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ABSTRACT
By using a low rotation rate of 200 rpm with additional water cooling, a friction stir welded
(FSW) joint with equal fatigue strength to the base material (BM) was obtained in 5083Al-H19
rolled plates due to the significantly decreased softening and the residual stress effect. Though
the hardness value in the heat affected zone (HAZ) was a little lower than that of the BM, the
decreased tensile effect of the residual stress in the HAZ greatly improved the fatigue perfor-
mance, which was even higher than that of the BM, so the final fracture occurred at the BM. This
study provides an effective strategy to enhance the fatigue performance of the FSW joints.
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Introduction

5xxx series Al alloys are widely used for structural com-
ponents in the aerospace and automotive areas, due
to their excellent properties, such as good corrosion
resistance, good weldability and high specific strength.
Welding is an indispensable and important process for
structure manufacturing. Friction stir welding (FSW),
as a solid-state joining process, exhibits various advan-
tages compared to the conventional fusion welding
techniques [1]. However, FSW still creates an obvi-
ously softened zone in the joints of work-hardened and
precipitation-hardenedAl alloys at high heat input con-
dition. In order to decrease the heat input during FSW,
reducing the rotation rate and/or increasing the weld-
ing speed were usually used, but the effects were not so
satisfactory [2].

In addition to changing the rotation rate and weld-
ing speed, additional cooling is an effective method of
reducing the heat input and improving the strength
of the FSW joints [3–6]. Sharma et al. [4] studied the
effect of additional cooling on the microstructure and
mechanical properties of FSW 7039 Al alloy joints with
different cooling mediums including compressed air,
liquid nitrogen and water. They reported that water
exhibited the best cooling effect in the above cooling
mediums, leading to obviously enhanced mechanical
properties of the FSW joints. Meanwhile, Xue et al.
[3] and Zeng et al. [5] obtained the FSW joints with
near-equal strength to the base metal (BM) in cold-
rolled pure copper and 6061-T6 Al alloy, respectively,
by using the additional water cooling. Therefore, FSW

with additional water cooling is a highly efficient and
low-cost welding method of achieving high-property
FSW joints.

In these previous studies, the static tensile behaviours
were mainly investigated. Actually, fatigue property is
more important in industrial applications, which is
always treated as the final criterion for the applica-
tion of one new material or structure. Usually, high-
cycle fatigue strength is the first concern in the prac-
tical application. Due to the complex microstructures
of the FSW joints, there are many factors affecting
the fatigue behaviour of the joint, such as welding
defects, inhomogeneous microstructure and residual
stress. When welding with an improper FSW param-
eter, the appearance of the welding defects would result
in a reduction in crack initiation life under fatigue
loading, and the fatigue strength was significantly
decreased [7,8].

For defect-free FSW joints, the fatigue crack initia-
tion is known to be associated with the residual stress
and microstructure evolution around the welded zone
[9]. Generally, the compressive residual stress induces
low fatigue crack growth rates and the tensile resid-
ual stress accelerates the crack growth rates, resulting
in a reduced fatigue strength of the FSW joint [10].
Due to the inhomogeneous microstructure of the FSW
joints, the fatigue deformation would vary with var-
ied microstructures. It is generally believed that fatigue
crack is likely to initiate by the local deformation in the
softened area originating from the annealing effect dur-
ing the FSW process [11]. Therefore, how to improve
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the hardness and strength of the softened zone is the
critical factor for obtaining high fatigue strength of the
FSW joints.

In our previous study, the hardness and strength of
the softened zone were improved by adjusting the weld-
ing parameters, and FSW joint with near equal tensile
strength to theBMwas successfully achieved on awork-
hardened Al alloy [12]. However, it is still unclear if the
fatigue strength will be improved as well. In this work,
a typical work-hardened 5xxx series Al alloy – 5083 Al
with H19 state was chosen as the target BM for FSW
investigation with additional water cooling. The aim
of this study is (a) to achieve a high fatigue strength
FSW joint of 5083-H19 Al alloy and (b) to elucidate the
fatigue crack initiation and fracturemechanisms during
the cyclic deformation process.

Basematerial andmethods

2.8-mm-thick 5083Al-H19 plates, which were cold
rolled without annealing, were used as the BM. Plates
with a length of 300mm and a width of 70mm were
butt welded along the rolling direction using a FSW
machine with a tool tilt angle of 3 deg. Normal FSW
(air cooling) was conducted at a welding speed of
100mm/min with a tool rotation rate of 200 rpm,
defined as A-200. In order to reduce the heat input,
FSW was performed with the same welding parame-
ters under additional water cooling, and the FSW joints
were defined as W-200. The 5083 plates were fixed in a
water tank with inlet and outlet. The velocity of water
was about 7 L min−1, and the thickness of water layer
in the tank was about 30mm during FSW. A FSW
tool with a concave shoulder 12mm in diameter and
a conical threaded pin 4mm in diameter and 2.6mm
in length was used.

The specimens for microstructural examinations
were machined perpendicular to the FSW direction.
Microstructural characterisation and analysis were car-
ried out using optical microscopy (OM), scanning
electron microscopy (SEM) and transmission electron
microscopy (TEM). The specimens forOMobservation
were ground, polished, and then etched in a solution of
2 gNaOHand 100mlH2O for about 2-3min. TEM foils
were prepared by double-jet electrolytic polishing using
a solution of 30ml HNO3 and 70ml CH3OH at 248K
under a potential of 12V.

Vickersmicrohardnessmeasurementwas conducted
on the cross-section perpendicular to the welding
direction under a load of 200 g with a holding time of
15 s. The microhardness profiles were obtained along
themid-thickness of the cross-section of the FSW joints
at an interval of 1mm. The tensile specimens, with a
gauge length of 40mmand a gaugewidth of 6mm,were
machined perpendicular to the FSW direction. Uniax-
ial tensile tests were carried out at room temperature at
an initial strain rate of 1×10−3 s−1.

High-cycle fatigue tests were conducted using an
Instron fatigue system (Instron 8872) with the same
specimen dimension and preparation method as the
tensile specimen. A sinusoidal load-time function with
a frequency of 30Hz and a stress ration R = 0.1 was
used. All the specimens were ground and polished
before fatigue tests and the tests were under room tem-
perature and laboratory air conditions.

Results and discussion

Microstructure and tensile properties

Figure 1 shows the cross-sectional macrostructures of
the FSW 5083Al-H19 joints. No porosity and tunnel
defects were detected in the joints under both FSW
parameters used in this study. Through themacrostruc-
tures of the FSW joints, three distinct zones were
discernible: nugget zone (NZ), thermo-mechanically
affected zone (TMAZ), and heat affected zone (HAZ).
A continuous ‘S’ shaped line can be seen in the NZ of
the FSW joint, which was known as the ‘S’ line. Sato
et al. [13] found that the ‘S’ line in the FSW joint of Al
alloy wasmainly composed ofmany fine oxide particles
coming from the initial oxide layer on the butt surface.
The ‘S’ line was distributed in the NZ for A-200 sample,
and when applying the additional water cooling, more
oxide layers were deposited on the advancing side (AS)
of the NZ. Though the material flow was restricted in
the NZ due to the decreased peak temperature under
additionalwater cooling [14], no unbonded root defects
were observed.

Figure 2 shows the TEM microstructures of the BM
and the NZs at both FSW parameters. The BM exhib-
ited a typical heavily cold-rolled characteristic, and the
grains were elongated clearly along the rolling direc-
tion, with a width of only about 300 nm (Figure 2(a)).
Meanwhile, a very high density of dislocations was
observed in the severely deformed grains. For the
A-200 sample, many precipitates were observed in the
NZ, which were mainly distributed at grain interior or
grain boundaries from the image shown in Figure 2(b).
5083 Al alloy is a solution-strengthened Al alloy with
supersaturated solid solutions condition. It has been

Figure 1. Cross-sectional macrostructures of FSW joints: (a) A-
200 sample, (b) W-200 sample.
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Figure 2. TEM microstructures of (a) BM and NZs of FSW joints: (b) A-200 sample, (c) W-200 sample, (d) magnified image of W-200
sample.

experimentally observed that Mg atoms easily segre-
gated to grain boundaries under plastic deformation
[15]. Straumal et al. [16] revealed the presence of the
β-phase (Al3Mg2) particles in an Al-5wt-% Mg alloy
after high-pressure torsion deformation through the
selected area diffraction analysis. Therefore, the sphere-
shaped particles in the NZ of the A-200 sample should
be β-phase precipitates according to previous stud-
ies [16,17]. As a solution-strengthened 5xxx series Al
alloy, the formation of the second phase particles will
lead to the strength loss. Meanwhile, the high den-
sity of dislocations was mostly eliminated due to the
strong annealing effect during the FSW thermal cycle.
In this case, obvious softening should be achieved in
the NZ of the A-200 sample, compared to that of
the BM.

Under additional rapid water cooling, the average
grains size was greatly refined to about 800 nm in the
NZ of the W-200 sample, and few precipitates were
observed, as shown in Figure 2(c). Moreover, it is
found that the dislocation density increased in the NZ
of the W-200 sample compared to the A-200 sample,
and many dislocation sub-structures like cells and sub-
grains were observed clearly (Figure 2(d)). This should
be attributed to the reserved dislocation structures after

Table 1. Average grain size in the NZs and mechanical proper-
ties of the BM and FSW joints.

Sample
Grain size in NZ

(μm)

Lowest
hardness
(HV) YS (MPa) UTS (MPa)

Elongation
(%)

BM – 125.5±1.9 370.3±3.1 425.1±3.7 5.7±0.3
A-200 1.8±0.9 95.4±0.8 260.4±1.7 344.3±1.6 4.8±0.2
W-200 0.8±0.5 115.2±1.1 340.2±3.6 403.0±2.4 3.5±0.2

the dynamic recrystallisation process, caused by the low
welding temperature and rapid cooling rate.

All the FSW joints failed at the lowest hardness
zone (LHZ) during the tensile tests, and the mechan-
ical properties of the BM and FSW joints are shown in
Table 1. Figure 3 summarises the experimental data on
the joint coefficient versus strength of BM from the var-
ious FSW 5083 Al alloy joints reported in the present
study and previous studies [18–23]. It is obvious that
compared with other research results, very high joint
coefficient was achieved in a BM with relatively high
strength in the present study, which was attributed to
the significantly reduced softening effect by using the
low rotation rate with additional water cooling during
FSW process.
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Figure 3. The joint coefficient and strength of BM for various
FSW 5083Al alloy joints.

Figure 4. log-log formed stress-fatigue life (S-N) curves for BM
and FSW joints.

High-cycle fatigue properties

The maximum stress-number of cycles to failure
(S-N) curves by the log–log form of the BM and FSW
joints are shown in Figure 4.Due to thework-hardening
effect of cold rolling, the BM has a high fatigue limit
(107 cycles) of 240MPa, while the fatigue limit of the
A-200 sample was greatly reduced to about 180MPa.
Therefore, the fatigue limit only reached 75% of the
BM, though a relatively low heat input (rotation rate
of 200 rpm) parameter was used when compared to
the previous studies [1,12]. With further decreasing the
heat input by applying the additional water cooling, a
fatigue limit of 240MPa was achieved in the W-200
sample, reaching to the BM level.

The relationship between the fatigue stress ampli-
tude σa and fatigue life 2Nf can be expressed by the
following Basquin equation:

σa = σ ′
f (2Nf )

b (1)

where Nf is the fatigue life, σ ′
f is the fatigue strength

coefficient and b is the fatigue strength exponent
(Basquin exponent), which are associated closely with

Figure 5. Fatigue strength and strength of BM for various Al
alloy joints.

the material properties[24,25]. According to the fitting
lines in Figure 4, the σ ′

f of the BM was 668MPa, and
near σ ′

f of 612MPa was achieved in the W-200 sam-
ple. For the A-200 sample, the σ ′

f greatly decreased to
450MPa. The b value of the BMwas−0.059, which was
a little lower than that of both FSW joints (−0.056).

Usually, the σ ′
f is nearly equal to the true tensile

strength after modification with necking and b repre-
sents the degree of the fatigue damage, which is asso-
ciated with the initial microstructure characteristics
[26,27]. Compare with the BM, the σ ′

f of the A-200
sample decreased clearly but the similar b value was
obtained, so the fatigue limit was reduced to 180MPa.
For the W-200 sample, despite a slightly decreased σ ′

f
of 612MPa, the b value increased to −0.056. There-
fore, the same fatigue limit to the BM (240MPa) can
be achieved. A comparison of the fatigue strength for
various Al alloy joints under different welding pro-
cesses and BM strength in present work and previous
studies is shown in Figure 5 [28–38]. It can be found
that the fatigue strength increases as increasing the BM
strength. The fatigue strength of most Al alloy joints
was lower than 200MPa, and all the date points located
under a blue curve as shown in Figure 5. However, the
data point of FSW Al alloy joint in this study clearly
separated from the curve, showing higher fatigue prop-
erties compared to other Al alloy joints.

Fatigue fracture behaviour

The typical cross-sectionmorphologies of the fractured
samples after fatigue tests are shown in Figure 6. Inter-
estingly, the fracture locations of both FSW joints were
not at the LHZs which are located in the HAZs. As can
be seen from Figure 6, all the A-200 samples fractured
at the NZ, while theW-200 samples fractured at the BM
far away from the NZ. The applying of additional water
cooling can not only improve the fatigue limit of the
FSW joint but also change the fracture location from
theNZ to the BM.Thought the additional water cooling
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Figure 6. Fractured samples of FSW joints: (a) A-200 sample, (b)
W-200 sample.

changed the distribution of ‘S’ line, the existence of ‘S’
line does not affect the fatigue properties of FSW joints.

Usually, there are two possible reasons for this excep-
tional fracture phenomenon: the effect of residual stress
or the HAZ strengthening under cyclic stress. It is well
accepted that the fatigue crack growth in the FSW
joints was influenced both by the applied stress from
the external cyclic loading and by the internal residual
stress, and the later usually plays an important role [10].

Previous studies indicated that the NZ usually
showed the highest tensile residual stress and the HAZ
showed a compressive residual stress or lower ten-
sile residual stress at transverse direction [20,39]. The
transverse residual is parallel to the fatigue loading
direction and effects the fatigue property. Under a
tension-tension cyclic deformation mode in this study,
compressive residual stress in the transverse direction
would decrease the loading stress and the tensile resid-
ual stress played an opposite role. Therefore, the higher
tensile residual stress in the NZ in the transverse direc-
tion resulted in the worse fatigue tolerance of the NZ
than that of the HAZ.

Besides the residual stress, the strengthening of the
HAZ is also a probable reason for the unusual frac-
ture phenomenon. When deformed under cyclic load-
ing, the special structure of the FSW joints inevitably
leads to inhomogeneity deformation. At the initial stage
during the fatigue test, the HAZ may be strengthened
through the accumulation of dislocations under the
cyclic deformation. If the HAZ is strengthened to the
same or higher level of the NZ or the BM, the fracture
would occur in the NZ or the BM instead of the HAZ
at the final fracture stage.

In order to verify if the HAZ was strengthened dur-
ing the fatigue process, the microhardness profiles of
the FSW joints were measured on the cross-section
before and after fatigue tests, as shown in Figure 7. It
is clear that two LHZs can be observed from the hard-
ness distribution, which was located at both sides of
the HAZs. However, the lowest hardness values of the
A-200 and W-200 samples almost the same before and
after fatigue tests, indicating that no obvious strength-
ening occurred in the HAZs. On the contrary, obvious
hardness changes can be observed in the NZ espe-
cially for the A-200 sample. Obviously, local deforma-
tion occurred preferentially in the NZs of both samples
during the cyclic deformation. Therefore, the excep-
tional phenomenon cannot be attributed to the HAZ

Figure 7. Hardness distributions of FSW 5083Al-H19 joints.

strengthening, but more probably associated with the
residual stress.

For the A-200 sample, the hardness increased clearly
in the NZ, and the weld centre exhibited the high-
est hardness value of about 130 HV. For the W-200
sample, though the enhanced amplitude decreased sig-
nificantly in the NZ, the change mode was similar to
that of the A-200 sample. Obviously, local deformation
occurred preferentially in the NZs of both samples dur-
ing the cyclic deformation. Therefore, the exceptional
phenomenon cannot be attributed to theHAZ strength-
ening, but more probably associated with the residual
stress. For the A-200 sample, the hardness value in the
NZ was only 10 HV higher than that of the HAZ, so
this difference was too little compared to the effect of
the residual stress. Then, preferential local deforma-
tion occurred in the NZ under the enhanced tensile
effect of the residual stress, and finally failed in this
zone. For the W-200 sample, the hardness value in the
NZ was much higher than that of the BM and HAZ,
which was due to the grain refinement. In our previ-
ous study, we found that the hardness value increased
with decreasing grain size, and followed the Hall-Petch
relationship [11]. Though local deformation occurred
in the NZ at the initial stage, fracture did not occur
in this zone. For the HAZ of the W-200 sample, the
hardness value was only 10 HV lower than that of the
BM.However, decreased tensile effect from the residual
stress in the HAZ greatly improved the fatigue perfor-
mance which was even higher than that of the BM, so
the final fracture occurred at the BM.

Crack initiation and propagation

Figure 8 shows the typical fracture surface of the BM
and A-200 joint after fatigue test, which reveals con-
ventional three regions of crack initiation, stable growth
and final fracture zones. The small crack initiation zone
that is located at the sample surface is relatively flat
due to the repeated friction of fractured surface dur-
ing cyclic deformation, as shown in Figure 8(b,f). It was



86 B. B. WANG ET AL.

Figure 8. Fractured surface morphologies of BM at a maximum stress of 280MPa: (a) macroscopic feature, (b) crack initiation zone
(region I), (c) crack propagation zone (region II), (d) final fracture zone (region III), and A-200 joint at a maximum stress of 240MPa:
(e) macroscopic feature, (f ) crack initiation zone (region I), (g) crack propagation zone (region II), (h) final fracture zone (region III).

Figure 9. Surface damage morphologies of BM and A-200 sample: (a) BM at a maximum stress of 340MPa, (b) magnified image of
the rectangle in a, (c) A-200 sample at a maximum stress of 200MPa, (d) magnified image of the rectangle in c.

found that the crack initiation site was not at the root of
the NZ but located at the sample surface, indicating the
sound FSW joint was achieved. In the crack propaga-
tion zone, there are no obvious fatigue striations due to
the relatively low ductility of the BM (Figure 8(c)). For
A-200 joint, there aremany beaches or clam shell mark-
ings on the fracture surfaces can display the direction
of fatigue crack propagation (Figure 8(g)). The surface
characteristic of the final fracture zone was similar to
that of the tensile fractographs with shallow dimples, as
exhibited in Figure 8(d,h). However, the dimple density
was definitely more in A-200 joint than that of the BM
sample, indicating the enhanced plasticity in the NZ.
The W-200 sample fractured at the BM zone, so the

fatigue fracture characteristics were the same as those
for the BM sample.

Surface damage morphologies of the BM and FSW
joints are shown in Figure 9. It is clear that many
microscopic cracks and debonding at the impurity par-
ticles/matrix interfaces were observed on the surface
of BM and A-200 samples. EDS analyses of the A-200
sample and BM showed that the coarse particles con-
tained higher Mn, Fe elements (Figure 9(d)), indicat-
ing that the particles should be Al6(Mn,Fe) which was
commonly reported in previous studies [17,40]. The
impurity particles play important roles in the crack ini-
tiation and propagation during cyclic deformation [41],
and micro-crack should easily initiate at the impurity
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particle/matrix interface [42]. This indicated that pref-
erential deformation resulted in a highly localised stress
concentration on the impurity particles, which led to
early nucleation of fine microscopic cracks.

Conclusions

High-cycle fatigue behaviour of FSW 5083Al-H19
joints was investigated in this study. Through the
additional water cooling, high property FSW joint
with equal fatigue strength to the BM was achieved
and the FSW joints showed different fatigue frac-
ture behaviours. The following conclusions can be
obtained.

(1) For a normal FSW joint (A-200), fine equiaxed
grains with plenty β phase particles were obtained
in the NZ. By applying additional water cooling,
ultrafine grains with high dislocation density were
obtained in the NZ for theW-200 sample, and only
few β phase particles were observed.

(2) The joint efficiency increased from 81% for the A-
200 sample to 95% for the W-200 sample, which
was attributed to the significantly reduced soften-
ing effect in the HAZ under the additional water
cooling.

(3) The fatigue limit increased from 180MPa for the
A-200 sample to 240MPa for the W-200 sample
which was equal to that of the BM. Fatigue samples
did not fail in the LHZ, but in the NZ and BM for
the A-200 sample and W-200 sample, respectively.
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