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Abstract: The microstructure and mechanical characterization of dissimilar friction stir welded AA5083-H111 and AA6351-T6
aluminum alloys were studied. Three different welding speeds (36, 63 and 90 mm/min) were used to weld the dissimilar alloys. The
effect of welding speed on mechanical and metallurgical properties was analyzed. It is found that the welding speed of 63 mm/min
produces better mechanical and metallurgical properties than other welding speeds. The weld zone is composed of three kinds of
microstructures, namely unmixed region, mechanically mixed region and mixed flow region. The fracture mode was observed to be a

ductile fibrous fracture.
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1 Introduction

Dissimilar welding of aluminum alloys AA6xxx and
AASxxx is often faced in the fabrication of aircraft
structures and other structural applications [1].
Numerous welding defects occur in traditional fusion
welding of aluminum alloys such as voids, hot cracking,
distortion, precipitate dissolution, loss of work
hardening, hot cracking and lack of penetration in the
joints [2]. Therefore, solid state welding technique is
preferred to solve those defects.

Friction stir welding (FSW) is an appropriate solid
state welding technique to effectively join any
combination of dissimilar aluminum alloys [3]. FSW was
invented at The Welding Institute (TWI), UK in 1991. A
non-consumable rotating tool harder than the base
material is plunged into the abutting edges of the plates
to be joined under sufficient axial force and advanced
along the line of the joint. The tool consists of two parts,
namely shoulder and pin. The material around the tool
pin is softened by the frictional heat generated by the

tool rotation. Advancement of the tool pushes plastically
deformed material from front to back of the tool and
forges to complete the joining process [4]. Since FSW is
a solid state process, a solidification structure is absent in
the weld. Therefore, all the defects related to the
presence of brittle inter-dendritic and the eutectic phases
are eliminated [5].

Some studies on FSW of dissimilar AASxxx and
AA6xxx joints were recently reported in Refs. [6—10].
LEAL et al [6] elaborated the influence of tool shoulder
geometry on material flow in 1 mm-thick AA5182-H111
and AA6016-T4 joints. A tool shoulder with a conical
cavity was reported to yield an onion ring structure.
PARK et al [7] investigated the effect of material
locations on the properties of 2 mm-thick AA5052-H32
and AA6061-T6 joints and a proper mixing of dissimilar
aluminum alloys was observed when AA5052-H32 was
kept in the advancing side. PEEL et al [8] studied the
effects of tool rotational speed and traverse speed on the
microstructure, hardness and precipitation distribution of
3 mm-thick AA5083 and AA6082 joints. STEUWER et
al [9] quantified the effect of tool rotational speed and
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traverse speed on the residual stresses of 3 mm-thick
AA5083 and AA6082 joints. ELANGOVAN and
BALASUBRAMANIAN [10] reported that the welding
speed has greater influence on the tensile strength. YAN
et al [11] studied the dissimilar friction stir welding
between AAS5052 and AZ31 magnesium alloy and
reported that at the top of the stir zone, AA5052 and
AZ31 alloys are simply bonded, while onion ring
structure which consisted of aluminum bands and

magnesium bands is formed at the bottom of the stir zone.

The microstructural evolution of dissimilar welds as a
function of processing parameters has been widely
studied to find the behavior of AA6061-AA2024
materials [12].

In this work, an attempt is made to join 6 mm-thick
aluminum alloys AA5083-H111 and AA6351-T6 using
FSW and investigate the effect of welding speed on the
microstructure and tensile strength of the dissimilar
joints.

2 Experimental

A FSW tool made of high carbon and high
chromium steel (HCHCr) having straight square (SS) pin
profile without draft was used to weld the alloys. The
tool had a shoulder diameter of 18 mm, pin diameter of 6
mm and pin length of 5.7 mm. The FSW tool was
manufactured using CNC turning center and wire cut
EDM (WEDM) machine to get a accurate profile. The
tool was oil hardened to 63HRC.

Aluminum alloys AA6351-T6 and AAS5083-H111
were used in this work. Their chemical composition is
shown in Table 1. Plates with dimensions of 100 mmx
50 mm X 6 mm were prepared from the rolled plates.
AA6351-T6 and AAS5086-HI111 alloys were respectively
kept on the advancing side and retreating side of the joint
line. The FSW line was parallel to the rolling direction of
AAS5083-H111 and perpendicular to the rolling direction
of AA6351-T6. This joint choice was made to induce the
most severe mechanical combination [13]. The dissimilar
butt welding was carried out on an indigenously built
FSW machine (M/s RV Machine Tools, Coimbatore,
INDIA). Three joints were fabricated at three different
welding speeds of 36, 63 and 90 mm/min. The rotational
speed was kept as 950 r/min. After the welding process,
the joints were visually inspected for exterior defects and
it was found that the joints were free from any external
defects. A specimen was cut from the welded plate
perpendicular to the FSW line to carry out the
microstructural characterization. The specimen was
prepared as per standard metallographic procedure and
etched with modified Keller reagent followed by Wecks
reagent. The digital image of the macrostructure of the

etched specimen was captured using a digital optical
scanner. The microstructure was observed using an
optical microscope and scanning electron microscope.
The tensile specimens were prepared as per ASTM ES8
standard. Three such tensile specimens were prepared
and the average ultimate tensile strength (UTS) was
taken. The UTS was estimated using a computerized
universal testing machine. The fractured specimen of the
maximum tensile strength was observed using a scanning
electron microscope.

Table 1 Chemical composition of AA6351-T6 and
AAS083-H111 alloys (mass fraction, %)

Alloy Si Zn Mg Mn Fe Cu Ti Al

AAgESI' 0.907 0.89 0.586 0.65 0.355 0.086 0.015 Bal.

Aﬁsl??} 0.045 0.04 476 0.56 0.140 0.020 0.054 Bal.

3 Results and discussion

FSW of 6 mm-thick aluminum alloys AAS5083-
H111 and AA6351-T6 was accomplished. The flow
stresses of the two aluminum alloys are different.
Aluminum alloy AA5083 offers more resistance to
plastic flow compared with AA6351 [14]. The crown
appearance of the dissimilar weld is shown in Fig. 1.
Semicircular features which are identical to those
produced during the conventional milling process can be
seen on the crown. The rubbing of the FSW tool shoulder
on the plates forms such features which are known as the
wake effect [15]. The crown presents the smooth
appearance without the presence of voids, cracks,
depressions and excessive flashes. The macrostructure of
the dissimilar joints is revealed in Fig. 2. It is evident that
the joint has no defects such as tunnels, piping or worm
hole. The macrostructure suggests that the sufficient
frictional heat is formed at the chosen parameters to

- .

Fig. 1 Crown appearance of dissimilar weld
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Fig. 2 Macrostructure of dissimilar weld at welding speed of
63 mm/min

plasticize both the aluminum alloys which yielded
defect free weld. The transportation of plasticized
material from advancing side to retreating side is
uniform from top to bottom of the joint due to the
straight pin profile of the tool employed in this work.
The various zones typically present in FSW of aluminum
alloys are visible. The macrostructure consists of base
metal (BM), heat affected zone (HAZ), thermo-
mechanically affected zone (TMAZ) and weld zone
(WZ).

The weld zones are revealed in Figs. 3—5. It is
evident from the figures that the microstructure of the
dissimilar joint is dependent to a large extent on the
position within the weld zone. Different microstructures
are observed while moving across the breadth and depth
of the weld zone. All the observed microstructures can be
categorized into three different regions, namely unmixed
region, mechanically mixed region and mixed flow
region. The formation of three kinds of regions within
the weld zone agrees to the reports on the dissimilar
friction stir welded aluminum alloys [3,12,16]. The
formation and characterization of the three regions are
detailed as follows. The unmixed regions (Figs. 3(b),
4(b), 5(b)) contain the recrystallized microstructure of
either AA5083 or AA6351 alloy. This region is observed
at the top of the joints closer to shoulder region. The fine
grain structure indicates that this unmixed region
experienced dynamic recrystallization during welding.
The mechanically mixed regions (Figs. 3(f), 4(c, d) and
5(c—e)) contain the microstructure of both the aluminum

—_—
100um

Fig. 3 Microstructures of various regions in weld zone using SS tool pin profile at welding speed of 63 mm/min: (a) Weld zone;

(b) Unmixed region, zone 4; (c—¢) Mixed flow region, zones B—D; (f) Mechanically mixed region, zone £
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Fig. 4 Microstructures of various regions in weld zone using SS tool pin profile at welding speed of 36 mm/min: (a) Weld zone;
(b) Unmixed region, zone 4; (c, d) Mechanically mixed region, zones B and C

Fig. 5 Microstructures of various
regions in weld zone using SS tool pin
profile at welding speed of 90 mm/min:
(a) Weld zone; (b) Unmixed region,
zone A; (c—e) Mechanically mixed
region, zones B—D

100um
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alloys. The etchant reveals that AAS083 is darker and
AAG6351 is lighter in color. The plasticized dissimilar
alloys are mechanically coupled to each other. The
penetration of one aluminum alloy into the other is not
fully accomplished. But dynamic recrystallization of
grains is evident. The mixed flow regions (Figs. 3(d, e))
contain a alternative lamellae structure of both the
aluminum alloys. A complex vortex like flow pattern is
visible. The mixed flow region presents extreme super
plastic flow of plasticized material which creates chaotic
intercalation patterns. The stirring action of the tool
causes intense plastic deformation and in situ extrusion
of aluminum alloys AA6351 and AA5083. The
plasticized material is transported layer by layer, which
forms such a lamellae structure. The penetration and
mixing of both the aluminum alloys in this region is
intense. In general, FSW at higher welding speeds results
in a short exposure time in the weld area with
insufficient heat and poor plastic flow of the metal and
causes some voids like defects in the joints. The reduced

plasticity and rates of diffusion in the material may result
in a weak interface. Higher welding speeds are
associated with low heat inputs, which results in faster
cooling rates of the welded joint. Hence, mixed flow
region was not formed (Figs. 4 and 5) at the highest (90
mm/min) or lowest (36 mm/min) welding speed.

Figures 6(a) and (b) show the microstructures of
base material of AA6351 and AA 5083 respectively.
Different grain sizes of the TMAZ and WZ zones are
also observed in Figs. 6(c)—(e). Figure 6(e) shows the
WZ composed of fine-equiaxed recrystallized grains and
precipitates dispersed in a finer matrix. The fine
recrystallized structure at the weld nugget is due to heavy
plastic deformation followed by dynamic

recrystallization occurring during thermo-mechanical
processing. TMAZ adjacent to the weld nugget is
plastically deformed and thermally affected. TMAZ
exhibits highly elongated grains of aluminum alloy as
shown in Figs. 6(c) and (d) due to stirring but it does not
have crystallized microstructure.

Fig. 6 Microstructures of various zones
of FS welded dissimilar aluminum alloy
at welding speed of 63 mm/min: (a)
Base metal AA6351; (b) Base metal
AA5083; (c) TMAZ of advancing side;
(d) TMAZ of retreating side; (e) Weld

zone
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The welding speed has a strong impact on
productivity in streamlined production of FSW of
aluminum alloy sections. A significant increase in
welding speed is achieved with high weld quality and
excellent joint properties. The effects of welding speed
on tensile strength of the dissimilar joints are shown in
Fig. 7. At the lowest (36 mm/min) and the highest (90
mm/min) welding speeds, a lower tensile strength was
observed. The increase in welding speed leads to the
increase in the tensile strength up to the maximum value,
while further increase in welding speed results in the
decrease in the tensile strength of FS welded joints.
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Fig. 7 Effect of welding speed on ultimate tensile strength

The welding speed prompts the translation of tool,
which in turn pushes the stirred material from front to the
back of the tool pin and completes the welding. The
rubbing of tool shoulder and pin with the work piece
generates frictional heat. The welding speed determines
the exposure time of this frictional heat per unit length of
weld and subsequently affects the grain growth and
precipitates. Optimum exposure time and translation of
stirred material will lead to good consolidation of
material with finer grains. Since joint which experiences
such condition at welding speed of 63 mm/min during
welding exhibited the highest UTS. Decrease in
frictional heat generation with increase in welding speed
was observed. Higher heat conditions prevail at lower
welding speeds with slower cooling rate, which leads to
coarsening of grains and dissolution of precipitates
[10,17]. speeds
consolidation of material, which leads to the reduction in

Lower welding cause improper
UTS owing to the defect. The stirring becomes
insufficient at higher welding speeds. The material
present in the advancing side of the tool does not travel
enough to the retreating side, which causes a defect.
Lower heat generation with faster cooling rate occurs at

higher welding speeds. The tendency of the tool to drag

at higher welding speeds also contributes to the lower
UTS. The welding speed influences the plastic flow of
material, change in grain size and precipitates and
formation of defects.

The factors that determine the tensile strength of
dissimilar aluminum alloy joints are the presence of
macroscopic defects in weld zone and the degree of
plastic flow and amount of mixing of both the materials.
The welding speeds of 36 mm/min and 90 mm/min
induced the defect while the dissimilar alloy welded at
63 mm/min had no defect. The failure location of the
dissimilar joints is shown in Fig. 8. Due to macroscopic
defects, failure takes place in TMAZ sides of AAS5083 at
welding speed of 36 mm/min and in TMAZ side of
AA6351 at welding speed of 90 mm/min. But failure
takes place in the weld zone at welding speed of 63
mm/min.

Fig. 8 Failure regions of dissimilar FS welded aluminum alloy
at welding speed of 36 mm/min (a), 90 mm/min (b) and 63
mm/min (c¢)

g J — "_..~‘ AS, - ! xr
Fig. 9 SEM images of fracture surface of dissimilar welded

alloy at welding speed 63 mm/min at lower magnification (a)
and higher magnification (b)
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The fracture surface of the tensile tested dissimilar
weld specimen is shown in Fig. 9. The fracture surface is
covered with a large population of microscopic voids
which vary in size and shape. The failure of the
dissimilar joint is dictated by the coalescence of those
microscopic voids. The observed failure mode is ductile
fibrous fracture.

4 Conclusions

1) The dissimilar joint shows the presence of
various zones such as weld zone (WZ), thermo-
mechanically affected zone (TMAZ) and heat affected
zone (HAZ).

2) The weld zone is composed of three kinds of
microstructures, namely unmixed region, mechanically
mixed region and mixed flow region.

3) The welding speed influences the formation of
plastic flow region. The joints fabricated at the lowest or
highest welding speeds show the absence of mixed flow
region.

4) The joints produced at a welding speed of 63
mm/min show better tensile properties.

5) The observed failure mode is a ductile fibrous
fracture.
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