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Abstract

In this study, conventional fusion welding processes: MIG, TIG and solid state process
friction stir welding (FSW) were applied to 6.45 mm thick plates of 5086-H32 aluminium alloy.
The weldments were evaluated by performing microstructural examinations including light
optical microscope (LOM) and transmission electron microscope (TEM) and EDX analysis
as well as hardness measurements. Mechanical testing has been done by means of tensile
and bend tests. Fracture surfaces were examined by LOM and scanning electron microscope
(SEM). Depending on the properties obtained, it has been determined that double pass friction
stir welded joints of 5086-H32 aluminium alloy have superior properties than that of MIG and
TIG welded joints.
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1. Introduction

Among aluminium alloys, 5086-H32 (AlMg4), com-
monly used in defence, shipbuilding, automotive, rail-
way, aviation and aerospace industries, is a represent-
ative non-age-hardenable Al-Mg alloy that possesses
an attractive combination of properties such as light
weight, moderate high strength, good corrosion resist-
ance, workability, proven weldability, good electrical
and thermal conductivity [1–6].
For the joining of aluminium alloys, fusion weld-

ing processes have commonly been used in several in-
dustrial applications. A solid state process-friction stir
welding, (FSW) invented and patented at The Weld-
ing Institute (TWI) of UK in 1991, is considered to
be the most significant development in metal join-
ing in a decade. This relatively new welding process
has initially and particularly been applied for welding
the high strength aluminium alloys and other metal-
lic alloys that are hard to weld by conventional fusion
welding. FSW of aluminium alloys has been used in
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the applications of aircraft, shipbuilding, automotive,
railway, defence industries and attracted extensive re-
search interest due to the potential engineering im-
portance and problems such as reduced strength of
the joints, distortions, residual stresses, gas porosit-
ies, metallurgical precipitations in the weld metal and
HAZ, lack of fusion, high coefficient of thermal ex-
pansion, solidification shrinkage, high solubility of hy-
drogen and other gases associated with conventional
welding [2–10].
The rapid development of FSW in aluminium al-

loys and its successful implementation into commer-
cial applications has motivated its application to more
non-ferrous materials and other metals [2, 9].
In FSW, as a basis, a non-consumable tool with

a special designed pin and a shoulder is plunged into
the abutting edges of the plates to be joined to a pre-
set depth and moved along the weld joint. Heat is
generated through the frictional contact between the
rotating tool shoulder, abutting material surface and
plastic deformation of workpiece [2, 5, 6, 9, 11–14].
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Ta b l e 1. Chemical composition and mechanical properties of base metal

Chemical composition (wt.%)

Si Fe Cu Mn Mg Cr Ni Zn V Ti Al

0.16 0.28 0.09 0.37 4.3 0.07 0.01 0.08 0.02 0.02 Bal.

Mechanical properties

Rp0.2 (MPa) Rm (MPa) Elongation (%)

240 331 15.2

In the literature, friction stir weldability of 5083
aluminium alloy has been investigated by several re-
searchers [8, 14–23]. However, a study about the fric-
tion stir weldability of 5086-H32 alloy has not been
found up to now. It is not only important to show the
feasibility of FSW, but also to delineate its advantages
and/or disadvantages over other techniques [9]. So, the
objective of this investigation is to determine and com-
pare the microstructural and mechanical properties of
double-sided friction stir (FS) welds and conventional
MIG and TIG welds of 6.45 mm thick 5086-H32 alu-
minium alloy. The microstructural investigation of the
weld zones includes light optical microscope (LOM)
and transmission electron microscope (TEM) exam-
inations, EDX analysis as well as hardness measure-
ments with 200 g load. Mechanical testing, tensile and
bend tests were applied and in addition, fracture sur-
faces of the joints were studied and discussed with
macrographs and SEM images.

2. Material and experimental procedures

In this paper, a non-heat treatable 5086-H32 Al-
-Mg alloy which is mainly used in the construction
of tactical military vehicles and shipbuilding has been
used. In Table 1, the chemical composition and the
mechanical properties of the base metal have been
demonstrated.
Welding processes that have been applied to the

base metal are: MIG and TIG as conventional fu-
sion welding processes and friction stir welding as
solid state welding process. Butt joints of double sided
welds were obtained.
MIG and TIG welds were produced semi-automa-

tically in industrial conditions, with an ER 5356
(AlMg5Cr (A)) wire of 1.6 mm diameter in combina-
tion with 99.999 % Argon shield gas. Arc voltage and
welding current varied respectively between 24 V and
26 V and between 180 A and 200 A. I grooves were
cleaned with acetone and stainless steel brush prior
to welding. AISI 4340 (0.40 % C, 0.70 % Mn, 0.30 %
Si, 0.80 % Cr, 1.80 % Ni, 0.25 % Mo) tool was used
for friction stir welding of the plates. M5 threaded

tool had a shoulder diameter of 20 mm and 3.6 mm
height standard pin. The welding tool was rotated in
anti-clock direction with 2◦ tool tilting from the plate
normal. 1600 rpm and 125 mm min−1 tool rotational
and translation speeds were used, respectively.
Visual inspection of the welds was made with ref-

erence to ANSI/AWS B.1.11. Weld reinforcement and
spatter dimensions were measured. All welded plates
were subjected to distortion measurements.
As metallographic examination, the cross sections

of the welded joints were prepared, polished and
etched with modified Keller’s reagent for about 30 s,
visualized as macro- and micrographs using LOM.
TEM investigation has also been applied to the
thermo-mechanical affected zones of friction stir welds
with 30 000×magnification. EDX analysis was carried
out at the BM, TMAZ andWM at the friction stir wel-
ded samples. Microhardness measurements were car-
ried out as line analysis, under 200 g test load at 2 mm
depth from the face and root side of each cross section
of the welds.
For mechanical testing, tranverse tensile and bend

test specimens were prepared from the welded plates
with reference to EN 895 and EN 910 standards, re-
spectively. Weld reinforcement of the specimens was
ground off. The tests were carried out using a servo-
hydraulic test machine at room temperature.
To determine the fracture mode of welded joints,

fracture surfaces of the specimens were examined us-
ing light microscope and scanning electron microscope
(SEM).

3. Results and discussion

After the visual inspection of the plates, MIG and
TIG welded joints were determined to be acceptable
as no surface cracks and discontinuities were detec-
ted. Investigations have shown that the distortion
rates of fusion welded plates, measured as 7.7 mm
and 6.65 mm respectively for MIG and TIG welded
plates, were higher than FSW joints, with 1.1 mm
distortion rate. The results were within the accept-
able limits. Due to the high heat input, the largest
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Fig. 1. Macro photos of specimens: (a) MIG welded, (b)
TIG welded, (c) FS welded.

amount of distortion was determined on the MIG wel-
ded plate.
The microstructural investigation was carried out

on the metallographic specimens of the joints using
LOM, adapted with image analyses system. Macro-
graphs of MIG, TIG and friction stir welded 5086-H32
specimens are illustrated in Fig. 1. Double pass weld

beads can clearly be seen. Figure 1c demonstrates the
friction stir welded sample with an interesting mix-
ture of the material which depends on the welding
parameters.
Micrographs of fusion and friction stir welded

samples are illustrated in Fig. 2. In fusion welded cross
sections, depending on the fusion of the aluminium
alloy and high temperatures experienced by adjacent
material, a fairly wide heat affected zone (HAZ) has
been observed. As the same filler metal has been used
for the MIG and TIG welding, similar microstruc-
tural morphologies have been observed, however some
porosity has been determined in the weld metal (WM)
of MIG welded sample. Based on the microstructural
characterization, three distinct zones have been ob-
served in friction stir welded samples. The nugget zone
with onion ring structure and thermo-mechanical af-
fected zone (TMAZ) that experiences both tempera-
ture and deformation during the process and HAZ,
have been identified. An onion ring structure can be
observed in the nugget zone whose recrystallized fine
grain structure is generated as a result of plastic de-
formation and frictional heating. The nugget with
onion rings and with a structure like pan-cake, the
transition between the nugget and TMAZ, can be ob-
served at the friction stir welded 5086-H32 alloy as
shown in Figs. 2e and 2f.
Thin foil specimens for transmission electron mi-

croscopy (TEM) have been obtained from the base
metal, thermo-mechanical heat affected zone (TMAZ)
and the weld nugget of friction stir welded specimen.
Microstructural examination has been carried out in
a JEOL 3010 TEM operated at 300 kV. Dislocations
and precipitations have been observed in TMAZ of
FS welded specimen as shown in Fig. 3. TMAZ had
higher dislocation density than the base material. In
the TEM analysis of TMAZ, there has been deviation
of the electrons as it means that the particles are ferro-
magnetic. Depending on the data obtained with EDX
analysis of TMAZ, see Fig. 3d, these particles could
be Al6(Mg, Fe) particles.
For the hardness distribution in the weld zones,

the solid solution hardened Al alloys have shown very
different behaviour than the precipitation hardening
alloys as reported by Mishra and Ma [9] and Lee et
al. [24]. In the papers, for precipitation hardening al-
loys, it is explained that a softened region was formed
in the weld zone because the precipitates disappeared
or coarsened by the welding heat. Especially, such a
softening was caused by dissolution and growth of
strengthening precipitates (Mg2Si, MgZn2) during the
thermal cycle of the welding. However, for the solid
solution hardened alloys, generally a roughly homo-
geneous was determined as hardness profile depend-
ing on the dislocation density and strain hardening
mechanism of the alloys.
Figure 4a shows the hardness graph of the wel-
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Fig. 2. Micrographs of the weld zones: (a) MIG weld metal (WM), (b) MIG WM + HAZ, (c) TIG WM, (d) TIG welded
WM + HAZ, (e) FS WM, (f) FS WM + TMAZ.

ded joints. The hardness profile of friction stir welded
5086-H32 sample has been determined almost homo-
geneous similar to the reported graphs in the literature
for the 5083 alloy. It has been explained by Lee et al.
[24], Svensson et al. [25] and Sato et al. [26–28], that
this situation was mainly governed by not only dis-
location density, but also the distribution and size of
the small Al6(Mn, Fe) particles.

Figure 4b shows the mean values of the tensile
properties of MIG, TIG and friction stir welded joints.
Examination of the tensile test results of the welded
joints has demonstrated that the average joint effi-
ciency values of the welded joints are 82 %, 76 % and
85 % of the base material, respectively. The hardness
plots confirm the order of the tensile strength values
of the welded joints. Fracture of the welds occurred in
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Fig. 3. TEM photos of TMAZ of the FS welded specimens: (a) and (b) with dislocations, (c) with precipitations, (d) EDX
analysis.

Fig. 4. (a) First and second pass hardness distributions of MIG, TIG and FS welded joints, respectively, (b) comparison
of mean the base metal strength values with welded joints.

the weld metal (WM) for fusion welded and thermo-
mechanically affected zone (TMAZ) advancing side
for the friction stir welded joints, respectively. The
strength increasing effect of strain hardened 5086-H32
aluminium alloy was eliminated by the high heat in-

put of fusion welding and porosities in weld metal are
the reason of this situation.
Porosities in the weld metals of MIG and TIG

welded specimens can be observed in Figs. 5a–d il-
lustrating the macrographs and SEM photographs
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Fig. 5. Light macrographs and SEM images of the fracture surfaces: (a), (c) and (e) light macrographs, (b), (d) and (f)
SEM photos of MIG, TIG and FS welded joints, respectively.

of fracture surfaces. Figure 5b is an enlarged SEM
photograph showing a dimple pattern that indic-
ates ductile fracture and the porosity in this mat-
rix occurred. Figure 5d also contains the photograph
of dimple patterns and some defects which caused
fracture to initiate. Figures 5e and 5f exhibits the
ductile fracture phenomena of FS welded specimens.
Tensile testing of these joints showed that crack-

ing tended to occur initially at the upper region of
the joint and propagated towards the bottom region
[29].
In the face and root bend test results of the welded

specimens, although MIG and TIG welded specimens
show some cracks, no crack was observed in friction
stir welded specimens, see Table 2. Mechanical testing
by means of tensile and bend tests has proved some
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Ta b l e 2. Bend test results of the MIG, TIG and FS welded joints [29]

Welding process Test type Specimen code Test result

Face bend
M86F1 No crack
M86F2 No crack

MIG

Root bend
M86R1 Harmless crack
M86R2 No crack

Face bend
T86F1 Harmless crack
T86F2 No crack

TIG

Root bend
T86R1 Harmless crack
T86R2 No crack

Face bend
F86F1 No crack
F86F2 No crack

FSW

Root bend
F86R1 No crack
F86R2 No crack

more advantages of the friction stir welding process
compared to fusion welding processes.

4. Conclusions

The conventional MIG and TIG welding pro-
cesses and innovative friction stir welding (FSW) pro-
cesses were successfully applied to join 5086-H32 alu-
minium alloy from double sides as it can be called as
double-pass. The microstructural properties and hard-
ness distributions, mechanical properties, examining
of fracture surfaces of the joints have been studied
in the present work. Following conclusions can be
drawn:
The microstructure of double stir zones was mainly

composed of onion ring structures in the nugget zones
with fine and equiaxed grains, and double TMAZ were
observed because of welding from double sides that im-
proves the mechanical properties. The hardness pro-
file was found roughly homogeneous similar to the ex-
amples in the literature. TEM study has revealed that
TMAZ has higher dislocation density and particles as
confirmed with EDX analysis affecting also the hard-
ness distribution.
The present study has demonstrated that the

tensile properties of FSW joints were more satisfact-
ory than fusion welded joints. All fracture of FS wel-
ded specimens were occurred in TMAZ. Bend tests of
welded plates have shown that FS welded specimens
do not include any defect like fusion welded specimens.
LOM and SEM examinations of the fracture surfaces
exhibited porosities in MIG and TIG welds that have
caused strength values to decrease; however FS welds
do not include weld defects.
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