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a  b  s  t  r  a  c  t

3-mm-thick  5083Al-H19  rolled  plates  were  friction  stir  welded  (FSW)  at tool  rotation  rates  of  800  and
200  rpm  with  and  without  additional  water  cooling.  With  decreasing  the  rotation  rate  and  applying
water  cooling,  softening  in  the FSW  joint was significantly  reduced.  At a low  rotation  rate  of  200  rpm  with
additional  water  cooling,  almost  no obvious  softening  was  observed  in the  FSW  joint,  and  therefore  a  FSW
5083Al-H19  joint  with  nearly  equal  strength  to the  base  material  (BM)  was  obtained.  Furthermore,  the
grains  in  the  nugget  zone  were  considerably  refined  with  reducing  the heat  input  and  ultrafine  equiaxed
grains  of  about  800  nm  were  obtained  in  the lowest  heat  input  condition.  This work  provides  an  effective
method  to achieve  high  property  FSW  joints  of  precipitate-hardened  and  work-hardened  Al  alloys.

©  2017  Published  by  Elsevier  Ltd on  behalf  of  The  editorial  office  of Journal  of  Materials  Science  &
Technology.

1. Introduction

5xxx series Al alloy is one of the most widely used alloys in
the fields of aerospace and automobile due to its good corrosion
resistance, good weldability and high specific strength. During the
industrial applications, welding is an indispensable and important
process for structure manufacturing. In the fusion welding method,
poor solidification microstructure with crack and porosity may  be
achieved in the fusion zone, leading to a significant loss in mechani-
cal properties compared to the base material (BM). Further, serious
softening is a common phenomenon due to the large heat input
during the fusion welding, especially for the initial work-hardened
BM with an H state.

Friction stir welding (FSW) as a solid-state joining process
exhibits various advantages compared to the conventional fusion
welding techniques, such as energy efficiency, environmental
friendliness, and versatility [1]. FSW has been successfully used
in various industries which involved Al alloys, such as aerospace,
marine, and rail transit. However, FSW still creates a softened
region in the joints of work-hardened and precipitate-hardened Al
alloys by using the normal parameters. Such softening is caused by
the decrease of dislocation density and the dissolution and coarsen-
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ing of strengthening precipitates during the thermal cycle of FSW
[1–3].

Usually, the joint coefficient was about 60%–70% for the nor-
mal  FSW joints of the precipitate-hardened Al alloys [4–6]. For the
work-hardened 5xxx series Al alloys, though a relatively high joint
coefficient of 97% was achieved in H111 state and 85% in H321
state, the yield strength (YS) only reached 70% of that of the BM
[7,8]. Further, the YS and ultimate tensile strength (UTS) of the FSW
joints decreased more seriously for 5xxx series Al alloys with more
work-hardening amount, such as H34, H38 and H19 state [9].

Obviously, softening in the weld zone, including nugget zone
(NZ), thermal mechanical affected zone (TMAZ) and the heat
affected zone (HAZ), is an important problem for the FSW joint
of the work-hardened and precipitate-hardened Al alloys, which is
greatly related to the heat input during welding. Many researchers
have concentrated on decreasing the rotation rate and/or increas-
ing the welding speed to reduce the heat input in order to enhance
the strength of FSW joints [8]. However, the results indicated that
defects were easily formed at very low rotation rate or high welding
speed [10–12].

In addition to changing the rotation rate and welding speed,
additional cooling is an effective method of reducing the heat input
during FSW. Some researchers have performed FSW with various
additional cooling mediums, such as water, liquid nitrogen and dry
ice [13–20]. Among these methods, FSW with water cooling is a
high efficient and low cost welding method, catching more and
more attention [15–20]. FSW with additional water cooling has
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been demonstrated to be an effective method of improving the
mechanical properties of FSW Al alloy joints.

Zhang et al. [18] investigated the effect of underwater FSW on
the mechanical properties of the 2219Al-T6 joints, and a maximum
tensile strength of 360 MPa  was achieved which was higher than
that of the normal FSW joint. Xue et al. [19] indicated that pure Cu
(H state) joints with nearly equal strength to the BM were obtained
by FSW with rapid water cooling, which is originated from the sig-
nificantly reduced softening due to considerable decrease in the
peak temperature and the duration time at high temperature.

Though FSW with water cooling has attracted much attention
recently, the investigation is still limited compared to the nor-
mal  FSW, and no related studies on work-hardened 5xxx series
Al alloys were performed. Further, greatly enhanced mechanical
properties were seldom achieved in FSW joints of work-hardened
and precipitate-hardened Al alloys with additional cooling from the
previous studies [17,18].

In this work, we chose a typical 5xxx series Al alloy − 5083 Al
with H19 state as the target BM,  to conduct FSW with additional
water cooling. The aim of this study is to achieve high property
FSW joints of work-hardened 5083 Al alloy and understand the
microstructure evolution during FSW.

2. Experimental Procedures

3-mm-thick 5083Al-H19 rolled plates, which were cold rolled
without annealing, were used as the BM.  Plates with a length of
300 mm and a width of 70 mm were butt welded along the rolling
direction with a tool tilt angle of 3◦. using a FSW machine. The
plates were mechanically polished to remove the oxide and cleaned
with the alcohol before the welding procedure, and the final plate
thickness was about 2.8 mm.

Normal FSW was conducted at a constant welding speed of
100 mm/min  with different tool rotation rates of 800 and 200 rpm,
which were defined as A-800 and A-200, respectively. In order to
further reduce the heat input, FSW was performed with the same
parameters under additional water cooling, and the FSW joints
were defined as W-800 and W-200 for the used rotation rates of
800 and 200 rpm, respectively. The 5083Al plates were first fixed
in water and additional rapid cooling with flowing water was per-
formed during the welding procedure. A FSW tool with a concave
shoulder 12 mm in diameter and a conical threaded pin 4 mm in
diameter and 2.6 mm  in length were used.

The specimens for microstructural examinations were cross
sectioned perpendicular to the FSW direction. Microstructural
characterization and analysis were carried out using optical
microscopy (OM), scanning electron microscopy (SEM) equipped
with electron backscatter diffraction (EBSD), and transmission elec-
tron microscopy (TEM). The specimens for OM observation were
ground, polished, and then etched in a solution of 15 ml HF, 45 ml
HCl, 12 ml  HNO3, and 128 ml  H2O for about 20–30 s. EBSD speci-
mens were ground and then electro-polished in a solution of 10 ml
HClO4 and 90 ml  C2H5OH at 6 V for 10–15 s. TEM foils were pre-
pared by double-jet electrolytic polishing using a solution of 30 ml
HNO3 and 70 ml  CH3OH at 248 K under a potential of 12 V.

Vickers microhardness measurement was conducted on the
cross-section perpendicular to the welding direction under a load
of 200 g for a holding time of 15 s. The microhardness profiles were
obtained along the mid-thickness of the cross-section of the FSW
joints at an interval of 1 mm.  The tensile specimens, with a gauge
length of 35 mm and a gauge width of 6 mm,  were machined per-
pendicular to the FSW direction. Uniaxial tensile tests were carried
out at room temperature at an initial strain rate of 1 × 10−3 s−1.

Fig. 1. Cross-sectional macrostructures of various FSW joints: (a) A-800, (b) A-200,
(c)  W-800, and (d) W-200 samples.

3. Results and Discussion

Fig. 1 shows the cross-sectional macrostructure of the FSW
5083Al-H19 joints. No porosity and tunnel defects were detected
in the joints under the four FSW parameters used in this study.
Through the macrostructures of the FSW joints, three distinct zones
were discernible: the NZ, the TMAZ, and the HAZ. The onion ring
structure was  only observed in the elliptical NZ of A-800 sample
(Fig. 1(a)). When decreasing the rotation rate or applying the addi-
tional water cooling, the NZs became basin-shaped without obvious
onion ring structure and exhibited larger size than that of A-800
joint. It is well accepted that the heat input was  reduced when
decreasing the rotation rate and/or using additional water cooling
[1,3,19]. Therefore, the viscosity of the material increased in the NZ
due to the decreased peak temperature during FSW, and the weld-
ing tool would influence more material, so the NZ was  enlarged in
low heat input condition.

Fig. 2 shows the EBSD microstructures of the NZs for various FSW
joints under different parameters. It is clear that equiaxed grains
were achieved in the NZs even for the W-200 joint with a very low
heat input, which was  similar to the microstructural characteristics
of the NZs in normal FSW joints and other joints with additional
cooling [21–27]. Therefore, the grain refinement mechanism during
FSW with water cooling was still dynamic recrystallization (DRX)
in this study, and the fine and equiaxed grains were produced in
the NZs during DRX process [1,2,28].

From the microstructures in the NZs, it is clear that the grain
size decreased with reducing the heat input, and the calculated
average grain sizes by EBSD are shown in Table 1. The average grain
sizes of A-800 sample and W-800 sample were about 3.6 �m and
2.7 �m,  respectively. Clearly, under the relatively high rotation rate
of 800 rpm, the grain refinement effect in the NZ was not notable by
additional water cooling due to the initial high heat input. Under the
air cooling condition, when decreasing the rotation rate to 200 rpm,
the grain refinement in the NZ was more notable and the average
grain size decreased to 1.8 �m.  When further reducing the heat
input with the additional water cooling, ultrafine grained structure
was achieved in the NZ of the W-200 sample and the average grain
size decreased to about 800 nm.

Similar to other DRX structure in the NZs of FSW joints with
additional cooling [22,24,26], large fraction of high angle grain
boundaries (HAGBs, misorientation angle ≥15◦) were obtained in
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Fig. 2. EBSD microstructures in the NZs of various FSW joints: (a) A-800, (b) W-800, (c) A-200, and (d) W-200 samples.

Table 1
Average grain size in the NZs and mechanical properties of the BM and various FSW joints.

Sample Grain size in NZ (�m) Lowest hardness value (HV) Yield strength (MPa) Ultimate tensile strength (MPa) Elongation (%)

BM – 127 370 425 5.7
A-800  3.6 85 150 314 9.2
A-200  1.8 95 260 344 4.8
W-800  2.7 90 201 328 8.4
W-200  0.8 116 340 403 3.5

the NZs, as shown in Fig. 3. It is noted that the distributions of grain
boundary misorientation angles of all FSW samples were similar to
the random distribution for a cubic polycrystalline. High fractions
of HAGBs (>80%) were obtained in all the samples, and the fractions
of the HAGBs reached about 88% in the NZs of normal FSW samples,
which should be attributed to the more sufficient DRX structures
under slower cooling rate compared to that in water cooling.

The microstructural characteristics of the NZs were further con-
firmed by the TEM, as shown in Fig. 4. The BM exhibited a typical
heavily cold-worked characteristic, and the grains were elongated
clearly with the layer width of only about 300 nm (Fig. 4(a)).
Meanwhile, very high density of dislocations was  observed in the
severely deformed grains. Compared to the BM,  the dislocation den-
sity was significantly reduced in various NZs of the FSW joints,
which was consistent with the DRX microstructure. It is clear that
the grains in the NZs were equiaxed and most grain boundaries
were sharp and relatively straight with clear contrasts between
neighboring grains. These characteristics indicated that most of
the grain boundaries were HAGBs, which was consistent with the
results obtained by EBSD.

From Fig. 4(b), equiaxed fine grains of several micrometers were
observed in the NZ of A-800 sample, and many precipitate particles
were observed in the grains. 5083 alloy is a solution strengthened Al

alloy with high Mg  content. During the welding process, the  ̌ phase
(Al3Mg2) will precipitate from the matrix in a temperature between
175–250 ◦C [29–32]. It is reported that the peak temperature could
reach above 450 ◦C in the NZ during the normal FSW of Al alloys
[33,34]. Therefore,  ̌ phase particles precipitated from the matrix
in the A-800 sample due to the high peak temperature and the
severe plastic deformation. As a solution-strengthened alloy, the
formation of the precipitate particles will lead to the strength loss
of 5xxx series Al alloys. Meanwhile, the high density of dislocations
was mostly eliminated due to the strong annealing effect during the
FSW thermal cycle.

Similar TEM microstructures were obtained in the W-800 and A-
200 samples, and the typical TEM morphology of the A-200 sample
is shown in Fig. 4(c). With decreasing the rotation rate to 200 rpm
or applying additional water cooling, lower peak temperature and
shorter duration at high temperature were achieved, leading to
reducing grain size with less precipitate particles. Under a combi-
nation of very low rotation rate of 200 rpm and rapid water cooling,
the average grain size was greatly reduced in the W-200 sample,
and few precipitate particles were observed (Fig. 4(d)). Moreover,
it is noted that the dislocation density increased in the NZs of A-
200 and W-200 samples compared to the A-800 sample, and many
sub-grains and dislocation cells were observed (Fig. 4(c and d)).
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Fig. 3. Distributions of grain boundary misorientation angles in the NZs of various FSW joints: (a) A-800, (b) W-800, (c) A-200, and (d) W-200 samples.

Fig. 4. TEM microstructures of (a) BM,  and NZs of FSW joints: (b) A-800, (c) A-200, and (d) W-200 samples.

This should be attributed to the initial high dislocation density in
the BM and the reduced heat input under additional water cooling
or low rotation rate of 200 rpm.

Fig. 5 depicts the microhardness profiles of the FSW joints under
various parameters. The BM exhibited very high hardness value of
about 127 HV due to strong work-hardening resulting from cold
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Fig. 5. Microhardness profiles of the FSW joints under various parameters.

Fig. 6. Relationship between Vickers hardness and average grain size in the NZs of
various FSW joints.

rolling. Under a high rotation rate of 800 rpm, a wide lowest hard-
ness zone (LHZ) with uniform hardness values of about 85 HV was
observed in the A-800 sample. The width of the LHZ was about
12 mm which was much larger than the width of the NZ (∼4.2 mm)
in Fig. 1(a). This indicates that significant softening was achieved in
the A-800 sample due to the high heat input, and the LHZ consisted
of NZ, TMAZ and HAZ. Similar hardness distribution was  obtained
in the W-800 sample, but the width of the LHZ was  slightly reduced
to about 10 mm and the lowest hardness value increased to about
90 HV.

As the rotation rate decreased to 200 rpm, the hardness distribu-
tion exhibited the typical “W”  shape in FSW joints of Al alloys [1,3],
and higher hardness value was obtained in the NZ with a width of
about 5 mm which was similar to the width of the NZ in Fig. 1(b and
d). For the A-200 sample, the LHZ was located at the two sides of
the NZ, with the lowest hardness value of 95 HV which was  slightly
higher than that of the W-800 sample. Compared to the A-800 and
W-800 samples, the average hardness value significantly increased
to about 105 HV in the NZ of the A-200 sample.

Under rapid water cooling at a very low rotation rate of 200 rpm,
the hardness value further increased in the NZ. The average hard-
ness value in the NZ of the W-200 sample was  about 137 HV,
which was even higher than that of the BM.  Similar to the A-200
sample, the W-200 sample also exhibited two narrow LHZs at the
two sides of the NZ, i.e. at the HAZ. However, the lowest hardness
value significantly increased to about 116 HV for the W-200 sam-
ple, which reached about 91% of the BM.  This indicates that almost
no softening occurred in the HAZ, which should be attributed to
the significantly decreased peak temperature and duration time at
high temperature [19].

Fig. 6 shows the relationship between the average grain size
and the hardness value in the NZ of various samples. Clearly, the

Fig. 7. Engineering tensile stress-strain curves of the FSW joints under various
parameters.

hardness value (HV) increased with decreasing grain size (d), and
they followed the Hall-Petch relationship:

HV = H0 + kHd−1/2 (1)

where H0 and kH are constants associated with the hardness mea-
surements. Therefore, the significantly enhanced hardness value
in the NZ of the W-200 sample should be mainly attributed
to the much refined grain size. Larger Hall-Petch slope (kH) of
75 HV �m−1/2 was obtained in this study compared to other FSW
studies [35,36], which was  originated from the relatively higher dis-
location densities in the NZs under water cooling and low rotation
rate [37].

The engineering tensile stress-strain curves of the FSW joints
under different parameters are shown in Fig. 7. It can be seen
from the stress-strain curves that the serrated flow was observed
in all FSW joints, which was consistent with the results of other
researchers [35,38]. For the A-800, W-800 and A-200 samples, ser-
rated flow appeared after the yielding and high serration intensity
was observed at larger strain. It is well accepted that clouds of Mg
solute atoms create a drag force which hinder the movement of
dislocations at a certain strain rate, resulting in the serrated flow
phenomenon. However, the serrated flow was  not clear in the BM
and W-200 sample due to the initial high dislocation density.

The tensile properties of the BM and various FSW joints are
shown in Table 1, and all the FSW joints failed at the LHZ dur-
ing the tensile tests. Very high YS of 370 MPa  and UTS of 425 MPa
together with a relatively low elongation of 5.7% were achieved
in the BM,  attributable to severe work hardening. Under a high
rotation rate of 800 rpm, the YS and UTS of the A-800 sample sig-
nificantly decreased to 150 MPa  and 314 MPa, respectively, with an
increased elongation of 9.2% due to the significantly softening in
the wide LHZ. By applying water cooling, the YS and UTS slightly
increased to 210 MPa  and 328 MPa, respectively, and a similar elon-
gation of 8.4% was achieved in the W-800 sample.

Compared to the A-800 sample, the YS and UTS increased to
260 MPa  and 344 MPa  in the A-200 sample, respectively. However,
the elongation decreased to 4.8% due to the local plastic defor-
mation in the narrowed HAZ. When applying additional water
cooling, the YS further increased to 340 MPa in the W-200 sample,
which was similar to that of the BM.  Similarly, the UTS increased to
403 MPa, resulting in a very high joint coefficient of 95%. The elon-
gation decreased to only 3.5% due to the serious local deformation
in the narrow HAZ.

From the above results, it is clear that the joint coefficient was
about 74% for normal FSW joint (A-800), which was similar to the
result of Peel et al. (the joint coefficient was 67%) [9]. By the com-
bination of low rotation rate and additional water cooling, nearly
equal strength to the BM was obtained in the W-200 sample. Pre-
vious study indicated that the peak temperature was  only 130 ◦C
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in the HAZ of FSW Cu joint at a low rotation rate of 400 rpm with
water cooling [19]. Therefore, almost no softening was achieved
in the HAZ of the present W-200 sample, resulting in the greatly
enhanced mechanical properties.

Obviously, the present study demonstrates that high property
FSW joints for severe work-hardened BM can be achieved by the
combination of low rotation rate and additional rapid water cool-
ing. Under this very low heat input condition, the softened region
was eliminated or extremely suppressed, and the mechanical prop-
erties were improved greatly. Therefore, this study provides an
effective method of achieving high property FSW joints of work-
hardened and precipitate-hardened Al alloys.

4. Conclusions

1. Defect-free FSW joints of 5083Al-H19 alloy were achieved at 800
and 200 rpm with and without additional water cooling. Fine
and ultrafine equiaxed grains were obtained in the NZs, and the
dislocation density decreased clearly compared to that of the BM.

2. An obvious LHZ was observed from the hardness distribution
of A-800 sample. By applying the water cooling, the LHZ was
narrowed and the lowest hardness value increased in the W-
800 sample. While the rotation rate decreased to 200 rpm, the
hardness value increased clearly in the NZ, and even larger than
that of the BM in the W-200 sample.

3. The BM exhibited a very high UTS of 425 MPa, and the joint coef-
ficient was only 74% for the normal FSW joint (A-800). High
property joint with nearly equal strength to the BM was  achieved
in the W-200 sample due to the significantly reduced softening.
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