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Abstract:

The objective of this work was to investigate the mechanical and metallurgical
properties in order to demonstrate the feasibility of friction stir welding (FSW) for joining of
6061 Aluminum Alloy. Four rotational speeds, 720, 910, 1120, and 1400 r.p.m and three
traverse speeds 16, 20, and 31.5 mm/min were applied. Metallographic examinations of
friction stir welded plates were carried out using optical and scanning electron microscopy.
Hardness profiles of welded joints were measured using Vickers hardness testing. The
hardness profile at transfer cross sections showed marked decrease in hardness values
depending on welding conditions and position of hardness measurements. The FSW welds
exhibited higher joint efficiencies relative to conventional welding techniques.
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Introduction:

It is well known that, Al alloys have many specific properties and can be used for
many structural parts that need both light weight and high mechanical properties. Recently,
Al alloys have been used in the transportation industry such as high speed trains, shipping
and external fuel tanks of rockets [1]. Structural parts and frames composed of Al alloys must
be welded using the sound welding technique commonly employed in this industry. Fusion
welding of commercial aluminum alloys is generally difficult and not recommended for some
aluminum alloy groups. The presence of protective tenacious oxide film on aluminum alloys
is responsible for such difficulties. Extensive surface preparations to remove the oxide film
are necessary before welding of aluminum alloys.

Many welding defects, such as voids, hot cracking and distortion related to the
melting and solidification were formed in the weld zone when applying fusion welding. The
main problems of fusion welded Al alloys are the precipitates resolution, the loss of the solid
state bonding. Thus, the solid state bonding technique is highly recommended to solve these
problems. Friction stir welding (FSW) technique is recently developed to overcome many of
such difficulties and eliminate the needs for special surface preparation or cleaning prior to
welding of aluminum alloys. [1,2]. FSW is considered to be a solid state welding process in
which the two parts of weld joint are brought into contact and the interface is strongly forged
together under the effect of heavy hot plastic deformation caused by the inserted rotating stir
probe pin[3].. Frictional heating is produced as a result of intimate contact between the
rotating probe shoulder and the upper surfaces of work pieces. The maximum weld zone
temperature was estimated to be in order of 0.6 — 0.8 Ty, where Ty, is the absolute melting
temperature [4-7]. The process variables are mainly the rotational speed, the traverse speed,
the holding pressure, and the tool design. The characteristics of friction stir welding process
make it attractive in advanced applications such as aerospace, automotive and shipbuilding.
FSW technique has the potential to avoid significant changes in microstructure and
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mechanical properties [5, 6]. During FSW process a large amount of straining occurs at weld
centerline, i.e. stir zone, the structure undergoes continuous dynamic recrystallization to grain
of similar dimensions as the sub grains [7, §].

Many researchers tried to study and explain the stir welding process. Reynolds et al. [9, 10]
suggested that FSW process can be roughly described as in situ extrusion process wherein the
tool shoulder, the pin, the weld packing plate, and cold base metal outside the weld zone form
an “extrusion chamber” which moves relative to the work piece They concluded that the
extrusion around the pin combined with the stirring action at the top of the weld created
within the pin diameter a secondary, vertical, circular motion around the longitudinal axis of
the weld.

Guerra et al. [ 11] studied the material flow of FSW 6061 Al. by means of a faying surface
tracer and a pin frozen in place at the end of welding. They concluded that the material was
moved around the pin in FSW by two processes. First, material on the advancing side front of
a weld entered into a zone that rotates and advances simultaneously with the pin .The
material in this zone was very highly deformed and sloughed off behind the pin in arc shaped
features[11].This zone exhibited high Vickers micro hardness of 95. Second, material on the
retreating front side of the pin extruded between the rotational zone and the parent metal and
in the wake of the weld fills in between material sloughed off from the rotational zone. His
zone exhibited low Vickers micro hardness of 35. Further, they pointed out that material near
the top of the weld (approximately the upper one-third) moved under the influence f the
shoulder rather than the threads on the pin.

Colligan[12,13] studied the material flow behavior during FSW of aluminum alloys

They concluded that not all the material in the tool path was actually stirred and rather a large
amount of the material was simply extruded around the retreating side of the welding tool pin
and deposited behind.

London et al. [ 14] investigated material flow in FSW of 7050 Al-T7451 monitored with 6061
Al-30%SiCp and Al-20% W composite makers. They showed that the amount of material
deformation in the FSW weld depending on the locations relative to the pin Ouyang and
Kovacevic [15] examined the material flow behavior in friction stir butting welding of 2024 Al
to 6061 Al.plates. Three different regions were revealed in the weld zone. The first was
mechanically mixed region characterized by the relatively uniformly dispersed particles of
different alloy constituens. The second was the stirring- induced plastic region consisting of
alternative vortex-like lamellae of the two aluminum alloys. The third was the unmixed region
consisting of fine equiaxed grains of the 6061 Al alloy.

They reported that in the welds the contact between different layers is intimate, but the mixing
is far from complete. However, the bonding between the aluminum alloys was complete.
Further, they attributed the vortex-like structure and alternative lamellae to the stirring action
along the welding direction.

Murr and co-workers[ 16 ,18,19,and 31]investigated the solid — state flow visualization in
friction stir butt welding of 2024 Al to 6061 and copper to 6061 Al.

A recent investigation on friction stir lap welding of 2195A1 to 6061 Al revealed that there is
large vertical movement of material within the rotational zone caused by wash and backwash of
the threads[11].they stated that the material entering this zone followed an unwound helical
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trajectory formed by the rotational motion, the vertical flow, and the translational motion of the
pin.

Krishnan[20] investigated the deformation of onion rings in FSW of 6061A1 and 7075A1 alloys
by using different FSW parameters. It was suggested that the FSW process can be thought to be
simply extruding one layer of semi cylinder in one rotation of the tool and a cross-section slice
through such a set of semi cylinder results in the familiar onion ring structure.

Billas et al. [ 21] suggested that the formation of onion rings was attributed to the reflection of
material flow approximately at the imaginary walls of the groove that would be formed in the
case of regular milling of the metal. Although microstructure examinations revealed that an
abrupt variation in grain size and/or precipitate density at these rings[22,23].1t is noted that the
understanding of formation of onion rings is far from complete and an insight into the
mechanism of onion ring formation would shed light on the overall material flow occurring
during FSW.

Tang et al. [24] made an attempt to measure the heat input and temperature distribution within
FSW by embedding thermocouples in the region to be welded in plates of 6061 Al -T6 They
reported that the thermocouple at the weld center was not destroyed by the pin during welding
but did change position slightly due to plastic flow of material ahead of the pin[24]. They also
studied the effect of shoulder on the temperature field by using two tools with and without pin
and showed that no significant difference in temperature when the thermocouples placed at
equal distance from weld seam but on opposite sides of the weld.

It is reported that in FSW OF 1050Al, the peak temperature increased linearly from 190 C to
310 C with increasing tool rotation from 560 to 1840 rpm at a constant traverse speed of 155
mm/min[ 25,26,27] .

Frigaad et al. [ 28] developed a numerical three dimensional heat flow for FSW of age
hardenable aluminum alloy based on the finite differences.

The effect of FSW parameters on temperature was further examined by Arbagast and
Hartley[29]. They reported that for a given tool geometry and depth of penetration, the
maximum temperature was observed to be a strong function of rotation rate(rpm) while the rate
of heating was a strong function of the traverse speed.

In summary , many factors influence the thermal profiles during FSW. It can be concluded
that,: maximum temperature rise within the weld zone is below the melting point of aluminum;
tool shoulder dominates heat generation during FSW ; and maximum temperature increases
with increasing tool rotation rate at constant tool traverse speed and decreases with increasing
traverse speed at a constant tool rotation rate. Also it can be concluded that maximum
temperature rise occurs at the top surface of weld zone.

The aim of the work is to study the effect of welding variables on the mechanical properties
of the weldmets .




Experimental Work:
Materials:

The material used in this study (6061 Al alloy) , was received from Misr Aluminum
Company in the form of cold rolled plates 100x 6.5 mm cross section. Tables 1 ,2 and 3
show the chemical composition, mechanical and physical properties of.6061 Al alloy .

Table (1) : chemical composition (wt%o) of 6061 Al

Approximate melting

range

582-658 C°

Table (2): Mechanical Properties of 6061 Al /composite

Description

Al6061

Table. ( 3 ) Physical Properties of 6061 Al alloy

Coefficient of Thermal Thermal Conductivity : Elastic Modulus
; o o Density

Expansion mm/mm °C W/m."K Jom GPa

at (25°C-77°F) &

Al6061 (22-24) x 10° 150-180 2.7 70

Description

No heat treatment processes were done. Welding specimens were machined to the
following dimensions (75 *150 *5 mm.) . A standard vertical milling machine was specially
prepared to conduct the experiments.

A special tool was designed to be adopted in the vertical milling machine head.

A conical head tool with a shoulder was used A special fixture setup was designed and
fabricated to clamp the two specimens to be welded. The setup proved to be rigid and
reliable. (Fig. 1).




Fig.(1) Setup of friction stir welding

Tool design

A non-consumable cone steel probe was designed to be the stir welding tool .The
design and fabrication of stir welding tool was done based on the general descriptions given
elsewhere [1,7].Tool probe was machined from W100T low alloy steel in the as annealed
condition. After that, the probe was subjected to austinizing temperature (840°C) and then oil
quenched followed by tempering to achieve SO9HRC.

These dimensions obey the recommendations of TWI 2000 b,c related to the tool pin design.
In the present study the tool diameter was 34 mm with a reentrant angle of 1.5 degree at the
trailing edge shoulder and the tapered tool pin diameter was 7.5mm at the tool pin tip.

Welding Procedure:

The welding process was achieved using a modified head in the vertical milling
machine . The plate has been welded along the plate rolling direction. The two pieces to be
welded are brought into contact placed on a steel back plate and tightly clamped with holding
fixtures to the traverse table of conventional milling machine. Fig.1. shows the setup of the
FSW process. The welding tool was rotated in the clockwise direction and the specimens
which were tightly fixed at the backing plate were traveled. After that, the rotating tool pin
was traversed with constant rotational and traverse speeds.

To minimize the stresses on the tool pin, a small diameter hole was drilled in the abutting
face of the weld seem at the welding start point. Firstly the rotating tool pin was inserted in
the pilot and exerted compression to penetrate until the probe shoulder makes complete
contact with upper side of the two mating surfaces. The tool pin rotates for a few seconds
without traversing movement to generate enough frictional heat to plasticize the material
under the probe shoulder. After that, the rotating tool pin starts the traverse motion with a
constant speed

FSW has many welding parameters, such as tool (including shoulder and screw- like probe )
materials and design, tool rotation speed, traverse speed(welding speed) and angle of the tool,
e.t.c.

In this work FSW process was conducted with two variables; rotational speed(rpm) of the
tool pin and traverse speed (mm/min) of the machine table. The rotational speed was chosen
as : 720,910, 1120 and 1400 rpm while the traverse speeds were 16,20, and 31.5 mm/min.

The welded samples were cut to be ready for testing on tension with standard dimensions.
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Testing:

To prepare the welding zone for metallographic examinations, the samples were
ground and fine polished to the mirror surface and then washed, cleaned and dried.

Vickers hardness profile near the weld zone was measured on a cross section and
perpendicular to the welding direction with a 100kgf load for 10s.The readings were plotted
as a function of distance from welding center.

Tensile tests were carried out at room temperature using an Instron—type computerized testing
machine with cross-head speed of 1.9 x10” mm/s. To determine the tensile strength of stir
zone, tensile test specimens were sectioned in the longitudinal direction to the weld line by an
electro discharge machining( EDM.).

The specimens were machined and ground, then cleaned with methanol and dried in a furnace
to avoid inclusions in welding zone. The specimens were prepared to be tested on hardness,
tension, and subjected to optical and scanning electron microscopy (SEM).Microstructural
changes from the weld zone to the unaffected base metal were examined with optical
microscope and SEM (Scanning Electron Microscope).

The light optical microscope was used to examine the welded specimens delineated the
salient microstructural features in the welded parts and to compare grain structure. Eching
with keller's reagent was done, then optical microscope was used. Figures 2 and 3 represent a
typical examples of the difference between various welding regions due to [ 6,34 ]
respectively.

Scanning electron microscopies[ISM-T330A] was used for examining the welded samples
and study the micro structural features of the polished samples

All of the weld metallography was performed on a plane perpendicular to the welding
direction at the weld centerline .
Some tests were done to inspect the defects in welding zone.

Results and Discussion
The weld root surface of all investigated weldments showed visually and

ultrasonically a well joined sound flat surface. The increase in stir-probe rotational speed
enhanced the weld soundness which may be a result of softening process associated with
dynamic recovery and recrystallization process at the weld at the nugget.

Mechanical Properties

Hardness measurements across the centerline of stir welded specimens showed
markedly low hardness values at weld center line (Fig 4). The graphs represent the typical
behavior as of some FSW of aluminum alloys [4, 5]. Such softening phenomenon can be
attributed to the dynamic recovery and dynamic re-crystallization process during FSW of
aluminum alloys .It could be concluded that when rotational speed is more than 1120 rpm
there exists an adversely affects on the softening process. This could be attributed to the
higher degree of strain hardening in weld nugget. On the other hand, the degree of
recrystallization increases with the increase in both rotational and traverse speeds. This
explanation was reached also by many researchers [4, 5, 32, 33, 34, and 37].
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Fig.2. Microstructure classification.
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Fig.3.Microstructure Classification and heat affected Zone (after reference)

For the present alloy it is obvious that dynamic recovery and re-crystallization are the
main softening mechanisms during FSW. This observation is not surprising, considering the
fact that dislocation climb and cross-slip occur readily in aluminum at elevated temperatures
because of the relatively high stacking fault energy. The results of hardness showed a
markedly decrease to about 80-90% of the base metal when traverse speed increases from 16
to 31.5mm/min. This behavior also has been observed when rotational speed increased. Such
decrease in tensile strength could be understood in the light of the dynamic re-crystallization
process. Changes in tensile properties and hardness after FSW are resultant of two different
mechanisms, i.e. the softening mechanism due to dynamic re-crystallization as given in fig.
(10) And the extraordinary grain refining mechanism due to heavy plastic deformation of
highly stable microstructure constituents. The tensile ductility was estimated and found
markedly increased to about four time the base metal ductility. Specimen’s elongation was
less than 30 % of the specimen gage length and mainly concentrated at the weld nugget. The
measurements of hardness, ultimate tensile strength, yield stress and elongation for the
welded specimens are shown in figures 4-7 respectively.
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Macrostructure

All welded specimens were first subjected to visual inspection of weld face surface.
Macroscopic examination of transverse and longitudinal cross section- showed defect free
sound weldments, produced under all applied experimental conditions. Uniform semicircular
surface ripples in weld track were observed. These surface ripples, which have onion rings
configuration, were caused by the final sweep of the trailing edge of the continuously rotating
tool shoulder. A similar observations were made by many researchers [5, 6, 35, and 36].
Figure 8 shows surface ripples in the weld track
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In most investigated specimens, such ellipsoids characterize the macrostructure of
FSW process [5-10]. They represent plastic deformation increments that developed as the
rotating tool pin moved through the joint interface. The presence of such flow lines indicates
that, during the FSW process, the material at the interface of abutting joint, i.e. at weld
centerline was strongly stirred and mixed together, so that it can be considered as a viscous
fluid, which makes swirl movements under the probe- shoulder. As the probe- pin moved in
traverse direction, the temperature decreased, the layer viscosity increased. The transverse
diameter of inner ellipse decreased from 3.28 to 1.70 mm. as the rotational speed increases
from 720 t01400 r.p.m., while the width of the stirring zone was slightly affected by changing
rotational speed. It was found to be 7.8, 7.16, and 7.02 mm. at 720,910, and1400 r.p.m.
respectively. The increase in rotational speed may decrease the viscosity of plasticized
material at the centerline of the weld around the stir probe, and consequently decrease the
diameter of inner stirring ring. The width of stir zone may be expected to be dependent on the
balance between the total heat input and the cooling in the plasticized material. The geometry
of such swirl patterns was found to be in conjunction with welding conditions, i.e. the degree
of plastic deformation and the design of stir probe.
Figures 9 and10 shows a macro structure of the cross section in the weld zone and the
corresponding microstructure of the different welding zone regions respectively.Fig.9
exhibited four distinct micro structural zones; (a) base metal ,(b) heat affected zone HAZ,(c)
thermo mechanically affected zone TMAZ and (d) dynamically re-crystallization zone DRZ.
The plastic deformation at weld interface occurred at a wide range of strain rate and
temperature depending on the location; the distance from weld centerline. Therefore, at weld
nugget two competing mechanisms may acted simultaneously, namely strain hardening and
softening mechanisms, and the observed structure may be the resultant of a repeated cycles of
deformation and
re-crystallization. A significant micro structural change of the investigated alloy was the re-
crystallization process of the weld joint.




Fig.9 Cross section of friction stir weldement of 6061 Al alloy, showing the different
weld zone regions;(a) base metal ,(b) heat affected zone HAZ,(c) thermo mechanically
affected zone TMAZ and (d)dynamically recrystallization zone DRZ.

(c) (d)

Fig.10 microstructures of the different weld zones:
(a) Base metal, (b) HAZ, (c) TMAZ and

(d) DRZ. For 6061 Al alloy welded at 1400 r.p.m. and 16 mm/min.
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Hardness Measurements at the Cross Section of the Weld

The hardness measurements shown in Figs. 11 represent the hardness profiles for
specimens at different rotational speed, and different traverse speeds. The hardness profiles
were taken at three different locations across the weld nugget, i.e. near the weld-face, at
midway through the weld nugget, and near to the root of the FSW joint. The mean values
were plotted against the distance from welding centerline.
In general, the hardness decreases from the base metal towards the weld centerline. This
typical profile is as for some of friction stir welded aluminum alloys [6, 7, 8, 32, and 33] On
the other hand, it decreases from the weld root towards the weld face. However, the hardness
profile shows a more or less saddle pattern near the weld centerline especially near the weld
face. Such softening phenomenon has been attributed to the dynamic recovery and dynamic
re-crystallization processes during FSW of aluminum alloys [34, 37]. The decrease in
hardness from base metal to the centerline of weld nugget at constant rotational speed could
be attributed to the higher degree of softening in the weld nugget.
Changes in tensile properties and hardness after FSW represent the sum of two different
mechanisms i.e. the softening mechanism due to dynamic re-crystallization as given in
Figures 9 and 10, and extraordinary grain refining mechanism due to heavy plastic
deformation of highly stable microstructure constituents. Due to heavy plastic deformation of
highly stable microstructure constituents.

Conclusion Remarks
In the light of the present experimental results the following conclusions could be drawn.

1 - A swirl motion model was introduced to explain the good mixing at the abutting interface of
friction stir weld joint,

2 - The weld soundness was improved by increasing the rotational speeds.

3 - The FSW of 6061 Al alloy has been proved to be efficient and the weldments found
defect free and the machine used and the designed tool proved to be reliable.

4 - Dynamic re-crystallization in the DRZ can be considered a continuous dynamic re-
crystallization (CDR) on the basis of dynamic recovery. Sub grain growth associated
with absorption of dislocations into the boundaries is the CDR mechanisms.

5 - Friction stir welds exhibited joint efficiency relative to base metal hardness from 65%
to 111% depending on welding conditions and measurements location although the
observed tensile strength of F.S.W welded 6061 Al was much higher than that reported
after welding of the same material with other weld processes.

6 - The FSW welds exhibit high ductility of stir zone depending on the welding conditions.
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Figure 11: Relationship between Vickers Hardness Versus Distance From Welding Center at
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