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ABSTRACT
The aim of this work was to evaluate the influence of welding speed on microstructure, mechanical
properties, as well as Intergranular corrosion (IGC) susceptibility of EN AW-5083 alloy welded
using FSW. FSW was performed using constant rotation speed of 750 rev/min, while welding speed
was varied from 73 mm/min, 150 mm/min to 190 mm/min. Results show that increase of welding
speed lead to decrease of the size of the nugget. This behavior is attributed to decrease of heat
input during welding. Accordingly, lower grain size provides increase of the strength. All tested
welds are resistant to IGC, evaluating by mass loss according to NAMLT test, and resistivity
slightly decrease with increasing welding speed.
Key words: friction stir welding, EN AW-5083 alloy, welding speed, heat input; microstructure, mechanical
properties.

1.

INTRODUCTION

Most important welding parameters in Friction Stir
Welding are: welding force, tool rotational speed, welding
speed, geometry of the tool and pin 1-4. Among these,
tool rotational speed and welding speed affects the
thermal cycle and the heat input [5-6]. Higher tool
rotation speed generates higher friction heating and
results in more severe stirring and mixing of material,
while higher welding speed decreases the heat input 1.
The heat input during FSW determines heating/ annealing
in the nugget (stir zone), thermomechanical affected zone
(TMAZ) and heat-affected zone (HAZ) and may result in
recovery and/or recrystallization 7. The microstructure
changes are the most pronounced in the nugget. The
grains are recrystallized, equiaxed and grain size is
strongly dependant of chemical composition and FSW
parameters [6, 8-10]. The size and distribution of the
second phase particles, which have influence on the
mechanical properties, are also changed during FSW
processing [11-12].
The application of EN AW-5083 alloy demands testing
the corrosion resistance of both base metal and welded
joints. Al-Mg alloys with more than 3% Mg, due to the
limited room temperature solubility of Mg in Al matrix
* Corresponding author's.e-mail: milospavlovic@zzz.co.rs

(1.9 wt.% Mg), and precipitation of Mg rich particles (βAl3Mg2 phase) on the grain boundary, are susceptible to
IGC. β-Al3Mg2 phase is determining factor for the
resistance of the AA5xxx alloys to IGC 13-14.
During FSW welding severe plastic deformation and
exposure to high temperatures causes a modification of
microstructure and thus the microchemistry and the
corrosion properties of the welded joints 15-16.
Nitric Acid Mass Loss Testing (NAMLT) [17], is the
most common method for evaluating the susceptibility of
Al-Mg alloys to IGC, since it provides a quantitative
measure of susceptibility.
The aim of this work is to investigate the effect of
welding speed on the mechanical properties and evaluate
the intergranular corrosion resistance of FSW joint of EN
AW-5083 plates.

2.

EXPERIMENTAL WORK

2.1. Material
The material used in this study was commercial plate of
EN AW-5083 (AlMg4.5Mn0.7) alloy, 6 mm thickness in
as-received condition.
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2.2. Welding

a)

The FSW parameters used in this study are given in Table
1. The welding direction was perpendicular to rolling
direction. Tool with conical pin was used 18.
Table 1 – FSW parameters used in this work
Specimen

Rotation speed
(rev/min)

Welding speed
(mm/min)

A

750

73

B

750

150

C

750

190

b)

2.3. Microstructure
The microstructures were characterized by a light
microscope (LM). Metallographic samples were prepared
using traditional grinding and polishing techniques using
up to 3/5 μm diamond paste. To reveal the grain structure,
after electrolytic polishing in perchloric acid, the samples
were etched in Barker’s solution. All micrographs were
taken on the L−S plane
2.4 Surface morphology after IGC test
Surface morphology after IGC test was characterized by a
stereo microscope and scanning electron microscope
(SEM).

c)

2.5. Tensile test
Uniaxial tensile tests were performed using transverse
tensile specimens with 50 mm in gauge length and weld
zone at the center. Test performed at room temperature, at
strain rate of
3.3 ∙ 10
.
2.6. Corrosion test
The corrosion tests were carried out by means of
susceptibility to intergranular corrosion (IGC). The
susceptibility to IGC was determined by the nitric acid
mass loss test (NAMLT) according to the ASTM G67
standard 17. Specimens, with dimensions 50 x 6 mm and
the thickness of the cold rolled plate of 6 mm, were
immersed in concentrated HNO3 at 30C for 24 hours, and
the mass loss was measured. The 50 mm dimension of the
specimens was parallel to the longitudinal direction of the
plate (rolling direction). Three specimens were tested.

d)

3. RESULTS
3.1. Microstructure
Fig. 1 shows the microstructures in welded joint. The
micrograph of grain structure of the base metal (Fig. 1a)
shows elongated grains along the rolling direction.

Fig. 1 Microstructure: a) base metal, b) specimen A; c) specimen B; d)
specimen C.
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Table 2 – Mechanical properties

The fine equiaxed recrystallized grains observed in the
nugget and larger, highly deformed, elongated grains in
advancing and retreating sides in TMAZ. The retreating
side of the nugget and TMAZ of FSW specimens are
shown in the (Figs. 1 b-d). The grain refinement is found
to decrease from the nugget to HAZ.
3.2. Mechanical properties
Mechanical properties of the tested specimens are given
in Table 2. Tensile strength of the FSW specimens is
lower than the base metal and increased with increasing
welding speed. Low elongations were measured after
tensile tests.

Specimen

Rm (MPa)

A (%)

BM

325

21.0

A

171

1.43

B

213

2.6

C

226

3.5

The tensile specimens after tests are shown in Fig. 2. It
was observed that all specimens fractured always along
the nugget/TMAZ surface. This can explain low
elongation during tensile tests.

a)

3.3. IGC susceptibility
3.3.1 Mass loss
Table 3 shows the mass loss test (NAMLT) results. It can
be seen that mass loss of all FSW specimens is, much less
than base metal and less than 15 mg/cm2, which means
that are not susceptible to IGC.
Table 3 – Mass loss in NAMLT test
Specimen

b)

Mass loss (mg/cm2)

BM

16,6274

A

4,0687

B

6,0786

C

6,2126

3.3.2. Surface morphology
The morphology of the cross-section of the welded
specimens after IGC test, observed visually and by stereo
microscope, is shown in Figs. 3 and 4. Visually, surface
morphology attack of the base metal specimens is uniform
(Fig. 3a), while different color of the welding zones and
the base metal and the end of the specimens, observed
(Fig 3c-d). This implies the different corrosion attack of
the FSW welds and base metal.
FSW specimens observed at higher magnification are
shown in Fig. 4. Higher corrosion attack was observed at
nugget/TMAZ interface and along typical "tail” shape
toward face side, at all specimens. This test also revealed
different shape and size of the nugget. At lower welding
speed (specimen A), elliptical shaped nugget observed
with an increase of the welding speed, the size of the
nugget decreases, and near elliptical shape becomes more
irregular.
SEM observation of the base metal specimens revealed
localized intergranular attack on the rolling direction (Fig.
5a), while nugget, TMAZ and HAZ at all FSW specimens
are covered by numerous different size pits. Also,
between “onion layers” observed more intensive
corrosion attack (Fig. 5b).

c)

Fig 2 Specimens after tensile test: a) specimen A; b) specimen B; c)
specimen C.
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a)

a)

b)

b)

c)

c)

d)

Fig. 4 Macrostructure of the welded specimens: a) specimen A, b)
specimen B and c) specimen C. Stereo microscope.

4. DISCUSSION
It is well known that macrostructure of the FSW
specimens, i.e. weld nugget shapes and their size were
strongly affected by the welding speed 19-20. Results in
this work showed that with increases of the welding speed,
the nugget shapes changed and nugget size decreases (Fig.
4). It is assumed that this can be caused by decrease of the
heat input with increasing welding speed 1. Elliptical

Fig. 3 Specimens of EN AW-5083 alloy after NAMLT test: a) base
metal (AR); b) specimens A; c) specimens B); d) specimens C.
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Microscopic observation showed that the applied FSW
parameters also have considerable effects on nugget
structure (Fig. 1). Fine equiaxed grain structure formed in
the nugget zones, due severe plastic deformation and
dynamic recrystallization 21]. The grain size is affected
by the welding parameters, but basically, it should
depend on the heat input 1-3, 22.With increase of welding
speed from 73 mm/min to 150 mm/min i.e. 190 mm/min,
at constant rotation speed, heat input decreased and thus,
it is expected that grain size decreased 2, 23. The lower
grain size provides increase of the strength, what
confirmed by tensile tests (Table 2). The welding speed
influenced the mechanical properties of the welds. The
tensile strength increased with increasing welding speed.
The increase of the tensile strength with increasing
welding speed can be influenced by both, decrease of the
grain size of the nugget due to lower heat input, and
decrease of the FSW welds (nugget) size in the specimens
(Fig. 4), which has lower strength. Mechanical properties
of the FSW specimens were significantly degraded by
present defect, caused by low cohesion between nugget
and TMAZ (Fig. 3), i.e. weak bond interface, so the
tensile strength of the FSW specimens is lower than base
metal. This feature should be subject to further
research/investigation/examination.
According to results of NAMLT test, FSW specimens
have less susceptibility to IGC compared to base metal.
Since the test specimen consist of weld and base metal,
and the total mass loss is sum of these masses, we can
conclude that FSW welds of EN AW-5083 alloy have
lower susceptibility to IGC compared to base metal. SEM
analysis after corrosion tests showed different corrosion
attack of the base metal and FSW welds after NAMLT
test (Fig 5). While severe continuous attack at grain
boundaries observed on the base metal (Fig. 5a),
boundaries remains unchanged in both, nugget and
TMAZ of FSW welds (Fig. 5 b, c), what explained the
high resistance of the FSW to IGC. In the base metal, βphase, which is determining factor for the resistance to
IGC, was almost continuous precipitated at the grain
boundaries. However, in FSW joints it seems that βphase precipitated within the grains. This is attributed to
microstructural changes during FSW. Severe plastic
deformation (stirring) and recrystallization, provide
modification the size and distribution of the second phase
particles and precipitates, giving theirs more uniform
distribution in grains than in the cold worked alloy 7, 19,
as well as dissolution of the continuous precipitated
anodic-phases, which are responsible for IGC resistance
24-25. These results are consistent with reported results
by other authors 26-29, and for another Al-Mg alloy 16
It was also shown, that mass loss slightly increases with
increasing welding speed. Considering the test specimens,
the increase of mass loss can be attributed to decrease in
the size of weld i.e. nugget and TMAZ zone (Fig. 4), as
revealed by macroscopic inspection.

shape of the nuggets was formed due to high rotation
speed. It is in accordance to previously research, which
indicated that elliptical shaped nugget formed at rotation
speed 700 rev/min, while lower rotation speed, 300-500
rev/min, resulted in generation of basin-shaped nugget
zone 19
a)

b)

c)

Fig. 5. SEM. Surface morphology after IGC test: a) base metal; b)
FSW-nugget; c) FSW-TMAZ
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5. CONCLUSION

[7]

The welding speed influenced the size and shape of
nugget of the welds. The increase of the welding speed, at
constant rotation speed, the nugget zone decreases, and its
shape becomes irregular.
The results show that the increasing of welding speed (or
decrease the heat input) at constant rotational speed
increases the tensile strength.
Mechanical properties of the FSW joints were
significantly degraded by present defect, caused by low
cohesion between nugget and TMAZ, i.e. weak bond
interface.
All tested FSW welds are resistant to IGC, evaluating by
mass loss according to NAMLT test. These specimens
showed better IGC resistance than base metal. It is
attributed to microstructure refinement in welded zones
compared to base metal.
IGC resistance slightly degraded with increasing welding
speed. It is attributed to decrease of the size of the nugget,
i.e. increase of the influence of the less IGC resistant base
metal.
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