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Microstructural changes and cyclic deformation characteristics of friction-stir-welded 7075 Al
alloy were evaluated. Friction stir welding (FSW) resulted in significant grain refinement and
dissolution of g¢ (Mg(Zn,Al,Cu)2) precipitates in the nugget zone (NZ), but Mg3Cr2Al18 dis-
persoids remained nearly unchanged. In the thermomechanically affected zone (TMAZ), a high
density of dislocations was observed and some dislocations were pinned, exhibiting a charac-
teristic Orowan mechanism of dislocation bowing. Two low-hardness zones (LHZs) between the
TMAZ and the heat-affected zone (HAZ) were observed, with the width decreasing with
increasing welding speed. Cyclic hardening and fatigue life increased with increasing welding
speed from 100 to 400 mm/min, but were only weakly dependent on the rotational rate between
800 and 1200 rpm. The cyclic hardening of the friction-stir-welded joints exhibiting a two-stage
character was significantly stronger than that of the base metal (BM) and the energy dissipated
per cycle decreased with decreasing strain amplitude and increasing number of cycles. Fatigue
failure occurred in the LHZs at a lower welding speed and in the NZ at a higher welding speed.
Fatigue cracks initiated from the specimen surface or near-surface defects in the friction-stir-
welded joints, and the initiation site exhibited characteristic intergranular cracking. Crack
propagation was characterized by typical fatigue striations along with secondary cracks.
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I. INTRODUCTION

THE 7xxx-series aluminum alloys are precipitation-
hardened Al-Zn-Mg-(Cu) alloys that have been used
extensively in the aircraft structural components, mobile
equipment, and other highly stressed applications.[1]

Zinc and magnesium are the main alloying elements.
The undesirable iron and silicon impurities are present
in the form of coarse constituent particles, i.e.,
Al7Cu2Fe, Al2CuMg, and Mg2Si.

[2,3] Zirconium or
chromium is added to retard recrystallization and
control grain size.[4] Most 7xxx-series aluminum alloys
can be categorized in two groups, depending on the type
of grain structure and controlling element: Zr-contain-
ing alloys (Al3Zr) and Cr-containing alloys (Al7Cr).

[5]

Friction stir welding (FSW), invented at The Welding
Institute (Cambridge, United Kingdom) in 1991, is an
environmentally friendly, energy-effective, and versatile
solid-state joining technique capable of welding light-
weight materials, i.e., 7xxx-series aluminum alloys,
which are relatively difficult to weld using conventional
fusion welding techniques.[6,7] It is thus considered to be
the most significant development in materials joining in
the past two decades. It is therefore essential to identify

the relationships among joining parameters, microstruc-
tures, and mechanical properties.
Extensive studies of the FSW/friction stir processing of

7xxx-series aluminum alloys have been reported, includ-
ing studies of the precipitation sequence,[8–10] recrystal-
lization mechanisms,[4,11,12] superplasticity,[13,14] material
flow,[15] residual stresses,[16] and mechanical proper-
ties.[17–26] While the FSW of aluminum alloys has
engendered considerable scientific and technological
interest, material property data are still limited, especially
on fatigue properties that directly limit the widespread
applications of the FSW process.[7,18–26]

The 7xxx-series aluminum alloys exhibit very high
strength but also poor ductility and high notch sensitiv-
ity.[27] The fatigue of the commercial 7075Al-T6 alloy has
received considerable attention.[28] The FSW offers high
joint quality and good fatigue performance.[22] From an
engineering design perspective, the fatigue properties of
the friction-stir-welded aluminum alloys are of particular
importance. This has led to increasing research interest in
evaluating the fatigue resistance of the friction-stir-
welded joints, including the stress number of cycles to
failure behavior[20,22,25,26] and fatigue crack propagation
behavior.[7,18,19,21] Previous studies indicated the follow-
ing results.[7] First, the fatigue strength of the friction-stir-
welded joints at 107 cycles was lower than that of the base
metal (BM).[24] Second, the surface quality of the friction-
stir-welded joints had a significant effect on the fatigue
strength of the joints. Third, the effect of FSW param-
eters on fatigue strength was complicated and no consis-
tent trendwas obtained so far. In particular, studies of the
low-cycle-fatigue (LCF) behavior of friction-stir-welded
aluminum alloys have been limited;[29–31] these are indeed
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required by the automobile manufacturer to estimate the
lifetime of components. The LCF of friction-stir-welded
Al-Mg alloys tested in air and 3.5 pct NaCl solution by
Czechowski[29] and of friction-stir-welded AA6061/
Al2O3p and AA7005/Al2O3p joints by Ceschini
et al.[30,31] has recently been reported. To date, no LCF
information about the friction-stir-welded 7xxx-series
aluminum alloy is available in the literature. The objec-
tives of the present studywere, therefore, as follows: to (1)
study the LCF behavior and undertake detailed micro-
structural examinations of the friction-stir-welded
7075Al-T651 alloy, (2) identify the effect of FSW param-
eters on the microstructural evolution and LCF proper-
ties of the welds, and (3) evaluate the cyclic deformation
characteristics and fatigue life under varying strain
amplitudes.

II. MATERIAL AND EXPERIMENTAL
PROCEDURE

Commercial 7075Al-T651 rolled plates 6.35-mm thick
(400-mm long and 80-mm wide), with a composition of
5.6Zn-2.5Mg-0.5Fe-0.16Cu-0.23Cr-0.3Mn-0.2Ti (wt pct),
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 20 mm in diameter and a cylindrical threaded
pin 8 mm in diameter was used. The tool rotational
rates were selected to be from 800 to 1200 rpm, and the
welding speeds were from 100 to 400 mm/min. The
friction-stir-welded work piece is schematically shown in
Figure 1.

The specimens for microstructural examinations were
cross sectioned perpendicular to the FSW direction.
Microstructural characterization and analysis were car-
ried out using optical microscopy (OM) and scanning

electron microscopy (SEM) (JEOL* JSM-6380LV)

coupled with energy-dispersive X-ray spectroscopy
(EDS), X-ray diffractometry (XRD) (D/max 2500 PC,
Rigaku Corporation, Tokyo, Japan), differential scan-
ning calorimetry (DSC) (Q1000V9.4 Build287, TA
Instruments, New Castle, DE), and transmission elec-
tron microscopy (TEM) (FEI TECNAIG2, FEI Com-
pany, Hillsboro, OR). Typically, approximately 15 mg
of the DSC sample in the form of a 4-mm-diameter disk
was heated at 10 �C min�1 (10 K min�1) from 30 �C
(303 K) to 520 �C (793 K) under a flowing argon
atmosphere with a pure alumina crucible. The specimens
for OM and SEM were prepared by mechanical grind-
ing, polishing, and etching using Keller’s reagent. Grain
sizes were estimated by the linear intercept method. The
TEM foils, 3 mm in diameter, were prepared by twin-jet
electropolishing using a solution of 70 pct methanol and
30 pct nitric acid at –35 �C (238 K) 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
(Buehler, Lake Bluff, IL) 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 specimens following ASTM E8

standards, with a reduced parallel section 32 9
6 9 5.6 mm in size, were machined perpendicular to
the FSW direction, as shown in Figure 1. The friction-
stir-welded joint fringes on the top surface were first
removed by 0.4 mm, and then the bottom surface
0.35 mm in thickness was removed while keeping the

Fig. 1—Schematic illustration of friction-stir-welded 7075Al-T651 joints for fatigue specimen machining and microhardness tests, together with
an indication of various zones across the weld (BM, HAZ, TMAZ, and NZ).

*JEOL is a trademark of Japan Electron Optics Ltd., Tokyo.
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final specimen thickness to 5.6 mm. The fatigue
specimens, prepared via a computer numerical con-
trolled machine, were ground with SiC papers up to grit
#600 to get rid of the machining marks and to achieve a
smooth surface. Total-strain-controlled, push-pull-type
LCF tests were conducted using a computerized Instron
fatigue testing system (Instron 8801, Instron Corpora-
tion, Norwood, MA). 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
operated 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 1.0 pct were selected in
the LCF tests, where at least two specimens were
tested at each level of the strain amplitudes. After the
fatigue tests, the crack initiation sites and propagation
mechanisms were examined via SEM.

III. RESULTS

A. Microstructure

The XRD pattern of the 7075Al-T651 alloy revealed
the presence of Al, Al7Cu2Fe, MgZn2, and Mg3Cr2Al18
phase (Figure 2(a)). The heat flow of the 7075Al-T651
alloy, measured as a function of the temperature, is
shown in Figure 2(b). The endothermic peak A at
approximately 188 �C (461 K) observed in the DSC
curve indicated the dissolution of g¢(Mg(Zn,Al,Cu)2).

[32]

The 7075Al-T651 alloy was characterized by the large,
elongated, pancake-shaped grains several hundred
micrometers long in the transverse direction and
approximately 20-lm wide in the normal (or short
transverse) direction resulting from the rolling process
(Figure 3(a)). Strings of elongated inclusion particles 2
to 5 lm in size could also be seen. The white inclusion
particles were determined to be Al7Cu2Fe by EDS
analyses, composed of approximately 47Al, 12Fe, and
41Cu (wt pct) (Figure 3(b)). Figure 3(c) shows the sub-
grains’ structures. Platelet g¢, ranging from approximately

1.2- to 2.5-nm thick and 4.5- to 6-nm long, was observed
in Figure 3(d).
Figure 4 shows typical cross-sectional macrostruc-

tures of the friction-stir-welded 7075Al-T651 joints
obtained in different welding conditions. Under the
selected welding parameters, no welding defects were
detected in the friction-stir-welded joints. Three zones,
i.e., a nugget zone (NZ), a thermomechanically affected
zone (TMAZ), and a heat-affected zone (HAZ), were
discernible. The shapes of the NZ were apparently
parameter dependent. The interface between the NZ and
TMAZ in the advancing side (AS) was more distinctly
visible than that in the retreating side (RS).
The microstructure of the NZ was characterized by

fine and equiaxed grains with average grain sizes from
4.6 to 6.7 lm, respectively (Figure 5). The average grain
size decreased with an increasing welding speed from
100 to 400 mm/min (Figures 5(a) through (c)). How-
ever, the average grain size changed little with an
increasing rotational rate from 800 to 1000 rpm while
keeping the welding speed constant (Figures 5(c) and
(d)).
After FSW, the NZ was characterized by a fine and

equiaxed recrystallized grain structure (Figure 6(a)). In
contrast to the BM, the dislocation density in the NZ
was quite low. The scanning transmission electron
microscopy (STEM) image indicated that a considerable
amount of dispersoids were randomly distributed, which
were determined to be chromium-rich dispersion E
phase (Mg3Cr2Al18) (Figures 6(b) and (c)), as reported
in Reference 28, as well. No other fine precipitates were
observed via TEM examinations.
Severe bending of grains was observed in the TMAZ

region (Figure 7(a)). Most grains in the TMAZ con-
tained a high dislocation density with a network
subgrain structure (Figure 7(b)). The coarsened precip-
itates were observed within the grain or at the subgrain
boundaries (Figures 7(b) and (c)). Dislocations were
pinned by Mg3Cr2Al18 dispersoids (Figure 7(d)). Indi-
vidual dislocations extended between particles, but no
tangles occurred, exhibiting a characteristic Orowan
mechanism of dislocation bowing.

Fig. 2—(a) XRD pattern and (b) DSC curve of 7075Al-T651 alloy.
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B. Microhardness

Figure 8 shows the microhardness contour maps for
the friction-stir-welded 7075Al-T651 joints with differ-
ent FSW parameters. Two low-hardness zones (LHZs),
located between the TMAZ and HAZ, were obviously
observed. The width of the LHZs increased with
decreasing welding speed from 400 to 100 mm/min.
The slight asymmetry of the weld was noticeable
between the AS and RS.

C. Cyclic Deformation Characteristics

Figure 9 shows the stress amplitude and plastic strain
amplitude vs the number of cycles at a given rotational
rate of 800 rpm and at different welding speeds.
Three important observations can be summarized
(Figure 9(a)). First, the stress amplitude increased with
increasing strain amplitude. Second, the stress ampli-
tudes of the friction-stir-welded joints were lower than
that of the BM. Third, the cyclic hardening of the
friction-stir-welded joints, which increased with increas-
ing welding speed, was much stronger than that of the

BM. As the total strain amplitude increased, the value of
the plastic strain amplitude also increased and the
fatigue life of the samples decreased (Figure 9(b)).
Figure 10 shows the stress amplitude and plastic

strain amplitude vs the number of cycles at a given
welding speed of 400 mm/min and different rotational
rates. The results indicated that the cyclic hardening of
the friction-stir-welded joints was nearly independent of
the rotational rates at a given strain amplitude.

D. Fractography

Figure 11 shows some typical fatigue fracture surfaces
of the friction-stir-welded samples (800 rpm and
100 mm/min), which failed along the LHZs between
the TMAZ and HAZ with an angle of ~45 degrees to the
tensile axis on the AS (Figure 11(a)). It is seen that the
fatigue crack initiated from the specimen surface, as
denoted by the dashed semicircle in Figure 11(b). Crack
propagation was characterized by the characteristic
striation-formation mechanism (Figures 11(c) through
(e)). The inclusion particles were lined up due to the
rolling process (Figure 11(d)). Some white particles

Fig. 3—Microstructures of 7075Al-T651 alloy: (a) OM image showing elongated pancake grains, (b) SEM micrograph, (c) TEM image showing
subgrain structure, and (d) higher-magnification TEM image showing the tiny and uniformly distributed precipitates.
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appeared on the fracture surface of the friction-
stir-welded sample, which could be better seen from
the backscattered electron image (BEI) (Figures 11(d)
and (e)). The EDS analyses revealed that the white
particles contained a large amount of iron and copper
(67Al, 10Fe, and 23Cu (wt pct)) (Figure 11(e)).

Figure 12 shows some typical fatigue fracture surfaces
of the friction-stir-welded samples (800 rpm and
400 mm/min), in which a macroscopic image of a failed
LCF specimen is illustrated in Figure 12(a). The fracture
surface displayed multiple sites of fatigue crack initia-
tion, but all from the specimen surface, as indicated by

Fig. 4—Cross-sectional macrostructures of friction-stir-welded 7075Al-T651 joints: (a) 800 rpm and 100 mm/min, (b) 800 rpm and 200 mm/min,
(c) 800 rpm and 400 mm/min, and (d) 1000 rpm and 400 mm/min.

Fig. 5—Cross-sectional microstructures in NZ of friction-stir-welded 7075Al-T651 joints: (a) 800 rpm and 100 mm/min, (b) 800 rpm and
200 mm/min, (c) 800 rpm and 400 mm/min, and (d) 1000 rpm and 400 mm/min.
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the three dashed semicircles in Figure 12(b). The fracture
features shown in Figures 12(c) and (d) were for the first
initiation site, where the crack initiated at the top surface
in the vicinity of the TMAZ, while the fracture features
shown in Figures 12(e) through (i) were for the second
initiation site, which occurred in the NZ (where the SEM
images were rotated counterclockwise 90 deg with
respect to the image shown in Figure 12(b)). Figure 12(f)
was a magnified view near initiation site 2, as indicated in
the dashed box in Figure 12(e), while Figure 12(g)
corresponded to an X-ray mapping of oxygen Ka1 near
the crack initiation site. The third crack also initiated in
the NZ. The results shown in Figures 11 and 12
corresponded well to the hardness profile across the
weld shown in Figure 8, in which the sample welded with
800 rpm and 100 mm/min exhibited two obvious LHZs
between the TMAZ and HAZ (Figure 8(a)), and the
fatigue fracture occurred along the LHZs accordingly,
while the sample welded using 800 rpm and 400 mm/min
did not show such obvious LHZs (Figure 8(c)) and the
occurrence of fatigue fracture was shifted to the NZ, with
a significantly higher stress amplitude (Figure 9(a) and
lower plastic strain amplitude (Figure 9(b)) at different
total strain amplitudes. These observations suggested
that the LCF resistance of the 7075Al-T651 alloy in the
welding condition of 800 rpm and 400 mm/min was
much higher than that in the welding condition of
800 rpm and 100 mm/min.

IV. DISCUSSION

A. Microstructural Characteristics

1. Recrystallization mechanism
During FSW, the material that flows around the

tool undergoes intense plastic deformation at elevated
temperatures.[11] Restoration of aluminum alloys by
dynamic recovery and the dynamic recrystallization
(DRX) has been well reviewed.[33] The DRX results in
the generation of fine and equiaxed grains of 0.1 to
12 lm with predominantly high-angle grain boundaries
(HAGBs) in the NZ of friction-stir-welded aluminum
alloys,[7] magnesium alloys,[34] and metal matrix com-
posites.[35] The usual definition of recrystallization is the
formation and migration of the HAGBs driven by the
stored energy of deformation.[36] The recrystallization is
a nucleation and growth process. The growth is accom-
plished by the migration of the HAGBs.[37] It was
reported that deformation efficiency for DRX depends
on the composition, crystal structure, deformation
history, and stacking-fault energy of the alloy.[38] The
final grain size is generally determined by the ratio of the
rate of nucleation to the rate of grain growth of the new
grains.[39] The proposed recrystallization mechanisms
during FSW include continuous DRX (CDRX),[4]

geometric DRX,[11] and discontinuous DRX.[11,40]

In the present study, the fine and equiaxed grains 4.6
to 6.7 lm in size in the NZ of the friction-stir-welded

Fig. 6—Microstructure of NZ in friction-stir-welded 7075Al-T651 alloy (800 rpm and 400 mm/min): (a) TEM image, (b) STEM image, and (c)
EDS spectrum.
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7075Al-T651 alloy were considerably smaller than those
in the BM. This indicated that DRX took place in the
NZ of the friction-stir-welded 7075Al-T651 alloy.
Increasing the welding speed from 100 to 400 mm/min
reduced the grain size from 6.7 to 4.6 lm. Rhodes
et al.[41] reported that the initial sizes of newly recrys-
tallized grains in a friction-stir-processed 7075Al alloy
were on the order of 25 to 100 nm. These grains then
grew to a size equivalent to that observed in friction-stir-
processed aluminum alloys, 2 to 5 lm, after heating 1 to
4 minutes at 350 �C (623 K) to 450 �C (723 K).[41]

Second-phase dispersoids could serve as very effective
stabilizers for dislocation substructures and deformation
bands.[42] Recently, CDRX was proposed as the recrys-
tallization mechanism in friction-stir-welded aluminum
alloys.[4,11,43] During CDRX, new grains developed via a
gradual increase in misorientation between subgrains.[40]

The CDRX modeling in the FSW of AA7075Al-T6
alloy has also been proposed by Buffa et al.[12]

2. Precipitation
Two types of precipitation occur in C curves in

aluminum alloys.[44] One is the precipitation of Cu, Mg,
Zn atoms at lower temperatures (20 �C (293 K) to

Fig. 7—Microstructure of TMAZ (AS) in friction-stir-welded 7075Al-T651 alloy (800 rpm and 400 mm/min): (a) OM image, deformed grains,
(b) TEM image, subgrain structure, (c) TEM image, coarsened precipitates, and (d) TEM image, dislocations pinned by second-phase particles.

Fig. 8—Microhardness contour maps for the friction-stir-welded
7075Al-T651 joints: (a) 800 rpm and 100 mm/min, (b) 800 rpm and
200 mm/min, (c) 800 rpm and 400 mm/min, (d) 1000 rpm and
400 mm/min, and (e) 1200 rpm and 400 mm/min.
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400 �C (673 K)), contributing to the age hardening. The
other is the precipitation of Zr, Cr, Mn atoms at higher
temperatures (350 �C (623 K) to 550 �C (823 K)), con-
tributing to inhibiting grain growth.

The high strength of the 7xxx-series aluminum alloys
is due to the fine and uniformly distributed precipitates
in the matrix. The usual precipitation sequence of the
7xxx-series aluminum alloys can be summarized as: solid
solution fi Guinier–Preston (GP) zone fi metastable g¢
(Mg(Zn,Al,Cu)2) fi stable g (MgZn2).

[32] Two types of
GP zones, i.e., solute-rich clusters GP(I) and vacancy-
rich solute clusters GP(II), form during the decompo-
sition of the supersaturated solid solution of Al-Zn-Mg
alloys.[4,45] The GP zones in the 7xxx-series aluminum
alloys, as small as 3 nm in diameter, are spherical and
coherent.[39] The GP zones can serve as nuclei for the

semicoherent g¢ phase, or g¢ can nucleate directly on the
dislocations and subgrain boundaries. In the overaged
alloys, incoherent g phase grows from the g¢ particles or
nucleates directly on the grain boundaries or other
incoherent precipitate-matrix boundaries. Both GP
zones and g¢ are sheared by dislocations.[39] The g¢ is a
platelike transition phase (hexagonal), while g is the
plate-, lath- or rodlike hexagonal Laves phase.[46]

The BM contained three populations of precipitates:
intergranular g precipitates on the order of 30 to 40 nm
and two sizes of intragranular particles, i.e., 50- to
75-nm dispersoids and 5- to 10-nm high-density fine g¢
precipitates (Figures 3(c) and (d)). Similar results have
also been observed by Mahoney et al.[17] The DSC
analyses indicated the presence of one endothermic peak
A at ~188 �C (461 K), which was identified to represent
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the dissolution of g¢.[32] Based on the DSC results, the g¢
phase was the main precipitate in the BM. Peak B was
associated with the formation of the g phase. Peak C
was most likely associated with the formation of the T
phase,[47] i.e., the dispersoids determined to be
Mg3Cr2Al18 using XRD and EDS. However, further
studies are needed to explain the higher temperature
peaks.

The FSW could be considered as a hot-working
process. The resulting temperature gradient produced a
range of precipitates from the center of the NZ to the
BM.[17] A solid-state type of phase transformation
occurred during cooling of the weld.[18] The precipitate
distribution was strongly influenced by the thermal
hysteresis.[4,48] The temperature during FSW was
reported to lie between 400 �C (673 K) and 480 �C
(753 K) in the 7075 Al alloy, which might be sufficient
to force larger precipitates to go fully or partially
into solution and reprecipitate in the weld during

cooling.[4,8,17] Strengthening precipitates in the NZ went
into solution and reprecipitated.
After FSW, the NZ was characterized by a fine and

equiaxed recrystallized grain structure. No fine precip-
itates were observed via TEM examinations. Thus, FSW
resulted in the dissolution of a fine g¢ phase. Similar
results have also been observed by Mahoney et al.[17]

Dumont et al.[49] reported that although complete dis-
solution occurred in the NZ, it recovered some hardness
upon cooling and subsequent natural aging. During this
period, GP zones nucleated and grew in regions in which
supersaturation was sufficient.[49] However, Rhodes
et al.[8] reported a high density of randomly oriented
intragranular precipitates of Mg32(Al,Zn)49 with sizes
of 60 to 80 nm that have reprecipitated during the
FSW process. Charit and Mishra[14] reported that there
were two main types of particles, i.e., plate-shaped
MgZn2 precipitates and the chromium-rich spherical
Mg3Cr2Al18 dispersoids that remained almost unchanged.

Fig. 11—Typical failure location and SEM micrographs of friction-stir-welded 7075Al-T651 alloy (800 rpm and 100 mm/min) tested at a strain
amplitude of 0.6 pct: (a) appearance of a failed friction-stir-welded sample, (b) overall view of the fracture surface at a lower magnification, in
which the dashed semicircle indicated the initiation site, (c) secondary electron image, (d) BEI, and (e) fatigue striations and particles at a higher
magnification as indicated by dashed box in (c).
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Fig. 12—Typical failure location and SEM micrographs of friction-stir-welded 7075Al-T651 alloy (800 rpm and 400 mm/min) tested at a strain
amplitude of 0.6 pct: (a) appearance of a failed friction-stir-welded sample, (b) overall view of the fracture surface with multiple crack initiation
sites indicated by three dashed semicircles, (c) magnified view near initiation site No. 1, in (b), (d) fatigue striations at a higher magnification
(No. 1), (e) initiation site No. 2, (f) magnified view near initiation site No. 2, (g) EDS mapping of oxygen Ka1 corresponding to (f), (h) further
magnified view near initiation site No. 2, as indicated in the dashed box in (f), and (i) fatigue propagation area at a higher magnification, where
images (e) through (i) were taken with a counterclockwise rotation of 90 deg.
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The transients and gradients in the strain, strain rate,
and temperature were inherent in the thermomechanical
cycles of FSW.[33] Therefore, the distribution, size, and
types of precipitates were characterized as sharp spatial
gradients in the transition from the BM to the center of
the NZ.

As shown in Figure 7, most grains in the TMAZ
contained a high dislocation density, thereby resulting in
the coarsened precipitates. The precipitation process in
aluminum alloys was diffusion controlled.[50] Disloca-
tions were favorable nucleation sites for precipitates and
short-circuit diffusion paths for solutes.[51] This resulted
in faster and coarser precipitation on dislocations.
Moreover, precipitation at structural defects naturally
promoted the stable rather than the metastable phases.

In 7xxx-series aluminum alloys, zirconium- or chro-
mium-rich dispersoids formed during solidification and
remained stable during subsequent thermal and mechan-
ical treatments.[52] Dispersoids, i.e., Al12Mg2Cr and
Mg3Cr2Al18 (E phase), played an essential role in grain
and subgrain pinning.[3] The Mg3Cr2Al18 dispersoids
had three typical morphologies: rodlike, spherical, and
transgranular. Based on their morphologies and chem-
ical composition, the dispersoids in Figures 6(b) and (c)
were identified to be the E phase, in agreement with the
findings of Wagner and Shenoy[53] and Li et al.[28]

Generally, secondary particles could either accelerate
or retard the recrystallization process, depending on the
interparticle spacings.[52] The effect of a secondary
particle system upon the recrystallization process was
twofold.[52] First, it altered the mode of deformation of
the alloy. Second, it had a pinning effect on low- and
high-angle grain boundaries and on the deformed
structure, as presented in Figure 7(d). A detailed anal-
ysis of the influence of particle coarsening and dissolu-
tion on abnormal grain growth (AGG) has been done by
Humphreys.[54] The AGG was possible when the pin-
ning parameter, Z, is 0.25<Z<1 (Z = 3FvR/d, where
Fv is the volume fraction of particles, R is the average
grain radius, and d is the average particle diameter).[54]

The presence of the E particles significantly stabilized
the grain structure and improved the strength, ductility,
fatigue limit, etc. The relationship between the Al3Zr
dispersoids and the stability of the NZ grain structures
in the friction-stir-welded AA7010-T7651 alloy has been
well studied in detail.[55]

B. Microhardness Profile

It was reported that the hardness profile of friction-
stir-welded heat-treatable aluminum alloys greatly
depended on the precipitate distribution and only
slightly on the grain and dislocation structures.[56] In
the precipitation-hardened aluminum alloys, FSW
resulted in a softened region in the HAZ, which was
basically characterized by the dissolution/coarsening of
precipitates during the FSW thermal cycle.[48] It was also
reported that the tensile fracture path of the welds
corresponded to the LHZs.[57,58] The temperatures
during FSW were sufficiently high and the times at the
high temperatures were sufficiently long to influence the
strengthening precipitates’ morphologies. The local

nucleation, growth, and coarsening processes for
strengthening precipitates were a function of the tem-
perature, which in turn was a function of distance from
the center of the NZ.[17] The precipitate distribution was
strongly influenced by the thermal hysteresis.[48]

The temperature in the NZ during FSW was above
the solution temperature of 7xxx-series aluminum
alloys; therefore, the g¢-strengthening precipitates dis-
solved into the matrix. The dissolution of the strength-
ening precipitates resulted in a significantly lower
strength and hardness.[19] As shown in Figure 8, two
issues were worth noting. First, two LHZs were obvi-
ously observed due to precipitate overaging,[57] crystal-
lographic texture,[59,60] and grain/subgrain structure.[60]

The width of the LHZs increased with decreasing
welding speed from 400 to 100 mm/min. The asymmetry
of the weld could be noticeable between the AS and the
RS. The LHZs between the TMAZ and the HAZ have
also been reported in the friction-stir-welded 6061Al-
T651 alloy[58] and the friction-stir-welded 2519Al-T87
alloy.[60] Second, the hardness profile greatly depended
on the precipitate distribution and only slightly on
the grain size (Figure 5), as was also observed in
Reference 48.

C. Cyclic Hardening Behavior

Higher total strain amplitudes led to a higher degree
of cyclic hardening, as seen in Figures 9 and 10.
Whether a certain material cyclically hardens or softens
depended mainly on the initial condition of the material
and, in some cases, also on the magnitudes of the
imposed cyclic loads.[61]

It is of interest to note that for each curve of the
friction-stir-welded joints, the cyclic hardening within
the initial 10 to 20 cycles was relatively weak; it then
increased quickly as cyclic deformation proceeded
(Figures 9 and 10). Afterward, the cycled material
exhibited a steady-state characteristic. It was obvious
that there were two stages of slopes in the stress
amplitude or plastic strain amplitude vs the number of
cycles. The following relationship was thus proposed to
describe the change:[62]

Dep
2
¼ aþ b logðNÞ ½1�

where N is the number of cycles, a is the initial plastic
strain amplitude corresponding to approximately the
twentieth cycle seen from Figures 9 and 10, and b is the
slope, which could be considered as a hardening
coefficient. Both a and b are dependent on the applied
strain amplitude.
Figure 13 shows the evaluated slope (absolute value)

vs the total strain amplitude as being from 0.6 to 1.0 pct
for the BM and friction-stir-welded 7075Al-T651 joints.
With increasing total strain amplitude, both slopes b1
and b2 increased. The b2 in stage 2 was obviously larger
than that of the corresponding b1 in stage 1. The slopes
b1 and b2 of the friction-stir-welded 7075Al-T651 joints
were larger than those of the BM, indicating the
stronger cyclic-hardening character after FSW.
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A few typical hysteresis loops at a total strain
amplitude of 1.0 pct are shown in Figure 14(a). It is
seen that the stress amplitude increased as cyclic
deformation progressed, indicating the occurrence of
cyclic hardening. Figure 14(b) shows the effect of
total strain amplitudes on the shape of hysteresis
loops at the midlife cycle. The hysteresis loop widened
and its enclosed area increased with increasing strain
amplitude.

Energy was dissipated in fatigue because of plastic
deformation. The hysteresis loop area, i.e., energy per
cycle, was equal to the deformation work produced
during one loading cycle. This deformation work was
mainly transformed into heat energy and a very small
part of it into stored energy. The total hysteresis energy
was then equal to the sum of areas of all hysteresis
loops, which was sometimes called the fatigue tough-
ness.[61] Hysteresis energy provided a useful basis for the
establishment of failure criteria in fatigue.[61] Based on
the recorded loop data, the energy per cycle was
evaluated, as shown in Figure 14(c) and Table I. It is
seen that the energy per cycle decreased with a decreas-
ing total strain amplitude and with an increasing
number of cycles. This represented another way of
characterizing the occurrence of cyclic hardening during
cyclic deformation.

D. Fatigue Crack Initiation and Propagation

The fatigue process can be divided into three stages:
crack initiation, crack propagation, and final fast
fracture. Fatigue cracks often initiate at the surface or

at voids or second-phase inclusions that serve as stress
risers.[39] In this study, fatigue cracks initiated from the
specimen surface in the friction-stir-welded sample
(Figures 11 and 12). The fatigue failure of friction-
stir-welded joints has also been observed to initiate at
surface roughness or flash on the surface of the joint, as
well as at typical FSW defects.[24] The factors affecting
fatigue crack initiation include the surface finish, grain
size, residual stress, environment, frequency of stress
cycle, and temperature.[39] Commercial metallic alloys
are always multiphase materials. Second-phase particles
are deliberately introduced to refine the grain size,
increase the strength, or simply remain as impurities.[63]

The role of the particles in the mechanisms of cyclic
deformation depends on whether they can be sheared by
dislocations.[63] Fatigue failure of metallic materials is
induced by the nucleation of one or several microcracks
that propagate slowly during cyclic loading until one of
them reaches the critical size and catastrophic failure
occurs.[63] Fatigue crack propagation was basically
characterized by fatigue striations, together with some
secondary cracks, observed at higher magnifications
(Figure 11(e)).
As shown in Figure 8, the LHZs became more

obvious with a decreasing welding speed from 400 to
100 mm/min (Figures 8(c) to (b) to (d)) while keeping a
constant rotational rate of 800 rpm. The samples
friction stir welded with 800 rpm and 100 mm/min
tended to fail along the LHZs, especially at higher strain
amplitudes, e.g., at 0.6 pct (Figure 11). However, for
the samples friction stir welded with 800 rpm and
400 mm/min, there were no obvious LHZs (Figure 8(c)).

Fig. 13—Slope in Eq. [1] vs strain amplitude: (a) b1, 800 rpm, (b) b2, 800 rpm, (c) b1, 400 mm/min, and (d) b2, 400 mm/min.
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Thus there was no longer fracture along the LHZs
and, in this case, the fatigue failure occurred basically
in the NZ (Figure 12(a)). The fracture exhibited multiple
crack initiations (Figure 12(b)) and the initiation sites
demonstrated intergranular cracking or decohesion
along the weak grain boundaries of equiaxed grains

(Figures 12(e), (f), and (h)). As revealed by the EDS
mapping shown in Figure 12(g), corresponding to
Figure 12(f), the oxygen-enrichment zone was seen
clearly at the initiation site. The preliminary result
would suggest that the intergranular cracking in the NZ
was caused by the oxygen-related issues during FSW,
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Fig. 14—(a) Hysteresis loop evolution at a given strain amplitude of 1.0 pct, (b) midlife hysteresis loops at different strain amplitudes, and
(c) energy per cycle vs the number of cycles for friction-stir-welded 7075Al-T651 alloy at different strain amplitudes (800 rpm and 400 mm/min).

Table I. Summary of Energy Dissipated during Cyclic Deformation for Friction-Stir-Welded 7075Al-T651 Alloy
(800 rpm and 400 mm/min)

Total Strain
Amplitude (%)

Total Energy
(MJ/m3)

Average Energy
per Cycle (MJ/m3)

Min. Energy
(MJ/m3)

Cycle Number
Corresponding to
the Min. Energy

Total Number
of Cycles to
Failure (Nf)

Remaining
Cycles After the
Min. Energy

0.6 299.0 0.20 0.10 1465 1736 271
0.6 338.8 0.27 0.14 1215 1406 191
0.8 735.5 2.45 2.24 467 478 11
0.8 600.9 2.18 1.95 463 469 6
1.0 504.4 5.80 5.74 58 173 115
1.0 420.8 5.19 5.07 94 107 13
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while the intergranular decohesion was normally
observed to occur in the stress-corrosion cracking in
7xxx-series aluminum alloys.[64] Krupp et al.[65] also
reported the oxygen-induced intergranular fracture in a
nickel-base alloy IN718 during mechanical loading at
high temperatures. Further studies of this aspect are
needed. While the crack initiation was associated with
the intergranular decohesion/cracking in the NZ, the
crack propagation was characterized by the character-
istic fatigue striations (Figures 12(d) and (i)). The
fatigue striations normally occurred by a repeated plastic
blunting-sharpening process due to the slip of disloca-
tions in the plastic zone at the fatigue crack tip.[66]

V. CONCLUSIONS

1. The FSW resulted in remarkable grain refinement,
which was characterized by a fine and equiaxed
recrystallized grain structure. The average grain size
decreased with an increasing welding speed from
100 to 400 mm/min, but changed less considerably
with an increasing rotational rate from 800 to
1200 rpm.

2. While the dissolution of g¢ (Mg(Zn,Al,Cu)2) precipi-
tates occurred in the NZ, the E-phase Mg3Cr2Al18
dispersoids remained almost unchanged after FSW.
Most grains in the TMAZ contained a high density
of dislocations with a network subgrain structure
due to severe deformation, coupled with coarsened
precipitates either within the grain or at the sub-
grain boundaries. Some dislocations were pinned by
Mg3Cr2Al18 dispersoids, displaying a characteristic
Orowan mechanism of dislocation bowing between
the dispersoids.

3. Two LHZs between the TMAZ and HAZ were
observed, and their width decreased with increasing
welding speed from 100 to 400 mm/min.

4. During cyclic deformation, the friction-stir-welded
7075Al-T651 joints exhibited very strong cyclic
hardening behavior with a two-stage character.
While the stress amplitude of the friction-
stir-welded joints was lower than that of the BM,
the cyclic hardening of the friction-stir-welded
joints, which increased with increasing strain ampli-
tude, was much stronger than that of the BM.

5. While the stress amplitude of the friction-
stir-welded joints increased and the plastic strain
amplitude decreased with increasing welding speed,
the rotational rate between 800 and 1200 rpm
exhibited a less significant effect on the cyclic defor-
mation character.

6. Fatigue failure was observed to occur in the LHZs
at a low welding speed of 100 mm/min and in the
NZ at a high welding speed of 400 mm/min. Frac-
tography revealed that fatigue cracks initiated from
the specimen surface or near-surface defects in the
friction-stir-welded joints. When the fatigue failure
occurred in the NZ, the initiation site exhibited
characteristic intergranular cracking. Crack propa-
gation was characterized by typical fatigue stria-
tions, together with some secondary cracks.
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