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A B S T R A C T

Commercial 5083Al rolled plates, 2.8 mm thick, were subjected to friction stir welding (FSW) with the aim of
achieving low-temperature superplasticity (LTSP) in the nugget zone (NZ). Fine-grained microstructure with
average grain sizes of 1.6 and 1.8 µm was obtained in the upper and lower parts of the NZ, respectively. The NZ
was subjected to superplastic investigation at 250 and 300 °C. It was indicated that the upper and lower parts of
the NZ exhibited similar LTSP values of 550–570% at 300 °C, much higher than those reported previously
(< 300%) in friction stir processed 5083Al. This excellent LTSP was attributed to the extremely fine-grained
microstructure and predominant high angle grain boundaries (> 84%). Grain boundary sliding was determined
to be the dominant deformation mechanism, with grain boundary diffusion as the rate-controlling step.

1. Introduction

Due to its good corrosion resistance, good weldability, lower den-
sity, and moderately high strength, 5083Al is one of the most widely
used aluminum alloys in the aerospace and automobile industries [1].
The pursuit of higher formability has led to a large number of in-
vestigations of the superplasticity of solution-strengthened Al-Mg alloys
[2–6].

However, the widespread use of superplastic forming is hampered
by the high deformation temperature, which demands a higher level of
mold design and may lead to the loss of solutes from the surface layer
and severe grain growth. Therefore, low-temperature superplasticity
(LTSP) is becoming an effective solution, especially for components of
high surface quality [7]. It has been proven that grain refinement in
materials results in a decrease of the superplasticity temperature and
better superplastic properties [8–11].

With the development of the aerospace and automobile industries,
superplasticity of a single piece of metal plate cannot satisfy the de-
mand of industrial applications. Much more attention is paid to the
production of large-scaled complex parts by the integral forming
method. A process combining superplastic forming and diffusion
bonding (SPF/DB) has been used to produce unitized components with
greater design flexibility as well as considerable weight reduction [12].
The SPF/DB process is mainly applied to titanium alloys [13,14], but is
not suitable for Al alloys due to the hindrance to the DB of dense oxide
films on the contact surfaces.

The most feasible route for overcoming this issue is to find a proper
welding technique in place of DB for achieving integral forming of
aluminum components by SPF. In this case, the key point is how to
obtain superplasticity in the nugget zone (NZ) of the welded joints.
Conventional fusion welding techniques usually result in coarse soli-
dification microstructure and porosity in the NZs. Therefore, it is hard
to achieve superplasticity in the NZs of fusion welded joints.

Friction stir welding (FSW), a solid-state welding technique, is quite
useful for welding aluminum alloys with fine and equiaxed grains in the
NZs, which are essential for achieving superplasticity of the joint.
However, the study of LTSP in the NZs is quite limited. Friction stir
processing (FSP), a development based on the basic principles of FSW,
has been used to produce fine-grained microstructure with predominant
high angle grain boundaries (HAGBs, misorientation ≥ 15°) [1–3,15].
Therefore, FSP is considered as an effective and economical technique
for achieving LTSP [8,16].

Nonetheless, it is necessary to be aware of two points. Firstly, little
attention has been paid to the superplasticity of FSP 5083Al [17,18],
especially LTSP. To the best of our knowledge, the optimal LTSP of only
280% was achieved in FSP 5083Al at 250 °C and a strain rate of
1× 10−4 s−1 [2]. Secondly, even if LTSP of 5083Al can be achieved by
FSP, this is not sufficient to guarantee that a similar superplasticity can
also be obtained in the NZ of the FSW 5083Al joint because of the
difference in microstructure between them. For instance, the abutting
surfaces of the two metal plates to be joined by FSW would influence
the material's plastic deformation and form some unique
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microstructures in the NZ, such as the “S” line and kissing bond [19].
Therefore, LTSP in the NZs of FSW aluminum joints cannot be simply
represented by FSP.

LTSP in the NZ is very important for producing large-scale complex
parts by SPF. At the same time, FSW is a useful technique for welding
aluminum alloys with fine, equiaxed grains in the NZs, which are es-
sential for achieving superplasticity of the joint. Based on the necessity
and feasibility of achieving LTSP in the NZs via FSW, the objective of
this study is (i) to achieve excellent LTSP in the NZ of FSW 5083Al
joints and (ii) to elucidate the main superplastic deformation me-
chanism of FSW 5083Al.

2. Experimental

In this study, 2.8-mm-thick commercial 5083Al-O rolled plates with
a nominal composition of Al-4.59Mg-0.74Mn-0.21Fe-0.07Cr-0.03Si (wt
%) were used. As-received plates were friction stir welded along the
rolling direction at a tool rotation rate of 400 rpm and a traverse speed
of 50mmmin−1. A steel tool with a concave shoulder 10mm in dia-
meter, a threaded conical pin 4mm in root diameter, and 2.65mm in
length was used. The pin tool was tilted towards the trailing direction
during FSW and the tilt angle is 2.5° with respect to the plate surface.

The specimens for microstructural examinations were cross-sec-
tioned perpendicular to the welding direction. Microstructure char-
acterization was performed by optical microscopy (OM), scanning
electron microscopy (SEM), electron backscatter diffraction (EBSD) and
transmission electron microscopy (TEM). The OM samples were me-
chanically ground, polished with 1.5 µm polishing paste, and then
etched in 10 vol% phosphoric acid at 50 °C. EBSD analysis was carried
out on a ZEISS SUPRA 55 scanning electric microscope (SEM) with an
HKL Channel EBSD system at a step size of 0.1 µm. The fine micro-
structures of the welds were also examined by TEM (Tecnai 20).
Specimens for EBSED and TEM were prepared by twin-jet polishing
using a solution of 30% methanol and 70% nitric acid at −30 °C and
13 V.

It is well known that the NZ of the FSW joint can be divided into
upper and lower regions due to the effect of the shoulder and pin, re-
spectively, which might exhibit different microstructures [20]. There-
fore, to evaluate the superplasticity accurately in the present study, the
NZ was also divided into upper and lower regions, hereinafter referred
to as NZ1 and NZ2, along the middle line of the plate thickness (Fig. 1).
Two hardness profile lines corresponding to NZ1 and NZ2, respectively,
with a distance of 0.7mm from the upper and lower surfaces, were
measured along the transverse cross-section of the welds at an interval
of 1mm. The hardness measurement was conducted on an automatic
testing machine (Leco, LM-247AT) under a load of 500 g for 15 s.

Dog-bone shaped tensile specimens (2.5 mm gage length, 1.4 mm
gage width, 1 mm thickness) were electro-discharge machined from
NZ1 and NZ2, respectively, along the welding direction. Constant
crosshead speed tensile tests were conducted at 300 °C and 250 °C, re-
spectively, with four different initial strain rates ranging from 1×10−4

s−1 to 3×10−3 s−1, using an Instron 5848 microtester. It took 15min
for heating and stabilization of the temperature before starting the
tensile test. The failed specimens were subjected to SEM examinations.

3. Results and discussion

3.1. Microstructure evolution

Fig. 1 shows a cross-sectional OM macrograph of the FSW 5083Al
joint. The entire NZ exhibits a basin shape with the typical character-
istic “S” line. The widened upper region (NZ1) was formed by the ex-
treme deformation due to the contact with the concave shoulder [21],
while the lower region (NZ2) exhibiting the onion rings revealed the
circular movement of the material and the extrusion effect induced by
the pin.

Fig. 2 shows the OM, TEM, and SEM microstructures of the 5083Al
base material (BM). It can be seen that along the rolling direction the
microstructure was characterized by large elongated grains ~80 µm in
length and ~18 µm in width (Fig. 2a). Rod-like phases dispersed in the
grains were observed (Fig. 2b), and these phases should be Al6(MnFe),
which was commonly reported in previous studies [22,23]. Meanwhile,
a few coarse particles as large as 10 µm were found (Fig. 2c). EDS
analysis showed that these phases were rich in Al, Mn, and Fe elements
(Fig. 2d) and should be Al6(MnFe) particles which are the common
impurity phases in 5083Al alloy.

TEM images showed that after FSW, the microstructure of the NZ
was greatly refined, forming fine and equiaxed grains (Fig. 3). The grain
sizes in both NZ1 and NZ2 were less than 2 µm. Fig. 4 shows the mi-
crostructure of NZ1 and NZ2 by EBSD mapping. The black and red lines
represent the HAGBs and low angle grain boundaries (LAGBs, mis-
orientation< 15°), respectively. Equiaxed recrystallized grains were
observed in both regions; the average grain sizes were similar but a
little larger in NZ1 (1.8 µm) than in NZ2 (1.6 µm).

As mentioned above, the thermal and mechanical processes were
different in NZ1 and NZ2. For the thin sheet used in this study, the
deformation in NZ1 was more severe, with a higher deformation rate,
than that in NZ2, but the cooling rate in NZ2 was higher than that in
NZ1. Therefore, a similar average grain size was obtained in NZ1 and
NZ2 due to the combined thermal and deformation effect during FSW.

Fig. 5 shows the grain boundary misorientation angle distribution in
NZ1 and NZ2. The statistics of the misorientation angles suggested that
a high ratio of HAGBs was observed in both NZ1 (84%) and NZ2 (92%).
Especially, the ratio of HAGBs in NZ2 is higher than that observed in
FSP 5083Al by Charit and Mishra [1]. This typical microstructure with
a high ratio of HAGBs was also found in other FSW/FSP aluminum
alloys [3,8,9,21,24,25]. The fine-grained microstructure with a high
ratio of HAGBs in the NZ was produced by the dynamic recrystallization
due to the heat effect and plastic deformation during FSW [26–28].

3.2. Hardness distribution

Fig. 6 shows the microhardness profiles of both NZ1 and NZ2. It can
be seen that the BM exhibited low hardness due to its annealed “O”
condition, which was about 75–80 HV. After FSW, the hardness of the
NZ was greatly increased, mainly owing to the effect of grain refine-
ment, with peak values of about 95 HV in both NZ1 and NZ2. The width
of the peak value zone on the line of NZ1 is about 10mm and the zone
on the line of NZ2 is a little narrower, corresponding to the different
widths of the two regions.

3.3. Low-temperature superplasticity (LTSP)

3.3.1. LTSP behavior of FSW 5083Al
Fig. 7a shows the variation of elongation with the initial strain rate

and temperature for NZ1 and NZ2. It can be seen that both regions
exhibited superplasticity at 250 and 300 °C. Corresponding to the si-
milar microstructure features between NZ1 and NZ2, such as the HAGB
ratio and grain size, there is no obvious difference in superplasticity
between NZ1 and NZ2. Both regions exhibited a maximum elongation
of around ~570% at the initial strain rate of 3×10−4 s−1 and 300 °C.Fig. 1. Optical cross-sectional macrograph of FSW 5083Al joint.
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