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Abstract

Friction stir back extrusion (FSBE) is emerging as a novel method to produce high
strength fine grained metallic tubes. The objective of the present work is to produce
aluminum seamless tubes from solid cylindrical bars using FSBE and to report the
microstructure and mechanical characterization. A die, tool and fixture were designed to
carry out FSBE. A conventional friction stir welding machine was utilized for FSBE. A
cylindrical bar of aluminum alloy AA6061-T6 was kept inside the hole in the die and
extruded by plunging the rotating tool. The microstructure of the produced tubes was studied
using optical microscopy. The microstructure was found to be homogeneous along the tube.
The microhardness and compressive strength of the tube are presented in this paper. The

results indicate that FSBE process is capable of producing sound aluminum seamless tubes.
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1. Introduction

Friction stir welding (FSW) is a novel solid state welding technique invented at The
Welding Institute (TWI), UK in 1991 [1]. Frictional heat is utilized to deform the material
plastically and forge under sufficient axial force to create a joint. The plates to be joined are
clamped rigidly in a fixture and a non consumable rotating tool harder than the base material
is plunged at one end of the joint line. The tool is then traversed along the joint line after a
short dwell period. The rubbing of the tool shoulder on the base material and shearing of
material by the tool pin generates frictional heat. The plasticized material is transported from
one side of the tool to the other side to complete the joint [2, 3]. FSW was initially invented
to join aluminum alloys, but rigorous research work enabled FSW to join various monolithic
materials including magnesium [4], copper [5], nickel [6], steel [7] titanium [8] and
zirconium [9]. The highlight of FSW process is the generation of ultra fine grained (UFG)
structure in the weld zone induced by severe plastic deformation (SPD). Cavaliere et al. [10]
reported the average grain size of friction stir welded aluminum alloy AA6056 to be 4-5 pm.
Hatamleh et al. [11] observed a grain size of 5-12 pm in friction stir welded aluminum alloy
AA7075. Mishra et al. [12] utilized the SPD induced by FSW to generate fine grains in
metallic materials and named the process as friction stir processing (FSP).

UFG materials possess enhanced physical and mechanical properties compared to
their coarse grained counterparts [13]. A range of SPD processes has been investigated by
researchers to produce UFG materials, including constrained groove pressing [14],
accumulative roll bonding [15], cyclic extrusion compression [16], high pressure torsion [17],
equal channel angular pressing [18] and continuous repetitive corrugation and straightening

[19]. It is not feasible to produce UFG tubular material using those processes. However,
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limited SPD processes such as accumulative spin bonding [20], tube channel pressing [21],
high pressure tube twisting [22] and tubular channel angular pressing [23] are available to
produce UFG tubular material . Nevertheless, FSP has attracted the attention of current
researchers to produce UFG structure in metallic materials among the SPD processes. FSP
produces UFG materials due to the intense stirring action of the tool at elevated temperature
caused by frictional heat as well as deformation induced heat [24]. Since SPD occurs at
elevated temperature in FSP, the load requirement and machine rigidity are relatively lower
with respect to other SPD processes. Despite its merits, FSP cannot be applied to produce
UFG tubular material.

A novel process based on the principles of FSP has emerged recently to produce
metallic tubes with a fined grained structure. The process was developed by Farha and was
coined the term friction stir back extrusion (FSBE) in his first report [25]. FSBE produces
fine grained tubes from solid cylindrical bars in a single step. He was successful to produce
sound aluminum alloy AA6063-T52 tubes by FSBE and observed a fine grain structure along
the tube wall. Milner and Farha [26] demonstrated the feasibility to produce magnesium alloy
AZ31 tubes using FSBE. Dinaharan et al. [27] applied FSBE to produce pure copper tubes of
uniform wall thickness. The microstructure was found to be homogeneous along the copper
tube. Khorrami and Movahedi [28] fabricated aluminum tubes using FSBE and identified
several regions in the formed tube.

Tubular materials are vastly used in aerospace, automotive and petroleum industries
worldwide [29]. At this point of time, FSBE process appears to be capable of producing high
strength metallic tubes. However, the knowledge of this promising process is limited. Further
works are needed to establish the process thoroughly across the spectrum of materials to
expand the applications and commercialize the process. Therefore, the current work is

focused to produce aluminum alloy AA6061-T6 tubes of internal diameter 19 mm and wall
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thickness 3 mm using FSBE by appropriate tool and die design and study the microstructure

and mechanical properties.

2. Experimental procedure

2.1. FSBE principle

The FSBE principle is schematically shown in Fig. 1. A cylindrical bar is placed at
the end of the circular hole in the die. A rotating tool is lowered to touch the top surface of
the cylindrical bar. A dwell period is given for initial plasticization of the material to ease the
extrusion process. After the short dwell period, the tool is plunged into the cylindrical bar at
an axial feed. The stirring action combined with axial force imposes SPD on the material.
The plasticized material escapes into the space between tool and die wall and forms the tube.

The tool is finally retracted after extruding the tube to the brim of the hole in the die.

2.2. Design of tool and die

The FSBE setup as presented in Fig. 1 consists of two main components, namely
stirring tool and die. The fabricated tool and the die are shown in Fig. 2. A stirring tool of
diameter 19 mm was designed and made of high carbon high chromium steel (HCHCr). The
end of the tool was tapered to an angle of 10° to facilitate the extrusion process. The taper
angle can be treated equivalent to the extrusion angle in a conventional extrusion process.
The die was designed in a cylindrical shape split into two halves. The die was also made of
the same material as that of tool and was tempered. A hole of 25 mm to a depth of 100 mm
was prepared in the centre of the die. The total height of the die was 130 mm. A special

fixture was made of mild steel to hold the die in position during FSBE.



2.3. Production of aluminum seamless tubes

An indigenously built FSW machine (M/s RV Machine Tools, Coimbatore, India)
was used for FSBE. The experimental setup is shown in Fig. 3. The fixture was secured to the
machine bed. The die was placed on the fixture. A cylindrical extruded aluminum alloy
AA6061-T6 bar of diameter 25 mm and height 50 mm was inserted into the hole in the die.
The inside wall of the hole was lubricated initially to facilitate tube extraction. The
composition of the aluminum alloy is presented in Table 1. The axis of the tool was aligned
with the hole with the aid of a locator bush. The aluminum seamless tubes were extruded as
per the procedure in Fig. 1. The tool was rotated at 1800 rpm with an axial feed of 1.5 mm/s.
An axial force of 10 kN was applied on the tool. The dwell time was approximately 8 s. The
extrusion ratio was 4.2. Neither the die, nor the cylindrical bar was preheated. The parameters
were chosen based on trial experiments. Two tubes were prepared using the same set of

parameters.

2.4. Characterization of aluminum seamless tubes

One of the tubes was sliced into two halves using wire cut EDM. The cross section
was polished as per standard metallographic procedure. The metallographically polished
samples were electro polished in a mixture of perchloric acid and methanol for EBSD studies.
EBSD was carried out in a FEI Quanta FEG SEM equipped with TSL-OIM software. The
microhardness was measured using a microhardness tester (MITUTOYO-MVK-HI) at 500 g
load applied for 15 seconds. Another tube of length 52.5 mm was used to estimate the
ultimate compressive strength (UCS). The UCS was evaluated using a computerized

universal testing machine.

3. Results and discussion



3.1. Macrostructure of aluminum seamless tubes

Aluminum alloy AA6061 tubes were successfully produced by FSBE process.
Typical views of aluminum seamless tube are depicted in Fig. 4. The top view (Fig. 4a)
shows that the wall of the tube is formed completely. There are no cracks in the cross section.
The outer view (Fig. 4b) of the aluminum seamless tube shows no visible defects. The
surface is smooth and there are no discontinuities. Spiral markings are also observed, which
gives evidence to the material flow during FSBE. The combined rotational and axial
movement of the stirring tool forces the plasticized material to observe three dimensional
spiral paths. The material experiences twisting during the formation of the tube. Farha [25]
called this phenomena as spiral friction stir processing. He observed a lip like structure at the
end of the tube. No such lip like structure is seen in Fig. 4b. Such a structure was observed in
trial tubes (Fig. 4b) in the absence of dwell period or allowed to extrude outside the die hole.
Jerking was experienced when the stirring tool was plunged without any dwell period. The
blackish appearance on tube surface (Fig. 4d) is due to the application of high temperature
lubricant inside the die hole. The lubricant avoids sticking of the extruded aluminum
seamless tube with the die. The cross section of the aluminum seamless tube along the
extrusion direction is depicted in Fig. 4c. No internal defects are present. The figure shows a
prismatic uniform tube. The wall thickness is uniform throughout the extrusion depth. The
stirring tool was not plunged throughout the depth of the hole in the die. A portion of the as
received material was left intentionally for metallurgical characterization. It is evident from

Fig. 4 that FSBE process is capable of producing sound aluminum alloy AA6061 tubes.

3.2. Microstructure of aluminum seamless tubes

The EBSD maps and the corresponding grain boundary maps of the aluminum seamless

tube at several locations are presented in Fig. 5 and 6. The microstructures of the tube wall at
6



various locations are shown in Fig. 5a and b. The grains are highly elongated subsequent to
the extrusion process. The average grain size is ~39 um. The variation of the microstructure
of the tube at different locations is negligible. FSBE process produces homogeneous
aluminum seamless tubes. A stir zone is observed at the location marked as “c” in Fig. 4c.
The stir zone microstructure is presented in Fig. 5c and 6c. Fine equiaxed grain structure is
observed in this zone. The microstructure is analogous to the microstructure commonly
observed in the weld zone of friction stir welded aluminum alloy AA6061 [30]. The stirring
action of the tool creates intense plastic deformation and frictional heating. The result is
dynamically recrystallization phenomenon which is responsible for producing fine grain
structure. The average grain size is ~3.5 pm. The depth of the zone is less than 1 mm under
the center of the stirring tool. Khorrami and Movahedi [28] reported the depth of the stir zone
to be 1.2 mm. The FSBE process parameters such as tool rotational speed, axial feed,
extrusion ratio and tool geometry can have an influence on the depth of stir zone and material

flow characteristics.

The stir zone is initially formed as the rotating tool rubs the cylindrical bar and later
extruded into tube wall. It is evident from Fig. 5 and 6 that the grain size of the tube wall is
higher than the grain size of stir zone. In other words, considerable degree of coarsening of
grains in the stir zone takes place subsequent to extrusion. The coarsening can be attributed to
the characteristic of FSBE and its heat transfer. In the case of friction stir welding of
aluminum alloy sheets, the stirring tool advances continuously. The welded zone undergoes
cooling once the tool advances. But, the isolation of the extruded material from the die hole is
not possible till the total extrusion is completed. The tube continues to be in contact with the
stirring tool. There is no way for the generated frictional heat to dissipate except to be trapped

inside the die hole. The trapped frictional heat leads to grain growth. The result agrees with



the findings of Farha [25]. This necessitates a cooling arrangement for the extruded tube
during FSBE to control the microstructure evolution. A revised die design with internal

cooling passages may be a remedy to alleviate grain coarsening.

An intermediate zone indicated by “d” in Fig. 5 was observed between the stir zone
and the parent aluminum alloy. Khorrami and Movahedi [28] called this intermediate zone as
static recrystallization zone. The intermediate zone underwent changes in microstructure
during FSBE. The microstructure of the intermediate zone is shown in Fig. 5d and 6d. The
grains are equiaxed and bigger compared to stir zone and the parent aluminum alloy. The
average grain size is ~26 um. The intermediate zone is not directly under the rotating tool.
Hence, it did not experience considerable deformation leading to dynamic recrystallization.
Conversely, the intermediate zone might have experienced static recrystallization. The source
can be attributed to the relatively large strain and stored energy present in the initial
cylindrical bar obtained from extrusion process. The continuous frictional heating and
elevated temperature prompt the initial strain to supply more nucleation sites for
recrystallization [31]. The microstructure of parent aluminum alloy AA6061 is presented in
Fig. 5e and 6e. The elongated grains indicate that the aluminum alloy was processed by
conventional extrusion. The average grain size is ~20 um. The grain size of stir zone is lower
compared to base alloy. The FBSE process refines the grain size during stirring and

extrusion.

3.3. Microhardness of aluminum seamless tubes

The microhardness across the aluminum seamless tube is shown in Fig. 7. The stir
zone records lower microhardness in spite of the fine grained structure. The microhardness of
the aluminum seamless tube is slightly higher than the stir zone, but closer to the range of stir

zone. The grain size influences the strength of aluminum alloys. Nevertheless, the precipitate
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distribution is a prevailing strengthening mechanism in heat treatable aluminum alloys [32].
The initial cylindrical bar of aluminum alloy AA6061 was in T6 heat treatment state. The rise
in frictional heat and the exposure time is sufficient to overage the precipitates in the
aluminum matrix removing the effect of T6 heat treatment. Hence, the microhardness of the
stir zone and the tube wall is lower to parent aluminum alloy. Techniques similar to
underwater friction stir welding can be used to alleviate the overaging of precipitates and to
retain the fine grain structure in the tube wall to enhance the hardness [33]. The

microhardness increases from stir zone to parent material due to the presence of precipitates.

3.4. Compressive strength of aluminum seamless tubes

Aluminum tubes are used as structural members in some applications including
automotive frames where they are subjected to crushing loads. Hence, the compression test
was carried out to assess the deformation behavior of the produced aluminum tube. The
crushed aluminum seamless tube after the compression test and the load-displacement curve
are shown in Fig. 8a. The length to diameter ratio of the compression test tube was 2.1. The
mode of failure is concertina or ring mode, which is a preferred mode of failure under
crushing of aluminum tubes [34]. A double barrel shape is formed after compression test due
to a combination of circumferential stretching and axial bending about circumferential
hinges. The crushed aluminum seamless tube shows a high amount of plastic deformation.
This aluminum seamless tube produced by FSBE can absorb a considerable amount of energy
before failure or on impact as it failed under concertina mode. The polished cross section of
the crushed bar (Fig. 8a) shows no visible cracks. The recorded load-displacement curve
during compression test is illustrated in Fig. 8c. This curve is characterized with alternate
high and low peak loads. The curve reaches the maximum load at point A prior to an
axisymmetric deformation. The wall of the tube starts to bend outwards and the force plunges
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rapidly until the complete formation of the first fold. The force reaches its minimum at point
B and begins to rise again. The wall near the deformed zone tends to bend inwards i.e. second
fold forms and another force peak at point C appears. Subsequently, the force decreases to
point D as the wall bends inwards. The load at the time of double barreling was 157.6 kN

which corresponds to an UCS of 760.1 MPa.

4. Conclusions

AA6061 aluminum seamless tubes were successfully produced by FSBE process. No
extrusion defects were seen in the aluminum seamless tubes. The microstructure of the
aluminum seamless tube was found to be homogeneous along the tube. The microhardness of
the tube was observed to be lower compared to base aluminum alloy due to precipitate
overaging. The compressive strength was found to be 760.1 MPa. The aluminum seamless
tube failed in concertina mode. It is evident from the present work that FSBE process is

capable of producing sound homogeneous aluminum seamless tubes.
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