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Abstract Friction stir forming (FSF) is a solid-state, eco-
friendly spot welding technique primarily applied for lap join-
ing dissimilar sheet metals. The details related to the process
are scarce in literature. The present work explores the potential
of the FSF process for joining dissimilar grade alloys of same
metal, namely aluminum. The effect of tool rotational speed
on the joint formation and mechanical performance of FSF
joints between AA5052-H32 and AA 6061-T6 sheets is stud-
ied through systematic experimentation and macrostructure
analysis. Hardness distribution across the joint, joint morphol-
ogy, and failure modes at varying rotational speeds are also
presented. The tool rotational speed shows significant effect
on the mechanical performance results, zones formed within
the joint, and hardness distribution across the joint. Maximum
lap shear strength, about 6 kN, obtained in the present work is
superior than that of joints fabricated on same material com-
bination with other friction-based joining technologies. The
lower and medium tool rotational speeds, between 500 and
1500 rpm, are the best choices for fabricating FSF joints for
the materials used. Macrostructure analysis revealed that at
lower tool rotational speed (< 1500 rpm), continuous stir zone
is observed, at medium tool rotational speed (1500 rpm), par-
titions within the stir zone are visible, and at higher tool rota-
tional speed (> 1500 rpm), localized stir zones are distributed
over the cross-section. Friction stir form samples showed an
inverted “W”-shaped hardness profile over the cross-section,
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and the joint morphological features are independent of the
tool rotational speed. Failure modes such as partial bond de-
lamination, tear-off, and pull-out occur randomly and have no
systematic correlation with the tool rotational speed.
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1 Introduction

In the past decade, solid-state welding techniques have ac-
quired the attention of manufacturing industry due to its in-
herent advantages, ease of operation, and its ability to emerge
as alternative joining solutions. Processes using joining by
plastic deformation principle, like mechanical clinching and
self-pierced riveting (SPR), became commercially popular.
However, they possess disadvantages like split, lack of me-
chanical interlocking, and neck fracture, due to the severe
plastic deformation in the joint zone [1]. SPR requires
double-sided accessibility and piercing of upper sheet, which
introduces weak zones that can grow into cracks, while load-
ing. Use of mechanical clinching is affected by vibration and
poor esthetic appearance such as downward protrusion of the
lower sheet and limited use on the sliding surfaces and visible
areas.

Friction stir welding (FSW) is the first eco-friendly solid-
state joining process, using stir friction heat, invented by TWI,
England, in 1991 [2]. Since welding of aluminum using con-
ventional techniques is a problematic issue, initial attempts of
FSW were concentrated on joining aluminum and its alloys.
The process was later utilized for joining iron-based alloys
such as stainless steel [3]. More detailed understanding re-
garding mechanisms governing friction-based processes were
obtained through three dimensional finite element simulations
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based on solid mechanics, where material flow, material de-
formations, and formation of weld zones were revealed [4].
Many variants for FSW were developed over the past two
decades including Friction stir processing, Friction stir spot
welding, Friction welding, and many more.

Friction stir processing (FSP) has emerged as a generic metal
working technique where surface modification and material
transfer are possible with the use of a friction stir tool. The
common friction stir processing techniques such as friction stir
surface modification (enhancing the properties of the work met-
al surface), friction stir deposition (depositing hot plasticized
stir tool metal at localized defective zones of another work
metal surface), and friction stir surfacing (metal transfer from
the end of a consumable stir tool creates a coating over the work
metal surface, while stirring) are under research. The following
works regarding FSP techniques show the effectiveness of a
friction stir tool to enhance the qualities of the work piece
surface. A significant microstructural refinement, densification,
and homogeneity in the processed zone were obtained in
AAT075A1-T651 at 400 rpm tool rotation speed and 102 mm/
min transverse speed through friction stir surface modification
[5]. High strain rate superplastic elongations were observed in
friction stir-processed AA7075A1 with a grain size of 3.8 um
[6] and friction stir-processed magnesium alloy AZ31, which
possess remarkable grain refinement and second phase particle
dissolution [7]. The incorporation of the ceramic particles into
the metallic substrate plate is possible through friction stir sur-
facing. Al-SiC surface composites with the surface composite
layer thickness ranging up to 200 um were successfully fabri-
cated through friction stir surfacing [8]. The microstructure of
heterogeneous powdered metallic materials such as cast alloys,
metal matrix composites, and nano-phase aluminum alloys can
be modified by using a threaded friction stir tool. Coarse acic-
ular Si particles were broken and uniformly dispersed, and
healed the casting porosity through FSP, which led to a signif-
icant improvement in both strength and ductility of aluminum
matrix in A356 plates [9]. Fabrication of ultra-fine-grained Al-
AlL,Cu composite [10], aluminum reinforced with nanometer-
sized Al Ti particles [11], and the fabrication of multi-elemental
Mg-Al-Zn intermetallic alloys from thin foils of AZ31, Al, and
Zn [12] were done through in-situ FSP. Incorporation of carbon
nanotubes into copper substrate through FSP enhanced the mi-
crohardness and wear resistance of pure copper [13]. Welding
of non-flat surfaces such as dissimilar thin-walled pipes made
of aluminum alloy and austenitic stainless steel is also possible
with solid-state welding namely friction welding, where the
need of a stir tool is eliminated [14].

Sheet metals can also be lap joined, utilizing local extrusion
forging, by virtue of stir friction heat. Friction stir forming
(FSF) is such a thermo-mechanical process by which lap joints
are produced in similar and dissimilar sheet metal combinations
through simultaneous stir heating and plastic deformation.
Friction stir forming was first proposed by Nishihara in 2003
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[15]. The formation of a macrosize pin from the stirred zone
and subsequently forming a rivet interlock is one of the inherent
and exclusive phenomena happening in FSF.

A few research groups have conducted the study on the
process capabilities and mechanism of joint formation in
FSF. The die temperature measurement during cladding of
AA6061-T6 over S45C steel sheet by FSF was carried out
[16]. Maximum temperature up to 740 K was recorded at
705 rpm and traverse speed of 150 mm/min. It was found that
surface temperatures of the die increase with increasing tool
rotational speed and tool plunge depth. FSF joints between
dissimilar metals like zinc-coated mild steel sheet and alumi-
num alloys namely, AISI 5182 and AA6014, were also fabri-
cated [17]. In addition to the formation of a perfect mechanical
pin interlocking, braze welding was also formed by the diffu-
sion of zinc from the mild steel coating to upper aluminum
alloy sheet. The significance of geometrical characteristics
such as sheet thickness, pre-drilled hole diameter, and anvil
cavity geometry on the joint formation were revealed. Multi-
pin configuration and tapered holes possessed better extensi-
bility and toughness. The effect of tool plunge depth, tool
diameter, and anvil cavity depth on FSF joints in aluminum
to steel sheets was also conducted [18]. It was reported that
even at higher tool plunge depths, anvil cavity filling was not
complete and unfilled space along with voids were visible on
the extruded metal. Modifications on anvil cavity geometry
revealed that direction and amount of work material deforma-
tion under the tool varies from center to the periphery of the
tool. FSF was also utilized for fabricating tungsten embedded
copper (C1100) composite having joint strength of 130 MPa,
using traversing stir tool rotating at 1200 rpm, 0.05 mm tool
plunge, and traverse speed of 100 mm/min [19]. The joint
strength was purely contributed by mechanical interlocking
with no intermetallic formation. It was also revealed that tool
rotational speed and tool tilt angle have a significant impact on
heat input, directional heating, and efficient stirring. However,
FSF applied on dissimilar alloy combination of same metal
has not been studied yet.

FSF shares the same principles of Friction Stir Spot
Welding (FSSW) process. Even though FSSW process is ef-
ficient in creating spot joints, the characteristic key hole left by
the stir tool reduces the mechanical strength of the joint con-
siderably. The thin metal zone generating due to the hook
formation in the stir zone is another reason for strength reduc-
tion in FSSW. The stir mixing of dissimilar materials also
results in intermetallic formation. These drawbacks are elim-
inated in an FSF process, where the use of a pinless tool
prevents the keyhole formation. There is no hook formation
in the stir zone of FSF process. Stirring in FSF process is
mainly intended to plasticize and extrude the upper sheet met-
al through the pre-drilled hole in the lower sheet and the stir
mixing of upper and lower sheet metals is completely absent.
Therefore, the chance of intermetallic formation, which may
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deteriorate the joint strength, is less. Unlike FSW and FSSW, it
is not appropriate to provide dwell time for FSF as dwell time
provides excess heat flux which leads to the severe deforma-
tion of the predrilled hole in the lower sheet.

The use of a friction stir tool to obtain mechanical
interlocking is an entirely modern concept. However, the exact
process analysis and the effect of critical process parameters on
the quality of the joint are not yet elaborately studied. In addi-
tion, the comprehensive study on the characteristics and me-
chanical performance of the FSF joints is scarce in literature.
The viability of the process for attaining joints in dissimilar
grades of same metal is still to be explored. Unlike other joining
processes, in FSF, joining such similar materials is more diffi-
cult than that of dissimilar metal joining, since the chance of
deformation of the lower sheet is more under the frictional heat
flux. Lower sheet also gets plastically deformed by the time
upper sheet attains enough temperature for forging.

In FSF, it is essential to understand the effect of process
parameters such as tool rotational speed, plunge depth and
tool features on the joint quality characteristics. Hence, the
objective of the present work is to conduct a comprehensive
study on the effect of tool rotational speed on the joints formed
by FSF process, with a goal of attaining optimized joint
strength and conducting joint characterization with the help
of mechanical performance studies. The joints formed by FSF
have been characterized by examining joint morphology,
hardness distribution and macrostructural evolution. Lap
shear test, cross-tension test, peel test and tensile test were
conducted to quantify the mechanical performance of the
joints. Defect formation and failure modes are also presented.

2 Methodology
2.1 Principle

The principle behind FSF process is that a rotating tool heats
the upper sheet to a plasticized condition by virtue of frictional

Fig. 1 Stages of friction stir
forming (not to scale) T
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contact, followed by forging and extruding the plasticized
metal through a prefabricated hole in the lower sheet into an
anvil cavity. In this process, plunging of the rotating stir tool
onto the surface of the upper sheet generates frictional heat,
thereby reducing the flow strength of the upper sheet metal.
The heated upper sheet metal is extruded through the pre-
drilled hole provided on the lower sheet which creates the
neck of the joint. The deformed metal finally creates a me-
chanical pin interlock by acquiring the shape of the cavity
feature provided on the upper surface of the anvil block.
Retraction of the rotating tool at this stage completes the joint
formation. Thus, a lap joint formation started by stir heating is
finished by the formation of a mechanical pin interlocking.
Here, the pin interlock acts like a mechanical rivet. The com-
plete process sequence is schematically illustrated in Fig. 1.
The anvil cavity feature determines the shape of the pin
head while extruding the plasticized metal. The diameter of
the head formed should be greater than the diameter of the
predrilled hole to ensure proper mechanical interlock. If the
diameter of the head is nearly equal to that of the pre-drilled
hole, the head formed can be easily pulled out through the hole
resulting in a weak mechanical interlocking. If the anvil cavity
size is increased to form a large pin head, chances are there for
the lower sheet to collapse into the anvil cavity while forging.
A proper design of stir tool is such that it should generate
sufficient and required frictional heat to plasticize upper strip
material to facilitate its easier flow into the anvil cavity
through the pre-drilled hole. The formation of neck and pin
head which determine the joint strength is solely dependent on
the work piece material, tool, anvil designs and the process
parameters like tool rotational speed and tool plunge depth.

2.2 FSF experiments

The FSF experiments were conducted on an indigenous fix-
ture set up fabricated and mounted on a milling machine
(Kirloskar Viking KTM 40) having a wide rotational speed
range from 45 to 3500 rpm. The fixture set up fabricated on a
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Fig. 2 FSF experimental set-up

mild steel plate was capable of clamping samples of various
dimensions for the abovementioned mechanical tests. The fix-
ture had a provision for holding square blocks of anvil at its
diagonal center. The top surface of anvil was machined with a
hemispherical cavity by spark EDM process. The basic ele-
ments of the experimental set up such as friction stir tool,
fixture, anvil, and clamps are shown in Fig. 2. The details
about anvil and stir tool are given in Table 1.

AA 5052-H32 and AA 6061-T6 sheets are used for the
experiments. AA 5052-H32 which forms the upper sheet
was stir-heated and form joined into the lower sheet of AA
6061-T6. Each sheet is of 2 mm thickness. The chemical com-
position of the alloys was obtained through EDX analysis on
Zeiss Sigma 002-B Field emission scanning electron micro-
scope, and mechanical properties were obtained through stan-
dard tensile test and hardness measurement. The chemical
composition and measured mechanical properties of these al-
loys are given in Tables 2 and 3, respectively. The mechanical
properties of the sheet metals were evaluated along the rolling
direction of the sheet by following standard procedures.

The metal strips for lap shear, cross-tension, peel, and ten-
sile test were shear cut from large sheets such that the sheet
rolling direction is oriented along the length of the samples.
The sample dimensions are shown in Fig. 3. A hole of 3 mm
diameter was pre-drilled into the lower AA 6061 strip to en-
able the plasticized upper sheet metal to flow into the anvil
cavity during FSF. The proper alignment of stir tool center,

Table 1  Details of the anvil and FSF tool
Anvil Material Mild steel
Feature Hemispherical cavity on top surface center
Cavity diameter 3.5 mm
Cavity depth 0.55 mm
Tool  Material H13 tool steel
Feature Pinless
Shoulder diameter 14 mm
Shoulder length 25 mm
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AA 6061-T6

(Lower sheet)

pre-drilled hole center on lower sheet, and anvil cavity center
along a straight line is important for the formation of a sound
FSF joint. The axis of an FSF joint can be considered to be
perpendicular to the plane of the sheets passing through the
center of the stir spot.

The joints were prepared by varying the tool rotational
speed from 500 to 3000 rpm at increments of 500 to obtain
the effect of tool rotational speed on the mechanical perfor-
mance of FSF joints. FSF samples fabricated at lower (500,
1000), medium (1500, 2000), and higher (2500, 3000) rpms
were subjected to various mechanical tests and joint cross-
sectional studies.

Throughout the experiments, the plunge rate, plunge
depth, and direction of tool rotation were kept constant
at 0.002 mm/s, 1.5 mm and clockwise direction respec-
tively. Dwell time is not used. Two FSF samples were
prepared for each tool rotational speed to ensure the re-
peatability of the tests. It took nearly 13 min to form an
FSF joint. The joint strength tests were carried out on a
100 kN Instron-Dynamic Universal Testing Machine
(Model: 8801J4051) where the extension rate was kept
constant at 1 mm/min for all the tests.

2.3 Mechanical tests

Lap shear test is commonly used for evaluating the shear
strength of a lap joint where tensile shear load is applied per-
pendicular to the axis of the FSF joint. Samples were loaded in
the grippers of Instron machine with doublers at the grippers
in such a way that the tensile load was applied parallel to its
length direction. It was ensured that all lap shear samples
failed at the joint location only.

Cross-tension test is commonly used for evaluating the
bond strength of a lap joint, where tensile load is applied
parallel to the axis of the joint. The upper and lower sheets
were aligned to a cross overlapping at the mid-section and
joined at its center by FSF process. The samples were loaded
in the grippers of Instron machine using custom made fixtures.
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Table 2 Chemical composition of the base materials (in % wt.)

Materials Si Fe Cu Mn Mg Cr Zn Ti Al
AA 5052-H32 <02 0.1-0.3 <02 0.1-0.2 2.8-42 0.2-0.3 <03 - Remaining
AA 6061-T6 0.6-0.9 0.2-04 0.2-0.3 <0.1 14-1.8 0.1-0.4 <02 <0.15 Remaining

Peel test is mainly intended to determine the joint
strength when the FSF sample is subjected to peeling off
operation by pulling the two sheets apart by applying
tensile load. The upper and lower sheets were aligned to
full overlap and joined at its center by FSF process. The
ends of the samples were later bent manually, without
affecting the joint, to create space for clamping in the
grippers of the testing machine. The samples were loaded
in the grippers of Instron machine in such a way that the
tensile load was applied parallel to the FSF joint axis.

The above tests were intended to determine the
strength of the joint under various loading conditions.
The tensile test on FSF samples is performed to evaluate
the formability of the joint under uniaxial tensile loading
condition. A tensile specimen with FSF joint at the center
of the gauge region was subjected to tensile loading.
Unlike abovementioned strength tests, where the sheet
transfers the load to the FSF joint location, in tensile test,
the load is simultaneously shared between the FSF joint
and the adjoining sheets of the gauge length region, which
enables formability of the FSF joint along with extension
of the sheets under uniaxial tensile load. The upper (AA
5052-H32) and lower sheets (AA 6061-T6) were initially
wire cut to tensile specimens. The cut specimens were
overlapped to a single sample and joined at its center by
FSF process. The test specimens were aligned with the
center line of the grippers of the testing machine to ensure
that only axial tensile stress is developed within the gauge
length, without any bending stresses.

In all the mechanical tests, the load-progression data, load
at failure, extension at failure were recorded. The failure
modes were also observed and analyzed.

Table 3  Mechanical properties of the base materials (along 0° rolling
direction)

Mechanical properties AA 6061-T6 AA 5052-H32
Tensile yield strength (MPa) 22545 £ 13 15539 £ 2
Ultimate tensile strength (MPa) 30840 £ 5 212.705 £ 2
Total elongation (%) 2144 +7 1482 + 1
Vickers microhardness (HV) 998 £6 774 £9
Strain hardening exponent, n 0.15 £ 0.003 0.161 £ 0.002
Strength coefficient, K (MPa) 489.78 + 8 355636
Plastic strain ratio, R 0.707 0.589

2.4 Macrostructure, joint morphology, and hardness
analyses

The macrostructure analysis of the joint cross-section provides
information about the effectiveness of the joint formation,
metal flow evolution, defect formation and the distinction of
various zones in an FSF joint. The FSF joints were sectioned
perpendicular to the length of the sample to reveal the joint
cross-section. The cross-section was initially rough finished
with emery paper with grit size ranging up to 2000 and fine
finish is obtained by polishing with a velvet cloth treated with
silvo shine liquid. The polished samples were mild etched
with Kellers reagent (190 ml distilled water, 5 mL HNOs,
3 mL HCI, 2 mL HF) for 20 s. The macrostructure images
were taken using Zeiss Axiocam MR3 Microscope at 50x
zoom.

Microhardness measurement on FSF samples fabricat-
ed at low, medium and high tool rotational speeds were
conducted by Vickers indentation method using 500 gf
load for 10 s in Buehler MMT3-B Micro Vickers
Hardness Tester. Hardness values were taken along the
finely polished cross-section of the FSF joints. Array of
indentations with 2 mm spacing in between were per-
formed along the joint cross-sections starting from the
upper AA5052-H32 strip at one end, through the bonded
region up to the other end at a depth of 1 mm from the
upper surface (A-Q). Further at the bonded region, one
more array of indentation was taken at a 2 mm depth from
the upper surface (R-Z) in order to estimate the variation
in hardness along the depth of the bonded region. The
location of hardness measurements (A-Q and R-Z) is
shown in Fig. 4.

Joint morphology analysis refers to the measurement of
various structural features developing in an FSF joint and
studying the influence of tool rotational speed on its forma-
tion. Macrodefects can affect the esthetic appearance of the
joint and features like mechanical pin interlock and bond
width affects the joint strength. Measurable features include
macrodefects such as flash width and flash height of upper and
lower sheets (USFW, USFH, LSFW, and LSFH, respectively),
upward and sideward bulging of upper sheet (UB and SB),
final plunge depth (FPD), joint thickness below the stir spot
(SST) and other intrinsic FSF joint features like width and
height of mechanical pin (PW and PH) and metallurgical
bonding (BW). The joint features are represented over a typ-
ical FSF joint cross-section in Figs. 5 and 6. The
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Fig. 3 Dimensions of the test samples for various mechanical tests (all dimensions are in mm, not to scale)

abovementioned geometrical features were measured using a
USB digital microscope (DinoliteDinoCapture 2).

3 Results and discussion

In this section, the effect of tool rotational speed on the joint
strength and extension at failure through four different me-
chanical tests, evolution of macrostructure and joint

Fig. 4 Location of hardness
measurements along the joint
cross-section

morphology, and modes of failure during testing of the joints
are analyzed.

3.1 Performance during lap shear tests

The average fracture load for lap shear samples is plotted
against tool rotational speed in Fig. 7a. The fracture load from
500 to 1500 rpms remains almost same at about 6 kN, and it
decreases from 1500 to 3000 rpms. A 35% decrease in
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Fig. 5 Morphological features of
the FSF joint cross-section (UB—
Upward Bulging, LSFW—Lower
Sheet Flash Width, LSFH—
Lower Sheet Flash Height,
USFW—Upper Sheet Flash
Width, USFH—Upper Sheet
Flash Height, SST—Stir Spot
Thickness, FPD—Final Plunge
Depth)

fracture load is observed when the tool rotational speed is
increased from 500 to 3000 rpm.

The average extension at fracture load for lap shear samples
is plotted against the tool rotational speed in Fig. 8a. The
extension at fracture load increases from 500 to 1500 rpm.
FSF samples for 2000 to 3000 rpms show comparatively
low extensibility. A 118% increase in average extension is
observed when tool rotational speed is increased from 500 to
1500 rpm. Further a 60% decrease in extension is observed
when tool rotational speed is increased from 1500 to
3000 rpm. On the whole, it is found that FSF joints exhibit
larger lap shear fracture load and larger extensibility at medi-
um rpm. FSF sample for higher rpm exhibits lower lap shear
strength and lower extensibility.

3.2 Performance during cross-tension test

The effect of tool rotational speed on the fracture load during
cross-tension test is shown in Fig. 7b. The cross-tension frac-
ture load increases from 500 to 1000 rpm followed by de-
crease in fracture load up to a minimum at 3000 rpm. A
59% decrease in the cross-tension fracture load is observed

Fig. 6 Morphological features of
the FSF joint cross-section
(PW—Pin Width, PH—Pin
Height, BW—Bond Width, SB—
Sideward Bulge)

when tool rotational speed is increased from 1000 to
3000 rpm.

Figure 8b shows the change in extension at fracture with
tool rotational speeds for cross-tension test. The average ex-
tension increases from 500 to 1000 rpm and decreases up to
3000 rpm. A 62% decrease in extensibility is observed when
tool rotational speed increased from 1000 to 3000 rpm. In
summary, FSF sample for higher rpm exhibits lower shear
strength and lower extensibility than that at lower and medium
rpms.

Similar to lap shear test results, cross-tension samples at
high rpms show poor strength and extensibility. The main
reason for the variation in strength and extensibility is the
influence of frictional heat generation at various tool rotational
speeds. From the mechanical tests, it is seen that the extreme
heat generation in FSF joint formation at high rotational
speeds like 3000 rpm has created a negative impact on both
fracture load and extensibility. It is seen that the some of the
cross-tension samples showed considerable extension of
about 20 mm because of the peculiar nature of the cross-
tension test, where the strips of the cross-tension sample un-
dergoes unbending before the tensile load gets concentrated
on the spot joint during the test. More details related to this

@ Springer
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Fig. 7 Comparison of fracture loads at various rotational speeds during mechanical tests

effect are explained with the help of joint macrostructure in
Section 3.5.

3.3 Performance during peel test

The fracture load for peel test samples is plotted with respect
to tool rotational speeds in Fig. 7c. The peel-off load increases
from 500 to 1000 rpm, and then it decreases from 1000 to
3000 rpm. About 27% decrease in the peel-off load is ob-
served, when the tool rotational speed increases from 1000
to 3000. However, the variation in peel-off load is within
1 kN, which is insignificant.

The extension at peel-off is plotted with respect to tool
rotational speeds in Fig. 8c. The extension at peel-off in-
creases from 500 to 1500 rpms and then decreases from
1500 to 3000 rpms. The extension at peel-oft for FSF samples
joined at medium tool rotational speeds (1000, 1500 rpm) are
comparatively higher than that for samples joined at high and
low tool rotational speeds. About 57% increase in the average
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extension is observed during peel test when the tool rotational
speed increases from 500 to 1500. Further about 49% decrease
in average extension is observed when the tool rotational
speed increases from 1500 to 3000. FSF sample for high
rpm exhibits lower peel strength and lower extensibility.
Similar to cross-tension test, some of the peel test samples also
showed high extensibility due to bending effect of the strip
during the peel test.

It is to be noted that for a sample joined at any particular
tool rotational speed, the fracture load is observed to be
highest for lap shear sample, lowest for peel test sample
and intermediate for cross-tension sample. In general, it
can be concluded that average fracture load and average
extension at fracture load during above tests are found to
be better for FSF samples prepared at low and medium
rpms. Therefore, low and medium tool rotational speeds
are the best choices for FSF joints between dissimilar
grades of aluminum alloys namely AA 5052-H32 and
AA 6061-T6 used in the present work. Literature shows
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Fig. 8 Comparison of extension at fracture for various rotational speeds during mechanical tests

that the tool rotational speed has a similar effect on FSSW
as well. The tensile shear strength of FSSW joints in alu-
minum alloys, namely 2A12-T4 [20] and 6111-T4 [21],
increased up to 1000 and 2250 rpms, and then showed a
decreasing trend with increase in tool rotational speed up
to 1200 and 3000 rpms, respectively. The lap shear test on
FSSW joints between magnesium and aluminum alloys
showed that the weld strength decreased with increase in
the tool rotational speed [22]. Similar results are also

obtained during the present work. Therefore, tool rotation-
al speed has a similar effect on the joint formation in most
of the friction-based spot joining processes like FSSW and
FSF.

Joining of AA 5052-H32 to AA 6061-T6 with FSW and
FSSW was already attempted. Table 4 shows a comparison of
joint strength of these joints with FSF joints of the present
work. It is observed that FSF joints possess superior joint
strength over FSW and FSSW.

Table 4 Comparison of joint

strength of FSF with other joining Joining technique Joint form Test type Maximum load Reference
technologies

Friction stir welding Butt joint Tensile test 5.75 kKN* [23]

Friction stir welding Butt joint Tensile test 4.85 kN [24]

Friction stir welding Butt joint Tensile test 5.93 kN* [25]

Friction stir spot welding Lap joint Lap shear test 4.85 kN [26]

Friction stir forming Lap joint Lap shear test 6.14 kN Present work

*Maximum load is calculated from average UTS given in the reference
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3.4 Performance during tensile test

The effect of tool rotational speed on the ultimate tensile load
during tensile test is shown in Fig. 7d. The ultimate load re-
mains almost same about 18 kN from 500 to 3000 rpms. This
shows that the presence of an FSF joints made at different tool
rotational speeds at the center of the sample has little effect on
the sample strength during the tensile loading. On the other
hand, the extension at ultimate load increases from 500 to
2500 rpm (Fig. 8d). About 89% increase in extension at ulti-
mate load is observed when tool rotational speed is increased
from 500 to 2500 rpm. The increase in the extensibility may
be due to the possible annealing effect of excessive heat gen-
eration at higher tool rotational speed. Heat flux from the stir
zone at higher rpm might have conducted to the surrounding
areas of the gauge length and the resulting heat treatment
effect has brought about some increase in the ductility of the
tensile samples. Thus, samples joined with FSF shows better
formability throughout the rpm range. Literature shows that
the formability of friction stir welded AA 6061-T6 sheets
evaluated through limiting dome height tests possess better
formability than unwelded sheets [27]. Tensile test results
showed that strength and ductility of AA 5052 sheets, joined
through recently developed joining technique such as friction-
stir vibration welded is greater than that of corresponding
FSW samples [28]. Therefore, friction stir based joining tech-
niques have the potential to improve the formability of the
joining sheets.

3.5 Joint macrostructure analysis and its relation
with the mechanical performance tests

FSF samples fabricated at lower, medium and higher tool
rpms namely 500, 1500, and 3000, respectively, are selected
for macrostructure analysis. The complete macrostructure of
the joint cross-section, with schematic representation of vari-
ous zones are shown in Fig. 9a—c. In Fig. 9a, b, at 500 and
1500 rpms, plastically deformed metal from the upper sheet
filled the pre-drilled hole of the lower sheet and further
reached the anvil cavity to form a mechanical interlock.
Therefore, the approximate pin formation has contributed con-
siderably to the improvement of strength and extensibility of
these samples. From Fig. 9c, it is observed that at 3000 rpm,
because of the excessive deformation of the lower sheet due to
extreme heat generation, the anvil cavity is completely filled
by the deformed lower sheet metal. Therefore, the plasticized
metal from the upper sheet failed to reach the anvil cavity. The
pre-drilled hole undergone closure before the downward metal
flow from upper sheet reaches the anvil cavity. Thus, the ex-
treme heat generation at 3000 rpm results in the damage of the
pre-drilled hole on the lower sheet. This is the reason for poor
joint strength and extensibility of FSF samples fabricated at
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high tool rotational speeds in the case of lap shear, cross-ten-
sion, and peel test samples.

It is observed that in the present work, the heat generation
increases with increase in tool rotational speed, which further
affects the joint formation. Literature shows that the heat input
and processing temperature, during friction based joining
technique like FSSW, can be controlled by decreasing the tool
rotational speed and dwell time [29]. It was reported that ini-
tial increase and subsequent decrease in tensile shear strength
with increase in tool rotational speed was mainly due to dif-
ference in the size of the annular bond region and the changes
in the joint microstructure during FSSW of automotive steels.
Similar observations were also found during FSSW of 6111-
T4 aluminum alloy. The temperature profiles revealed that the
maximum temperature attained (573 K) was low at lower tool
rotational speeds, like 1500 rpm, than that at higher tool rota-
tional speeds, like 3000 rpm (688 K) [21]. Likewise, the
amount of frictional heat generated at the stir zone increases
with increase in rpm of the stir tool and intense plastic defor-
mation, during FSSW of AA 6061-T6 plates [30]. High fric-
tional heat generation caused reduction in the viscosity of the
material right under the tool, which further resulted in slippage
rather than stirring. The increase in tool rotational speed led to
intense stirring and larger stir zone size, but the residual stress
formation at the stirred zone induced a negative impact on the
formation of AA 5182 FSSW joints, which resulted in poor
joint strength at higher tool rotational speeds [31]. Therefore,
increase in temperature with increase in tool rotational speed
deteriorates the strength of friction-based spot joining process-
es like FSSW and FSF.

The influence of tool rotational speeds on the joint
macrofeatures is discussed here. The various zones that can
be identified in FSF joints are Stir zone (SZ), Thermo-
mechanically affected zone (TMAZ) and Plastically deformed
metal flow zone (PDZ). Perfect metallurgical bonding is ob-
served at all tool rotational speeds. Therefore, no interfacial
gaps are visible at the joined region. At the center of the tool
impression where the face of the tool touches the upper sheet,
a unique pattern is produced by the stirring of the upper sheet
metal. This represents the stir zone (SZ), which is confined to
upper sheet only. It has been reported that in FSW, the material
mixing patterns and subsequent joint strength are quite differ-
ent for same material combination, depending upon the posi-
tion of the stronger base material relative to the advancing side
[25]. However, no such issues are there in FSF, since it is free
from stir mixing of upper and lower sheet materials.

The “onion ring” pattern commonly seen in FSW and
FSSW stir zones is clearly observed in FSF joints also
(Fig. 10d). The SZ is symmetrically distributed about the cen-
ter of the joint and possesses a shallow “U” shape with max-
imum depth at the center. This shows that direction of flow
and the amount of work material deformation under the tool
varies from center to the periphery of the joint. The width of
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Fig. 10 a Stirred upper sheet
metal adhered to FSF tool face, b
surface roughness, ¢ cracks over
the sample cross-section at
location A in Fig. 9a, d “Onion”-
like pattern on the SZ1 in Fig. 9b

stir zone increases and partitions within the stir zone are
formed with increase in the tool rotational speed as seen from
the macroscopic images. At 500 rpm, SZ is unique and no
partitions in SZ are visible. At 1500 rpm, SZ is localized and
clear separation between the stir zones is visible. At this tool
rotational speed, two distinct stir zones SZ1 and SZ2 are vis-
ible. SZ1 is visible near the upper sheet surface and SZ2 is
visible just below SZ1, at the center, fully enclosed. At
3000 rpm, localized SZs are distributed over the joint cross-
section.

Raj Kumar et al. [24] reported that cylindrical threaded pin
rendered excellent bondage due to effective stirring and
mixing, during FSW of AA5052-AA 6061 aluminum alloys
for which a tensile strength of 4.85 kN was obtained. The FSF
joints in the present work, on the same material combination,
shows a lap shear strength of 6.14 kN wherein stir mixing of
upper and lower sheets is absent. Therefore, stir mixing seen
in FSW and FSSW is not only the primary factor for contrib-
uting excellent strength for friction-based joints in aluminum
alloys but also factors like metallurgical bonding and mechan-
ical interlocking as seen in FSF that play significant roles.

Plastically deformed metal flow zone (PDZ) is located just
below the stir zone, where the stirring of the plasticized metal
is absent. Here, the metal is forged, and metal flow occurs
radially inward into the anvil cavity through the pre-drilled
hole due to compressive pressure generated by the downward
movement of the stir tool. As seen in Fig. 9c, at 3000 rpm, the
SZ and the PDZ are clearly distinguished.

The schematic representation of metal flow directions over
the joint cross-section of 500, 1500, and 3000 rpm FSF sam-
ples is shown in Fig. 11a—c. It can be observed that since the
stir tool is pinless, the SZ metal just beneath the center point of
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the stir tool never undergoes stirring due to the zero torque and
instead it flows in the downward direction through the parti-
tions of the SZ during the downward tool plunge. The down-
ward flow not only enhances the pin formation but also affects
the deformation of the heated lower sheet. The downward
flow is prominent only at lower and medium rpms like 500
and 1500 but absent at 3000 rpm.

The TMAZ is visible on the side walls of the tool impres-
sion (Fig. 9). The frictional contact of lateral surface of the tool
over the side walls and high angular momentum of the tool
contribute the formation of TMAZ. The TMAZ seems to have
moved upwards near the side walls, as shown in samples
fabricated at medium and high tool rotational speeds, due to
intense tool plunge force combined with high tool rotational
speeds. The width of the TMAZ increases with increase in the
tool rotational speed (Fig. 9a—c). At medium and higher rpms,
the TMAZ generated on the side walls of the joint become
prominent, which in turn contributes to the heat generation
(Fig. 9b, c).

Annular stir zone (ASZ) is a feature exclusively observed
in the macrostructure of FSF joint cross-sections. These are
ring-shaped stir zones surrounding the main SZ observed in
the cross-sections of FSF samples fabricated at medium and
higher tool rotational speeds. These are completely isolated
from central SZ and are visible as symmetrical stir zone
islands located on both sides of the central SZ in the FSF
cross-section. The main reasons for the formation of these
ASZs are the outward radial flow of hot plasticized upper
metal due to the downward tool plunge force and the upward
distortion of the lower sheet under the influence of heat flux
from the SZ. The upper sheet possesses both inward and out-
ward radial flow during the tool plunge, which reduces the
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Fig. 11 Schematic representations of the FSF joint cross-section at a 500 rpm, b 1500 rpm, and ¢ 3000 rpm with metal flow directions indicated

thickness of the upper sheet metal beneath the face of the tool.
Inward radial flow of the hot plasticized metal beneath the SZ
promotes the pin formation. Meanwhile, the outward radial
flow of the upper sheet metal due to the high tool plunge force
increases the width of the SZ and the upward distortion of the
lower sheet promotes the formation of annular stir zone from

the main SZ. The ASZ visible at 500 rpm is small sized and
found attached to the central SZ. At 1500 rpm, ASZ is
completely isolated from the central SZ, and at 3000 rpm nu-
merous ASZs are visible.

The macrostructure analysis shows that at high tool rota-
tional speeds, exact rivet-like pin formation from the upper
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sheet stirred metal is not practical. The extreme compressive
pressure developed by the downward tool plunge resulted in
considerable deformation of the lower sheet. Further, the heat
flux from the plasticized SZ accelerated the deformation of the
lower sheet. In addition, the closure of the pre-drilled hole
hindered the smooth extrusion of plasticized metal from the
upper sheet at higher rpm; thereby mechanical pin
interlocking is poorly developed. FSF joint formation is com-
plete only when there is mechanical pin interlocking and met-
allurgical bonding. At high tool rotational speeds, only metal-
lurgical bonding has been generated, but mechanical
interlocking is missing. Thus, it can be inferred that high tool
rotational speeds like 3000 rpm are not favorable for FSF
joints in similar metal combinations. This is particular only
with FSF joint formation in similar sheet metal combination,
for which high heat flux has a negative impact on the joint
formation. However, the joints made at 3000 rpm also possess
a sound joint appearance even though the required forging of
plasticized upper sheet metal through the predrilled hole in the
lower sheet is absent.

FSF joining trials at 500 rpm failed at certain attempts due
to upper sheet failure like sticking of plasticized stirred metal
on the face of the pin-less tool as shown in Fig. 10a. This is
due to higher sticking friction at the tool-upper sheet interface
at lower tool rotational speeds. Excessive tool vibration was
observed for FSF samples fabricated at 3000 rpm. This may
be attributed to the slippage at the tool-upper sheet interface at
higher tool rotational speeds. These vibrations might have
influenced the damage of the pre-drilled hole and the poor
mechanical performance of FSF joints at high tool rotational
speeds. No cracks are visible at the outer surface of the upper
sheet metal extruded into the anvil cavity in the FSF joints
fabricated during the present work despite such observations
were reported, while FSF joints were fabricated between AISI
6014 aluminum alloy and GMW?2 mild steel [32].

3.6 Hardness variation

Figure 12 shows the hardness variation along the upper array
(locations A to Q in Fig. 4) over the cross-section of the FSF
samples fabricated at lower (500 rpm), medium (1500 rpm),
and higher (3000 rpm) tool rotational speeds. The hardness of
the FSF joints is found to be lesser than that of the parent
metals. The inverted “W”-shaped hardness profile typical for
a pin tool friction stir process is observed in all FSF samples.
Highest hardness is observed at the boundary of the stir zone
(locations G and K) where the upward distortion of the lower
sheet is observed. For all FSF samples, SZ possesses lower
hardness and a decrease in the hardness is observed towards
SZ center (location I). This asserts the fact that zero torque at
the center of the pin-less tool induces no stirring other than
downward plunging of the plasticized metal and subsequently
enhances the formation of softer region at the center of the SZ.
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Fig. 12 Comparison of hardness variation along the joint cross-section
fabricated at various tool rotational speeds

An increase in torque in the radial direction of the pin-less tool
induces considerable stirring and subsequent formation of
stronger region towards the SZ periphery (locations H and J).

Beyond the stir zone, hardness values decrease towards the
outer periphery of the cross-section of FSF samples (locations
Fto A and L to Q). A decrease in the hardness of about 25 HV
than the parent metal hardness is observed at the base metal of
the cross-section. This shows that considerable heat flux con-
ducted from the SZ has induced some heating effect on the
surrounding region of the FSF joint.

It is observed that hardness of the SZ decreases with increase
in the tool rotational speed. Maximum and minimum hardness
at the SZ is observed for FSF sample fabricated at 500 and
3000 rpm, respectively. With increase in the tool rotational
speed, the hardness variation between locations G and H, J
and K increases. Maximum variation in the hardness is ob-
served for FSF sample fabricated at 3000 rpm and minimum
for FSF sample at 500 rpm. This shows that increase in the tool
rotational speed has induced considerable stirring and subse-
quent formation of harder regions at the boundary of the SZ.

The comparison of the hardness over the depth of the cross-
section (locations E to M and R to Z of Fig. 5) of FSF sample
fabricated at 1500 rpm is shown in Fig. 13. An inverted “W”-
shaped hardness profile is also observed along the lower array
of indentations. The hardness measurements are coinciding at
locations over the extruded pin namely I and V. Since AA
6061-T6 is harder than AA 5052-H32, lower array of inden-
tation possesses hardness values greater than or equal to that
ofupper array of indentation. Increase in the hardness over the
depth of cross-section is also contributed by the compressive
deformation of lower sheet under the extreme tool plunge
force, though the variation is insignificant.

3.7 Joint morphology analysis

The comparison of morphological features (refer to Figs. 5
and 6) in the FSF joint cross-section is shown in Table 5. It
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is observed that pin width (PW), pin height (PH) and bond
width (BW) which determine the joint strength, remain almost
same for FSF joints when tool rotational speed is varied from
500 to 3000. Stable pin width and pin height ensures that the
anvil cavity filling during pin formation is perfect irrespective
of the variation in tool rotational speed. This shows that tool
rotational speed does not have any influence on those external
geometric features influencing the strength of the FSF joint.
Upward bulging of the upper sheet (UB) is a distortion
defect seen in FSF due to the constraining effect of fixture
clamps that restrict the thermal expansion of upper sheet in
length direction of the sample. The stirring and axial force
might have resulted in excessive upward protrusion of stirred
metal along the lateral surface of the tool, which resulted in
considerable upward bulging of the upper sheet. UB is mini-
mum in case of 1500 rpm, about 2.13 mm, and maximum in
case of 2500 rpm, about 2.65 mm, and at all other tool rota-
tional speeds, UB varies in between. So the change in UB is
insignificant w.r.t the tool rotational speed. The reason may be
that the constant tool plunge depth of 1.5 mm induced almost

T T T
D ER FS GT HU LV JW KX LY MZ N o P Q
Indentation location along the cross section

similar upward bulging of upper sheet throughout the range of
tool rotational speeds. In addition to UB, sideward bulging
(SB) of upper sheet is also observed for all samples.
Maximum and minimum sideward bulge diameter of 18.11
and 17.52 mm is recorded for FSF samples fabricated at
2500 and 1000 rpms, respectively. Since the upper sheet can
freely bulge in upward and sideward directions within the
clamped region, most of the samples show random measure-
ments in bulge values and a trend has not observed with
change in tool rotational speeds.

Plunge depth (FPD) of the tool creates stir spot on the
surface of the upper sheet. Like UB, measured values of the
plunge depth also remains constant with increase in the tool
rotational speed. This is because the upper sheet bulging con-
sequently affects the depth of tool impression on the FSF spot
joint.

Flash is generally a deformation occurs in upper and
lower sheets, where the material is free to bulge out in any
direction (USFW, USFH, LSFW, LSFH). The comparison
of these measurements at various tool rotational speeds

Table 5 Measured values of the morphological features on FSF joint cross-section

Tool rotational PW PH BW UB (mm) SB FPD (mm) USFW USFH LSFW LSFH (mm)  SST (mm)
speed (rpm) (mm) (mm) (mm) (mm) (mm) (mm) (mm)

500 355 056 1647 216+0.06 17.85 4.51+0.13 1.68+0.17 0.79 £0.01 0.58 £0.04 0.81 +£0.014 2.39 +0.14
1000 334 052 160 228+0.13 1811 521 +0.011 1.84 +0.24 0.89+£0 0.50 £0.01 0.74+0 239 +£0.10
1500 358 053 162  213+£0.11 1798 4.62+0.11 126+0.05 0.77+0.06 044 +0.04 0.79+0 2.23 £0.06
2000 3.19 048 1629 237+0.19 17.67 5.10+0.03 148 +0.2 0.78+0.09 0.52+0.05 0.83 +0.043 247 +0.14
2500 3,55 052 1612 265+025 1752 563 +0.11 1.70+0.12 0.71 £0.03 035+0 0.50 + 0.0385 2 +0.09
3000 335 051 1629 241+0.08 17.82 5.01+0 143 +£0.13 0.75+0.01 0.21 +0.03 0.60 +0.0335 2.21 +0.09

(PW—Pin Width, PH—Pin Height, BW—Bond Width, UB—Upward bulging, SB—Sideward Bulging, FPD—Final Plunge Depth, USFW—Upper
Sheet Flash Width, USFH—Upper Sheet Flash Height, LSFW—Lower Sheet Flash Width, LSFH—Lower Sheet Flash Height, and SST—Stir Spot

Thickness)
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shows that flash formation is random in nature and the
width and height of the flash are not varying much w.r.t
tool rotational speed.

Stir spot thickness (SST) of FSF joints fabricated at various
tool rotational speeds is also given in Table 5. The actual SST
is found to be in the range of 2 to 2.39 mm, when 2.5 mm was
the expected SST. The difference between the actual and the
expected SSTs is negligible. Thus, measured values of
abovementioned morphological features show that their vari-
ation is negligible and they are independent of the tool rota-
tional speed during FSF joint formation.

3.8 Miscellaneous joint features

The following are the miscellaneous features generated during
the FSF of AA 5052-H32 and AA 6061-T6 sheets as observed
from the present work.

(1) A small misalignment between stir tool center and anvil
cavity center is visible on the macrostructure of the
500 rpm FSF sample (Fig. 9a), where the pin formation
is affected by the slight eccentricity of the anvil cavity
towards the periphery of the stir tool center. However, the
strength of the joint is not impaired much.

(i1) Cracks are visible throughout the cross-section of FSF
samples fabricated at low and medium tool rotational
speeds, even at the stir mix zone, which might be gener-
ated due shrinkage of the hot plasticized metal during
cooling (Fig. 10c).

(i) Flash is an undesirable defect that occurs over the
upper and lower sheet as a protrusion around the
circumference of the stir spot created by the FSF stir
tool. Flash seems to have little effect on the joint
strength since the formation of the mechanical pin
interlocking and metallurgical bonding is complete
in all joints irrespective of the size of the flash.
However, flash possesses some safety concerns and
affects the esthetic appearance of the joint. The rea-
son behind the formation of lower sheet flash is that
the high plunge depth value of 1.5 mm on a 2 mm
upper sheet have induced some amount of deforma-
tion on the lower sheet also, which resulted in the
upward bulging of lower sheet, generating flash be-
low the circumference of the stir spot.

(iv) Surface roughness is a another feature generated on
the bottom of the lower sheet where it is can be
clearly distinguished by the presence of a vivid cir-
cular roughness area having same diameter as that of
the friction stir tool (Fig. 10b). These rough mark-
ings are generated due to extreme mechanical
squeezing and thermal effect of the FSF process on
the lower sheet.
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3.9 Modes of failure during mechanical testing

Tear-off, partial bond delamination, and pull-out are the three
failure modes observed for FSF samples in lap shear, cross-
tension, and peel tests as shown in Fig. 14.

* In tear-off failure mode, the upper sheet has undergone
tearing off over the circumference of the stir spot leaving
the complete bonded region stuck on the lower sheet. This
mode of failure happens mainly due to the thinning of the
upper sheet near the circumference of stir spot irrespective
of the pin formation.

* In partial bond delamination failure, the bonded region
undergoes partial delamination, finally leaving the extrud-
ed pin and some bonded region at the stir spot over the
lower sheet. This mode of failure is attributed to the poor
metallurgical bonding around the circumference of the stir
spot even though proper pin formation is occurred.

* In pull-out failure, the bonded region has undergone com-
plete delamination resulting in the separation of the upper
and lower sheets apart. Distorted lower sheet hole is also
visible on the samples failed by pull-out mode. Thus poor
metallurgical bonding and imperfect pin formation togeth-
er creates pull-out failure.

The main reason behind the failure modes are the weak
zone formation at critical regions of the FSF joint. The two
critical regions are (a) the outer circumference of the stir spot
in the upper sheet (critical region 1) and (b) the distorted lower
sheet which protrudes upwards and separate the central stir
zone and the annular stir zones (critical region 2).The thinning
of the upper sheet near the circumference of the stir spot is
mainly responsible for tear-off failure. The upward distortion
of'the lower sheet creates weak zone near the surface of the stir
spot, which results in partial bond delamination failure.
Figure 15 shows the schematic of the critical weak zones in
the cross-section of the FSF joint fabricated at 1500 rpm.

Jeon et al. [26] reported that the failure mechanism of AA
5052-AA 6061 FSSW joints under quasi-static shear loads
was strongly affected by the stress concentration induced by
the hook formation near the SZ. Similarly, failure modes in
FSW joints depend on the position of the softer base metal
relative to the advancing side [25]. However, the failure of
FSF joints initiates from the critical regions as mentioned
above. This is the reason for FSF joints showing different
modes of failure other than that in FSW and FSSW joints.

Table 6 shows the summary of the failure modes, at various
tool rotational speeds from 500 to 3000 rpms, of FSF samples
prepared for lap shear, cross-tension, and peel tests. Tear-off
failure is the most common failure seen in FSF samples,
followed by partial bond delamination. Pull-out failure occurs
in very few cases. It should be noted that FSF samples
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Fig. 14 Modes of failure: a tear-
off, b partial bond delamination, ¢
pull-out failure
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prepared at 1500 and 3000 rpms showed all the three modes of
failure during the mechanical testing, while samples made at
other rpms showed any two of the three failure modes.
Therefore, the modes of failure are random and have no ap-
propriate relation with tool rotational speed. Moreover, the
failure modes are random with respect to the trials at same
tool rotational speed for a particular test.

Figure 16 shows the comparison of load-progression be-
havior during cross-tension test of FSF samples fabricated at
500, 1500, and 3000 rpms for the two different joining trials.
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From Fig. 16a, at 500 rpm, it can be seen that for partial bond
delamination failure, just after the initiation of fracture, the
decrease in the load is gradual, till the sample attains full
separation between the upper and lower sheets. Therefore,
partial bond delamination failure is gradual in nature when
compared to tear-off failure although extension acquired after
the initiation of fracture remains almost same for both the
samples. The gradual failure in partial bond delamination
mode is clearly seen in load-progression behavior of FSF
sample fabricated at 1500 rpm, as shown in Fig. 16b. Pull-
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Table 6 Modes of failure

RPM  Lap shear test Cross-tension test Peel test Tensile test
Trial 1 Trial 2 Trial 1 Trial 2 Trial 1 Trial 2
500 Partial bond Partial bond Partial bond Tear-off Tear-off Tear-off Stir spot fracture
delamination delamination delamination
1000  Tear-off Tear-off Tear-off Partial bond delamination =~ Tear-off Tear-off Stir spot fracture
1500  Partial bond Tear-off Partial bond Pull-out Partial bond Tear-off Stir spot
delamination delamination delamination fracture
2000  Tear-off Tear-off Pull-out Pull-out Tear-off Tear-off Base metal
fracture
2500  Tear-off Tear-off Partial bond Partial bond Partial bond Tear-off Base metal
delamination delamination delamination fracture
3000 Partial bond Tear-off Pull-out Tear-off Tear-off Partial bond Base metal fracture
delamination delamination

out and tear-off failures modes are sudden in nature, which can
be seen from the comparison of load-progression behavior of
FSF samples fabricated at 3000 rpm, as shown in Fig. 16c.
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Fig. 17 Modes of failure in
tensile test: a base metal fracture
(500-1500 rpm); b stir spot
fracture (2000-3000 rpm)

reason behind the occurrence of these failure modes is that the
FSF joints have undergone considerable forming before the
initiation of failure during the tensile test. Necking commonly
seen in uniaxial tensile test is also observed in these FSF
samples.

The summary of failure modes during tensile test of FSF
samples fabricated at various tool rotational speeds is also
shown in Table 6. It is observed that FSF samples at lower
rpm show stir spot fracture and those at higher rpm show base
metal fracture. Stir spot fracture occurs when the sample has
not undergone considerable forming, and ultimately, failure
initiates from within the joint. The heat generation at lower
rpm may not be excessive to increase the ductility that most of
the samples fail at the stir spot, which is the critical geometri-
cal inhomogeneity in the tensile samples. Base metal fracture
occurs due to the enhanced ductility of the sheet adjacent to
the FSF joint, which has undergone thermal treatment due to
the excessive heat flux from the stir spot. Thus, base metal
fractures when the strength of the adjacent sheet region is less
than the joint strength. FSF samples fabricated at medium tool
rotational speeds show both the failure modes.

4 Conclusion

Friction stir form joining of 5052-H32 and AA 6061-T6 is
conducted, and the following conclusions are drawn from
the results of the present work.

* FSF can be successfully used to join sheet metals of al-
most same quality, namely AA 5052-H32 and AA 6061-
T6, in which obtained lap shear strength of 6.14 kN is far
better than that of other friction based joining technologies
like FSW and FSSW.

* The mechanical performance studies revealed that the
fracture load and extensibility show an increasing trend
or nearly same trend, with increase in the tool rotational

speed from 500 to 1500 rpm, while a decreasing trend is
observed with increase in the tool rotational speed from
1500 to 3000 rpm.

The main reason for the variation in the joint strength is
the influence of increase in frictional heat generation with
increasing tool rotational speed. The extreme heat gener-
ation at higher tool rotational speeds like 3000 rpm has
deteriorated the fracture strength and extensibility of FSF
samples. No pin formation was initiated at these RPMs.
Therefore, low and medium tool rotational speeds, from
500 to 1500 RPM, are the best choices for fabricating FSF
joints between AAS5052-H32 and AA 6061-T6 sheets.
FSF samples subjected to tensile test showed almost sim-
ilar fracture loads, while an increase in the extensibility is
observed with increase in the tool rotational speed due to
high heat flux.

The optical macrostructure analysis of joint cross-sections
revealed the presence of four distinct zones on the joint
cross-section namely stir zone, thermo-mechanically af-
fected zone, plastically deformed metal flow zone, and
annular stir zone. The increase in tool rotational speed
has resulted in the formation of partitions within the stir
zone and increase in the size of thermo-mechanically af-
fected zone. Upward distortion of the lower sheet due to
heat flux from the stir zone results in the formation of
annular stir zone.

It is revealed that the inward radial flow of plasticized
metal from the plastically deformed metal flow zone
through the pre-drilled hole in the lower sheet results in
the mechanical pin formation.

Inverted “W”-shaped hardness profiles show that the in-
crease in the stirring effect with increase in tool rotational
speed produces harder regions towards the SZ boundary.
In addition, the hardness of the central stir zone decreases
with increase in the heat flux at high tool rotational speeds.
The joint morphology analysis revealed that the formation
of external structural features, which affects the joint
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strength and esthetic appearance, is independent of the
tool rotational speed.

Three modes of failure namely partial bond delamination,
tear-off, and pull-out are observed during the mechanical
performance tests, which are initiated by the critical weak
zone formation due to upper sheet thinning, improper
bonding, and upward distortion of the lower sheet. The
modes of failure are random in nature and they are inde-
pendent of the tool rotational speed.

It can be concluded that the tool rotational speed has a

profound influence on the joint strength of FSF samples.
Generally, Al-Steel spot joining with FSF is more simple as
the bottom steel sheet will act as a rigid body and hence ex-
trusion of Al alloy into the anvil cavity through pre-drilled
hole in the bottom sheet is easier. In this context, joining of
dissimilar grade aluminum alloys with FSF, attempted in the
present work, is a significant contribution.
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