari-
son with that of the BM. While a similar trend was
observed, the effect of the rotational rate itself becameFig. 3—XRD pattern of the 6061Al-T651 alloy.

Fig. 4—TEM images of the NZ in the friction-stir-welded 6061Al-T651 alloy (1400 rpm–600 mm/min): (a) fine and equiaxed grains, (b) disper-
soids as indicated by white arrows and dislocations pinned by the dispersoids, and (c) dispersoids in STEM image (inserted graph showing the
EDS spectrum of the dispersoid as indicated by the white arrow).
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much smaller or negligible in view of the experimental
scatter, as compared with that of the welding speed
(Figure 7). This could be seen from the evolution of
both the stress amplitude (Figure 8(a)) and the plastic
strain amplitude (Figure 8(b)) as cyclic deformation
progressed. Thus, the cyclic hardening of the friction-
stir-welded joints was nearly independent of the rota-

tional rate at a given total strain amplitude. The total
strain amplitude against the number of cycles to failure
plotted on a semilog scale is shown in Figure 9. While
the fatigue life of the friction-stir-welded joints was
lower than that of the BM to a certain extent at higher
strain amplitudes, the samples welded with the optimal
parameters of 1400 rpm and 600 mm/min reached
nearly the same fatigue life as that of the BM samples.
It is also seen that at the low strain amplitude of 0.2 pct,
the fatigue life presented in the semilog scale diagram
appeared to be equivalent within the experimental
scatter for both the BM and friction-stir-welded joints,
regardless of the welding speed and pin tool rotational
rate. This could be understood by the observations of
the failure location in the following section.

D. Failure Location and Fractography

Figure 10 showed the failed LCF specimens. For the
BM, some samples tended to fail at the end of the gage
length at different total strain amplitudes due to the
presence of potential stress concentration. The majority
of friction-stir-welded joints failed along the LHZs and
exhibited shear fracture mode. The shear fracture path

Fig. 5—TEM images of the friction-stir-welded 6061Al-T651 joint (600 rpm–200 mm/min): (a) and (b) NZ and (c) and (d) TMAZ, showing the
subgrain structure and dislocations pileup.

Fig. 6—Microhardness contour maps for the friction-stir-welded
6061Al-T651 joints: (a) 1400 rpm–600 mm/min, (b) 1400 rpm–
200 mm/min, and (c) 1000 rpm–200 mm/min.
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was oriented at an angle of about 45 to 60 deg to the
tensile axis. At a lower total strain amplitude of 0.2 pct,
the friction-stir-welded joints tended to fail at the end of
the gage length, similar to the situation of BM. This
seemed to suggest that at the low strain amplitude, there
was no degradation or effect of the FSW on the fatigue
resistance of 6061Al-T651 alloy. This could be well
corroborated by the fatigue life data obtained at the
strain amplitude of 0.2 pct in which the fatigue life was
almost the same for both the BM and friction-stir-
welded joints (Figure 9).

Figure 11 shows some typical fatigue fracture surfaces
of a friction-stir-welded joint (1400 rpm–600 mm/min)
tested at a total strain amplitude of 0.6 pct. The failure
occurred in the LHZ or in the HAZ close to the border
between the TMAZ and HAZ. It is seen that fatigue
crack initiated from the specimen surface, as indicated
by the dashed curve in Figure 11(a). The propagation

was basically characterized by characteristic fatigue
striations (Figure 11(b)). Secondary cracks and white
particles were observed at higher magnifications
(Figure 11(c)). The white particles could be better seen
from the backscattered electron image (Figure 11(d)).
EDS analyses revealed that the white particles were
iron and silicon containing particles (Figure 11(d)).
Figure 11(e) shows a typical 3-D view of the propaga-
tion region in Figure 11(b). The steplike propagation
was seen clearly in Figure 11(e).
Figure 12 shows some typical fatigue fracture surfaces

of a friction-stir-welded joint (600 rpm-200 mm/min)
tested at a total strain amplitude of 0.6 pct. Again, the
failure location lay in the LHZ or in the HAZ adjoining
to the border between the TMAZ and HAZ. It was seen
that fatigue crack also initiated from the specimen
surface (Figure 12(a)), and typical fatigue striations
appeared in the propagation area (Figures 12(b) and
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Fig. 7—(a) stress amplitude and (b) plastic strain amplitude vs the
number of cycles at different total strain amplitudes for the 6061Al-
T651 alloy welded with different welding speeds at a given rotational
rate of 1400 rpm.
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(c)), where some special patterns were observed. The
magnified images showing the tiremark-like patterns
indicated by two dashed boxes are shown in Fig-
ures 12(d) and (e). It is seen from Figure 12(d) that this
tiremark pattern occurred between the fatigue striations.
Figure 12(f) shows a 3-D view of the tiremark patterns
corresponding Figure 12(e), where at the end (or top) of
the right tiremark pattern, a cracked particle or inclu-
sion of about 5 lm in length was clearly visible. The
length of the inclusion corresponded well to the width of
the right tiremark pattern in Figures 12(e) and (f). This
provided direct evidence that the formation of the

tiremark patterns among the striations was a result of
the interaction between the hard undissolved particles/
inclusions pre-existent in the aluminum alloy and the
relatively soft matrix in the LHZ under cyclic loading.

IV. DISCUSSION

A. Microstructural Characteristics

Dynamic recrystallization (DRX), which occurs dur-
ing straining, has long been considered to be restricted
to low stacking fault energy (SFE) metals. In high SFE
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Fig. 10—Typical optical micrographs showing the failure locations of the 6061Al-T651 alloy fatigued at varying total strain amplitudes: (a) BM,
(b) 1400 rpm–600 mm/min, (c) 1400 rpm–400 mm/min, (d) 1400 rpm–200 mm/min, (e) 1000 rpm–200 mm/min, and (f) 600 rpm–200 mm/min.
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metals, e.g., aluminum,[39] where the dislocation mobil-
ity was much larger, dynamic recovery (DRV) was
assumed to be the only operating mechanism.[40] How-
ever, recent studies indicated the presence of fine

dynamically recrystallized grains possessing predomi-
nantly HAGBs and a low dislocation density in the
friction-stir-welded aluminum alloys.[6,8,41] In the pres-
ent study, the fine and equiaxed grains in the NZ of the

Fig. 11—Typical SEM micrographs of the friction-stir-welded 6061Al-T651 joint fatigued at a total strain amplitude of 0.6 pct (1400 rpm–
600 mm/min): (a) overall view of the fracture surface, (b) a magnified view near the initiation site, (c) a magnified secondary electron image of
the rectangular solid line box in (b), (d) a magnified backscattered electron image of the rectangular solid line box in (b), and (e) a 3-D image of
the rectangular dashed line box in (b).
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friction-stir-welded 6061Al-T651 alloy were achieved
and they were considerably smaller than those in the
BM. This indicated that DRX was a typical character-
istic in the NZ of the friction-stir-welded 6061Al-T651
alloy (Figures 4 and 5). Fratini and Buffa[42] further
reported a model on the continuous DRX in a friction-
stir-welded AA6082-T6 aluminum alloy by a neural-
network-based approach.

6xxx-series alloys with magnesium and silicon as the
major alloying elements, often rendered precipitation
strengthening.[43] Alloy elements such as silicon, man-
ganese, iron, etc., could have a significant influence on

the formation of intermetallic phases.[44–46] A large
volume fraction of various coarse intermetallic particles
(typically 1 pct) with sizes ranging between 1 and 10 lm,
depending on alloy chemical composition, were identi-
fied as Al7Cu2Fe, Al5FeSi, Al12(Fe,Cr,Mn)3Si, or stable
b (Mg2Si) phase in 6xxx-series alloys.[47–50] Iron-bearing
constituent phases typically found in 6xxx-series alloys
included b-Al12Fe3Si or a-Al12Fe3Si; however, chro-
mium or manganese could substitute for iron, and
stabilized the formation of a-Al12(Fe, Cr, Mn)3Si.

[49]

The presence of such a large number of intermetallic
particles in different zones, especially in the LHZs where

Fig. 12—Typical SEM micrographs of the friction-stir-welded 6061Al-T651 joint fatigued at a total strain amplitude of 0.6 pct (600 rpm–
200 mm/min): (a) overall view of the fracture surface, (b) a magnified view near the initiation site, (c) fatigue striations at a higher magnification,
(d) a further magnified view of the right dashed box in (c), (e) a further magnified view of the left dashed box in (c), and (f) a 3-D image corre-
sponding to (e).
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the matrix became much softer (Figure 6), led to the
formation of special tiremark patterns between the
fatigue striations on the fracture surfaces under cyclic
loading, as shown in Figure 12. Typically, chromium,
manganese, and zinc were added to aluminum alloys to
control recrystallization and grain structure.[51] The
presence of grain refining element chromium resulted
in the precipitation of Al12Mg2Cr dispersoids.

[47,52]

In the heat-treatable aluminum alloys, improvements
of the mechanical properties depended primarily on the
nanosized precipitates, which acted as obstacles to the
movement of dislocations via precipitation harden-
ing.[4,53] The hardening effects (both the increase in the
yield strength and the strain hardening rate) resulted
from the interaction of dislocations with the nanosized
precipitates.[53] In the interaction process, dislocations
pinned by the precipitates under increasing applied
stress would eventually either shear or bypass the
precipitates (i.e., Orowan strengthening mechanism).
The obstacles for dislocation movement would be the
precipitate itself and the strain connected with precip-
itates.[54] Although the precipitation processes in 6xxx-
series alloys have been extensively studied, details of the
precipitation sequence were alloy composition depen-
dent (i.e., the change of composition or the Mg:Si ratios)
and have not yet been fully understood.[55,56] The small
size of precipitates and the many possible variants of the
orientation relation have made their structural evalua-
tion difficult.[54] Compared with those in copper bearing
2xxx series alloy, the formation of metastable phases in
6xxx-series alloys required diffusion of both magnesium
and silicon.[57,58] It was generally accepted that the
precipitation sequence of the Al-Mg-Si alloys was as
follows:[43,59] SSSS fi atomic clusters[60] fi initial
b¢¢[4,60] fi {pre-b¢¢[60,61]/needle-shaped b¢¢ precipi-
tate[54,62,63]} fi {rod-shaped precipitates b¢/ lath-shaped
B¢ precipitates[3,64]/U1, U2[65]} fi {b-Mg2Si

[64,66]/Si[65]},
where SSSS represented the supersaturated solid solu-
tion. As shown in Figure 2(e) and (f), the fine needle-
shaped b¢¢ primary strengthening precipitates were
visible due to the strain field contrast.[67] Zandbergen
et al.[54] reported that the composition and structure of
the b¢¢ phase in an Al-Mg-Si alloy was determined to be
Mg5Si6, which occurred as precipitates (typically 4
nanometers by 4 nanometers by 50 nanometers) and
were associated with a particularly strong increase in the
mechanical strength. As revealed by the XRD pattern
shown in Figure 3, the Mg5Si6 diffraction peaks were
distinctly visible in the BM, indicating a high density
precipitates (b¢¢-Mg5Si6) presented in the BM, as shown
in Figures 2(e) and (f). It should be noted that the
precipitation process in aluminum alloys was diffusion
controlled.[56] Aging always involved the diffusion of
magnesium and silicon atoms in the aluminum. Dislo-
cations were known to be sites for heterogeneous
nucleation and paths for increased atomic transport
during growth. However, the Mg2Si phase was observed
to nucleate at vacancy sites.[68]

After FSW, the NZ was characterized by fine and
equiaxed recrystallized grain structure, and no fine b¢¢
precipitates were observed any more via TEM examin-
ations, as shown in Figures 4 and 5. Thus, FSW resulted

in the dissolution of fine b¢¢ precipitates. It should be
pointed out that the change in the precipitates was
strongly influenced by the thermal hysteresis during
FSW.[13] Previous DSC studies showed that the occur-
rence of b¢¢ and b¢ dissolution/precipitation produced a
strong exothermic peak at ~250 �C and ~290 �C,
respectively.[2,69,70] Therefore, the thermal cycle above
250 �C, like the present FSW, would result in the
dissolution of the needle-shaped precipitates in the
Al-Mg-Si alloy, as shown in Figures 4 and 5.

B. Microhardness

As shown in the hardness profile maps (Figure 6), two
issues are worth discussion. First, two LHZs, located in
the HAZ adjacent to the boundary between the TMAZ
and HAZ, were obviously formed due to the dissolution
of the needle-shaped b¢¢ primary strengthening precip-
itates existent in 6061Al-T651 base alloy, as discussed
previously. The formation of the LHZs could also be
attributed to the precipitate overaging,[35] crystallo-
graphic texture,[19] and grain/subgrain structure[71]

depending on the peak temperature experienced. The
LHZs, characterized by a low density of b¢ precipitates,
experienced a peak temperature from about 360 �C to
370 �C with various durations.[35] Indeed, the highest
temperature during FSW occurred at the top surface of
the NZ.[6] While the high temperature in the NZ led to
the dissolution of b¢¢ phase, the stronger solid solution
strengthening and smaller grain size due to DRX during
FSW (Figures 4 and 5) gave rise to a higher hardness in
the NZ compared with the LHZs (Figure 6). Second, the
location of LHZs changed and the width of the LHZs
increased with decreasing welding speed from 600 to
200 mm/min (Figures 6(a) and (b)). However, the loca-
tion and width of LHZs changed little with decreasing
rotational rate from 1400 to 1000 rpm (Figures 6(b) and
(c)). The asymmetry of the weld was noticeable between
the AS and RS as well. A similar result has also been
observed in a friction-stir-welded 2519Al-T87 alloy.[71]

These changes were again related to the variation in the
peak temperature experienced in the different zones as a
function of the location or distance from the weld
centerline, which in turn influenced the dissolution or
coarsening of precipitates and the ensuing hardness
profile (Figure 6). The increase of the LHZ width with
decreasing welding speed was basically associated with a
higher peak temperature and longer duration experi-
enced by a wider area of the welded workpiece since the
heat flow or transfer was a time-dependent process.
Similar results on the effect of welding speed on the
LHZ width were also reported by Lee et al.,[72] where
the softened area was narrower at the higher welding
speed than that at the lower welding speed.

C. LCF Behavior

1. Cyclic hardening
It is seen from both Figures 7 and 8 that the FSW

resulted in a much stronger cyclic hardening, while a
decrease in the initial cyclic stress amplitude and an
increase in the initial plastic strain amplitude occurred
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after the FSW, regardless of the change in the welding
speed (Figure 7) and rotational rate (Figure 8). At the
higher total strain amplitude, the friction-stir-welded
joints demonstrated a two-stage cyclic hardening char-
acteristic, i.e., the cyclic hardening appeared stronger
within the initial three to four cycles; then the increase in
the stress amplitude (Figures 7(a) and 8(a)) or decrease
in the plastic strain amplitude (Figures 7(b) and 8(b))
became slower and almost linear until failure on the
semilog scale as cyclic deformation proceeded. It is of
particular interest to observe some similarities and
differences of the cyclic hardening characteristics be-
tween the 6061Al-T651 alloy in the present study and
the 7075Al-T651 alloy presented in Reference 32 after
FSW. The similarities included that after the FSW, both
alloys in the same temper condition (T651) displayed a
lower initial stress amplitude and a higher initial plastic
strain amplitude, cyclic hardening took place, and a
two-stage character emerged. The major difference lay in
the variation trend in the cyclic hardening behavior.
Unlike the cyclic deformation evolution of the friction-
stir-welded 6061Al-T651 alloy shown in Figures 7 and 8,
the friction-stir-welded 7075Al-T651 alloy showed an
initial slower cyclic hardening followed by a stronger
and nearly linear cyclic hardening (also on the semilog
scale) in the intermediate stage, and finally approached a
steady-state cyclic hardening.[32] It is seen that in the
friction-stir-welded 6061Al-T651 alloy (Figures 7 and
8), the two-stage cyclic hardening character appeared to
occur only at higher total strain amplitudes, while it was
more obvious with a wider range of total strain
amplitudes applied in the case of friction-stir-welded
7075Al-T651 alloy.[32] Furthermore, it was observed
that at the given total strain amplitude applied, the
cyclic stress amplitude was lower and the plastic strain
amplitude was higher in the friction-stir-welded 6061Al-
T651 alloy than in the friction-stir-welded 7075Al-T651
alloy. This seemed to suggest that the undissolved E
phase (Mg3Cr2Al18) present in the friction-stir-welded
7075Al-T651 alloy joints would be more effective in the
cyclic strengthening/hardening than the undissolved
complicated multiple intermetallic particles/inclusions

(e.g., Al7Cu2Fe, Al5FeSi, Al12(Fe,Cr,Mn)3Si, Mg2Si,
b-Al9Fe2Si2, a-Al12Fe3Si, a-Al12(Fe, Cr, Mn)3Si, and
Al12Mg2Cr) in the friction-stir-welded 6061Al-T651
alloy joints. It was likely that the preceding particles/
inclusions might have different degrees of obstruction to
the movement of dislocations during cyclic (or even just
monotonic/tensile) deformation. Further studies on the
individual role of these intermetallic particles/inclusions
in the deformation of the friction-stir-welded 6061Al-
T651 alloy joints are needed. Finally, as mentioned
earlier in Section III-C, the occurrence of the overall
cyclic hardening of the 6061Al-T651 alloy after the FSW
observed in Figures 7 and 8, in comparison with the
BM, was mainly attributed to the softness across the
friction-stir-welded joints (Figure 6) since a higher
dislocation storage capacity and stronger interaction
between the dislocations and various undissolved inter-
metallic particles/inclusions would be expected. Similar
hardening behavior in a friction-stir-welded AZ31B-H24
magnesium alloy and the relevant discussion could be
seen in References 73 and 74, where the FSW also
resulted in a softer welded joint and stronger strain
hardening.

2. Monotonic and cyclic stress-strain curves
Figure 13 shows the cyclic stress-strain curves of the

BM and friction-stir-welded 6061Al-T651 joints, in
comparison with the corresponding monotonic stress-
strain curves determined at the same strain rate of
1 9 10�2 s�1, where the cyclic stress-strain curve was
obtained by connecting the tips of stable or midlife
hysteresis loops from the constant strain amplitude
fatigue tests of specimens cycled at different strain
amplitudes.[39] The cyclic stress-strain curve could be
described by the following equation:

Dr
2
¼ K

0 Dep
2

� �n
0

½1�

where K¢ is the cyclic strength coefficient and n¢ is the
cyclic strain hardening exponent. The evaluated K¢ and
n¢ values according to Eq. [1] are given in Table I. It is

Fig. 13—Comparison between the monotonic and cyclic stress-strain curves obtained at a strain rate of 1 9 10�2 s�1 for (a) BM and (b) friction-
stir-welded joint (1400 rpm–600 mm/min).
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seen that the cyclic strain hardening exponent, cyclic
strength coefficient, and cyclic yield strength all in-
creased with increasing welding speed from 200 to
600 mm/min. Again, the effect of the rotational rate
between 600 and 1400 rpm on these parameters was
relatively small while keeping the welding speed con-
stant at 200 mm/min. In comparison with the BM, the
friction-stir-welded 6061Al-T651 joint made with a
welding speed of 600 mm/min and rotational rate of
1400 rpm exhibited only an approximate 10 pct drop in
the cyclic yield strength and cyclic strain hardening
exponent, and about 18 pct reduction in the cyclic
strength coefficient. It is seen from Figure 13 that the
cyclic strain hardening was stronger than the monotonic
strain hardening in both BM and friction-stir-welded
joints. However, the cyclic strain hardening after
FSW became much more pronounced, as seen from
Figure 13(b). This corresponded well to the cyclic
hardening characteristics shown in Figures 7 and 8.

3. Fatigue life and LCF parameters
The total strain amplitude could be expressed as

elastic strain amplitude (Dee/2) and plastic strain ampli-
tude (Dep/2); i.e.,

Det
2

� �
¼ Dee

2

� �
þ Dep

2

� �
½2�

The first part could further be expressed in terms of
Basquin equation,

Dee
2
¼

r0f 2Nf

� �b
E

½3�

and the second term of Eq. [2] could be replaced by
the Coffin-Manson relation,

Dep
2
¼ e0f 2Nf

� �c ½4�

then,

Det
2
¼

r0f 2Nf

� �b
E

þ e0f 2Nf

� �c ½5�

where E is the Young’s modulus, Nf is the fatigue life or
the number of cycles to failure, r0f is the fatigue strength
coefficient, b is fatigue strength exponent, e0f is the
fatigue ductility coefficient, and c is the fatigue ductility
exponent. The obtained experimental results indicated

that fatigue deformation followed the Coffin–Manson
and Basquin’s equations well, and the fatigue parame-
ters evaluated on the basis of Eqs. [3] and [4] are
summarized in Table I. Akin to the cyclic yield strength,
cyclic strain hardening exponent, and cyclic strength
coefficient, the fatigue strength coefficient of the friction-
stir-welded joints also increased with increasing welding
speed. The absolute value of the fatigue strength
exponent of the friction-stir-welded joints also slightly
increased, while the fatigue ductility coefficient and
fatigue ductility exponent (absolute value) decreased as
the welding speed increased from 200 to 600 mm/min.
Like the cyclic hardening characteristics shown in
Figures 7 and 8, no strong effect of the rotational rate
on the fatigue parameters could be seen.

4. Smith, Watson, and Topper equation
Based on the Smith, Watson, and Topper (SWT)

equation,[75]

rmaxea ¼
r0f

� �2
E

2Nf

� �2bþr0fe
0
f 2Nf

� �bþc ½6�

where rmax is the maximum stress at the saturation or
midlife and ea is the strain amplitude (De/2). Both the
experimental data in the form of rmaxea and Eq. [6] are
plotted in Figure 14. It is seen that the obtained fatigue
life followed the SWT equation well.

D. Fractography

The fatigue process can be divided into three stages:
crack initiation, crack propagation, and final fast
fracture. Fatigue cracks often initiated at the surface
or at voids or second-phase inclusions that served as
stress risers.[76]

In this study, fatigue cracks initiated from the
specimen surface in the LHZ in the friction-stir-welded
samples (Figures 11(a) and 12(a)). Fatigue failure of
friction-stir-welded joints was also found to initiate at
surface roughness or flash on the surface of the joint, as
well as typical FSW defects.[77] Fatigue crack propaga-
tion was basically characterized by the characteristic
fatigue striations, together with some secondary cracks,
observed at higher magnifications (Figures 11 and 12).
The fatigue striations usually occurred by a repeated
plastic blunting-sharpening process due to the slip of
dislocations in the plastic zone at the fatigue crack

Table I. LCF Parameters of 6061Al-T651 Alloy in Different Conditions

FSW Parameters
(rpm–mm/min)

Cyclic Yield
Strength,

rys,c (MPa)

Cyclic Strain
Hardening
Exponent, n¢

Cyclic Strength
Coefficient,
K¢ (MPa)

Fatigue
Strength

Coefficient,
r0f MPað Þ

Fatigue
Strength

Exponent, b
Fatigue Ductility
Coefficient, e0f Pctð Þ

Fatigue
Ductility

Exponent, c

6061Al-T651-BM 305 0.12 632 760 �0.12 0.22 �0.72
1400–600 275 0.11 520 509 �0.09 0.29 �0.71
1400–400 250 0.10 471 476 �0.09 0.34 �0.73
1400–200 232 0.09 408 436 �0.08 0.56 �0.79
1000–200 230 0.09 409 419 �0.08 0.24 �0.69
600–200 220 0.08 371 404 �0.08 0.41 �0.75
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tip.[78] As mentioned earlier, the observed tiremark
patterns lying in-between the striations (Figures 12(c)
through (f)) were attributed to the interaction between
the undissolved hard particles/inclusions pre-existing in
the aluminum alloy and the relatively soft matrix in the
LHZ under cyclic loading. More detailed studies on the
formation mechanism of the tiremark patterns are
needed.

V. CONCLUSIONS

1. The BM consisted of large, elongated, pancake-
shaped grains with a high density of fine needle-
shaped b¢¢ primary strengthening precipitates and
coarse dispersoids. After FSW, the NZ was charac-
terized by fine and equiaxed recrystallized grains
and uniformly distributed coarse dispersoids, but
the primary strengthening precipitates dissolved.

2. Two LHZs were observed to occur in the HAZ
adjacent to the border between the TMAZ and
HAZ, and their width decreased with increasing
welding speed from 200 to 600 mm/min in the fric-
tion-stir-welded 6061Al-T651 alloy. No obvious ef-
fect of the rotational rate on the width of LHZs
was observed.

3. While the FSW resulted in a lower stress ampli-
tude, a higher plastic strain amplitude, and a lower
fatigue life at a given total strain amplitude, the
cyclic hardening of the friction-stir-welded joints
became significantly stronger than that of BM. At
higher total strain amplitudes, the friction-stir-
welded joints exhibited a two-stage cyclic harden-
ing characteristic, where the cyclic hardening was
stronger within the initial few cycles and then be-
came slightly weaker and almost linear on the
semilog scale as cyclic deformation proceeded until
failure.

4. The fatigue lifetime and cyclic stress amplitude
increased and plastic strain amplitude slightly
decreased with increasing welding speed from 200
to 600 mm/min, but they were nearly independent
of the rotational rate between 600 and 1400 rpm.
With increasing welding speed, the cyclic yield
strength, cyclic strain hardening exponent, cyclic
strength coefficient, and fatigue strength coefficient
of the friction-stir-welded joints increased, while the
fatigue ductility coefficient and fatigue ductility
exponent (absolute value) decreased.

5. On a macroscopic view, the majority of the friction-
stir-welded joints failed along the LHZs and exhib-
ited a shear fracture mode with an angle at about
45 to 60 deg to the loading axis especially at higher
strain amplitudes.

6. Fatigue crack initiation was observed to occur at
the specimen surface or near-surface welding defect
in the friction-stir-welded joints and crack propaga-
tion was characterized by the characteristic fatigue
striations together with some secondary cracks.
Some special tiremark patterns were observed to be
present in-between the fatigue striations, which
formed due to the interaction between the undis-
solved hard dispersoids/inclusions pre-existent in
the 6061Al-T651 alloy and the relatively soft matrix
in the LHZ under cyclic loading.
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