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ABSTRACT

In this work, effects of pin thread and thread interruptions (flats) on weld quality and process
response parameters during friction stir welding (FSW) of 6061 aluminium alloy were quanti-
fied. Otherwise, identical smooth and threaded pins with zero to four flats were adopted for
FSW. Weldability and process response variables were examined. Results showed that threads
with flats significantly improved weld quality and reduced in-plane forces. A three-flat threaded
pin led to production of defect-free welds under all examined welding conditions. Spectral
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analyses of in-plane forces and weld cross-sectional analysis were performed to establish cor-
relation among pin flats, force dynamics and defect formation. The lowest in-plane force spectra

amplitudes were consistently observed for defect-free welds.

Introduction

In friction stir welding (FSW) [1], a non-consumable
rotating tool causes solid state bonding between adja-
cent materials by severe plastic deformation, viscous
dissipation and subsequent consolidation of mate-
rial during its traverse. Among the primary process
control parameters, the geometric variability of the
non-consumable tool is essentially infinite. Typically,
adopted geometries are based on experience with cho-
sen weld material properties; thickness, and imple-
mented welding speed/rotational speed. Of the tool
geometric - variables, pin thread form and features
(flats/flutes) are often-considered to be most influential
parameters to_control weld quality in thick plate since
downward material movement is driven by these helical
features. [2-4] The shoulder-dominated plastic defor-
mation diminishes with increasing weld depth in a thick
section plate [5] regardless of shoulder geometric con-
figurations (concave, flat scrolled or convex shoulders
with/without tool tilting angle) [6-8]. Moreover, with
the development of stationary shoulder tooling, the
effect of uniform heat generation and material trans-
port are being driven by the rotating pin only, which
also showed some promises in improving weld quality
by homogenising through thickness material properties
in the weld [9-12]. Therefore, effective pin design is a
critical issue in the FSW community.

Previously, selection of FSW tool geometries and
pin features was mostly on the basis of intuition
or empirical knowledge [13]. Systematic tool design
concepts are scantily available in the open literature.

Nevertheless, an excellent experimental effort has been
made by Hattingh et al. [14] who investigated the
effect of tool geometries on welding force and mechan-
ical properties of friction stir welds of AA5083 to
understand the key characteristics of FSW process in
light of the interaction of tooling and welding param-
eters. Systematic variation in number of flutes, flute
depth and angles, pin diameter and taper angle, and
thread pitch were reported with the reaction forces
on the pin and correlated with the resulting tensile
strength. However, for a subset of process windows,
taper three fluted pin was reported to be optimum with
high welding efficiency in their study. In other stud-
ies, randomly chosen pin geometric shapes, for exam-
ple square/triangular/hexagonal/octagonal prismatic,
taper square/octagonal were also studied to identify the
effectiveness of these pin geometries for successful fric-
tion stir welds [15-18]. In consequence, there are claims
for local optimum tool geometric configurations under
a range of examined welding parameters.

Interrupting the pin thread with flats/flutes was also
found to be beneficial in FSW by many researchers
for effective material flow around the tool as sup-
ported by experimental investigations [8,14,19-21].
The microstructural observations of weld material in
the front vicinity of pin suggest the trapping of the
materials in the thread and subsequent release near flats
after experiencing one or more rotations along with
the pin as revealed from ultrafine grains with texture
and their orientation from stop action FSW process
[22]. The disrupted material flow by threaded and three
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Table 1. Applied process control parameters studied in this paper.

Welding parameter set: | I 1l v v Vi
Rotation rate (rev min—'): 160 200 240 240 320 400
Welding speed (mm min~"): 102 102 102 203 203 203

flatted pin was also suggested from the observation of
two additional weaker rings or smaller peaks within
the major microstructural band in every third of the
advance per revolution, [5,22]. However, eccentric rota-
tion of an off-centred tool may cause reverse shear
orientation in texture possibly due to the reversal of the
response force components associated with variation in
welding speed [5].

The FSW process forces might be correlated with
quality of welds during FSW. Unfortunately, results and
observations regarding tool parameters’ effect on pro-
cess forces (in-plane reaction forces) are scarcely avail-
able in the open literature. Colegrove and Sherclift [23]
compared the transverse force on trivex and triflute
pins; the trivex pin was found to reduce the downward
force and traverse force (X-axis force).in both exper-
imental and numerical analysis. However, the use of
isothermal material properties caused under-predicted
traverse force in their computational analysis. Trim-
ble et al. [24] experimentally and numerically inves-
tigated the force generation in ESW on smooth and
threaded cylindrical pins. They reported that, the max-
imum vertical forces were evident during the plunging
sequence and reduced-significantly (35% reduction)
during translation. sequence. Moreover, lower maxi-
mum vertical and translational (X-axis) forces were also
reported for threaded pin compared with smooth pins.
Balasubramanian et al. [25] attempted to understand
the material flow phenomena using the tool feedback
forces. The orientations of resultant forces (polar plot
of in-plane reaction for single cycle) were observed to
be shifted towards the retreating side and trailing edge
for welds with wormhole defects which are generally
observed on the advancing side.

The present study deals with the quantification of
the effects of pin thread form and thread features (flats)
on friction stir weldability and process response vari-
ables. The flat numbers on unthreaded and threaded
pins were varied systematically to perform FSW of an
aluminium alloy (AA6061-T651). The behaviour of in-
plane reaction forces and force dynamics was analysed,
to improve the understanding of the FSW process by
correlating tool features, feedback forces and defect
formation.

Experimental methods

ESW was performed on AA6061-T651 using cylindri-
cal tool pins with various features. AA6061 was chosen
for its wide FSW process window: good quality welds,
can normally be produced over a wide range of chosen
parameters. Hence pin feature effects can be examined

in a large processing window. The nominal composi-
tion of AA6061 is: 1.2 wt-% Mg, 0.5wt-% Si, 0.33 wt-
% Fe, 0.28 wt-% Cu, 0.17 wt-% Cr, balance Al. The
solidus and the solution heat treatment temperatures of
AA6061 are 582°C and 530°C, respectively. Tool shoul-
der geometry-and dimension were kept constant, while
pin features were varied in being either unthreaded
(smooth) or threaded and varying the number of flats.
This tool variation was facilitated by constructing the
tools in two pieces with separate pins and shoulders.
The shoulder dimensions were 25.4 mm diameter, sin-
gle scroll with a scroll pitch of 2.54 mm/revolution.
The geometric dimensions of the pins were 12.5mm
in length and 15.9 mm in diameter. One, two and four
flats were machined on unthreaded pins. For a threaded
pin (2.12 mm pitch/12 threads per inch), threads were
interrupted by machining one (1), two (2), three (3)
and four (4) flats. The dimension of this thread pitch
was selected based on previous experimental evaluation
for its ability to minimise wormhole defects in FSW on
various aluminium alloys. [26] For both threaded and
unthreaded pins, the no-flat condition was also exam-
ined in this study. Two, three and four flats were placed
180°, 120° and 90° apart, respectively. All the flats were
machined to a depth of 1.35 mm, which is just beyond
the depth of the thread root. The welding tools used
in this study were made of H13 steel. All tool compo-
nents were austenitised for 20 min, at 980°C followed
by quenching in oil to achieve hardness of 45-48 HRC.
The thickness of weld material is 25.6 mm. Therefore,
all the welds were partial penetration bead on plates
which facilitate avoidance of the effect of backing plate
to maintain similar thermal boundary condition dur-
ing welding. The weld parameters used for this study
are summarised in Table 1.

Welding was performed on the University of South
Carolina (USC) FSW process development system,
using forge force control mode. For each weld parame-
ter set, forge force (Z-axis force) was adjusted to main-
tain similar depth of penetration based on observed
contact conditions between the shoulder and top sur-
face of the welded plate. Temperature during weld-
ing was recorded using a k-type thermocouple spot
welded into the pin at mid depth in between shoul-
der and pin tip along the axis of rotation. Oxidation
was removed from the top surface of each workpiece
using a hand grinder with a nylon bristle disc. Pre-
drilled holes (14.28 mm diameter and 12.2 mm depth)
were made at the weld starting point to ease plunging.
Plates were clamped by finger clamps on a steel back
plate. All welds were performed at 0° spindle tilt angle.
In-plane reaction forces on FSW conventional X-axis
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were recorded from the signal produced from the piston
pressure transducer on the X-axis hydraulic actuator.
Y-axis forces were obtained from forge force load cells
in the spindle carriage. The definitions of the X-axis, Y-
axis forces and their orientations are elaborated in the
section Influence of flats on applied forge force and in-
plane reaction forces’. Tool torque was obtained from a
torque transducer attached to the spindle. Weld power
was calculated from torque feedback and tool rotation
rate.

Metallographic specimens were machined using an
abrasive water jet at a location of 125 mm from the start
of each weld. Standard metallographic procedures were
followed for grinding and polishing steps to prepare the
specimens for macro- and microstructural investiga-
tions. Specimens were chemically etched using Keller’s
reagent (2.5 vol.-% HNO3, 1.5 vol.-% HCI, 1 vol.-% HF
and balance distilled water) for macro- and microstruc-
tural observation, using an Olympus PME 3 optical
microscope.

Results

Investigation of defect formation of AA6061
during FSW with flats in pins

Figure 1(a-b) shows the transverse macro-sections
of the welds with unthreaded pin (Figure 1(a)) and
threaded pin-(Figure 1(b)) having different flat num-
bers. In each macro-section, the advancing side is on
the left. It is interesting to note that the wormhole
defects were not eliminated with the application of flats
to the unthreaded pin, as shown in Figure 1(a). How-
ever, the size of the wormhole defects is mostly depen-
dent on welding parameters, as shown in Figure 1(c).
In the case of unthreaded pin without flats, defect
area increases with increasing tool rotational speed
(circular symbol in Figure 1(c)). Contrarily for the
flatted pins, defect content decreases with increas-
ing tool rotation rate for similar traverse speed (see
Figure 1(c)). Moreover, two and one flatted pins pro-
duce higher defect content in the welds at respectively
102, and 203 mmmin~", welding speed. Nevertheless,
the defects are localised to the near root region on
the advancing side, as the number of flats is increased
without altering the volume of wormholes. This indi-
cates the role of higher flat numbers in improving the
material transport around the pin while also illustrating
that helical features are necessary to produce downward
flow which eliminates root defects. On the other hand,
macro-structural investigations revealed no wormhole
defect, but surface breaking defects for several of the
welds performed with threaded pins had different flat
numbers (Figure 1(b)). Figure 2 (a) and (b) shows
two representative microscopic defects in weld cross-
sections near weld crown. Interestingly, pin with three
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() Area of defect in unthreaded pin as
a function of welding parameters

Figure 1. Weld transverse macro-cross-sections for welding
with pin having different flat numbers and defect area plots as
a function of weld parameters.

flats produced the best results based on the macro- and
microscopic examination.

It was observed that for many of the welding con-
ditions, upon pin retraction, the unthreaded pins had
some material adhering to the trailing side of the flat.
On the other hand, the threaded pin with flats was
found free from this adhesion. Examples are shown
in Figure 3 (unthreaded and threaded pin with flats
are presented in the left and the right images, respec-
tively). This phenomenon of material adhesion might
have effect on tool reactions and will be explained by
correlating tool design and in-plane reaction forces on
the pin in the ‘Discussion’ section.

In summary, it was observed from macro- and
microstructural evaluation that completely defect-free
welds were produced with the threaded pin having
three flats. Hence, the performance of the cylindrical
shape pin having thread pitch of 2.12mm and three
flats was unique for this given set of weld parameters
in producing defect-free welds on this particular weld
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Figure 2. Typical microscopic defect near weld crown with two different-tool features and welding parameters.

Figure 3. Unthreaded pin (left) and threaded pin (right) show-
ing materialadhering to flats (or not).

material. It may be surmised that for the pin geome-
try used, the optimum balance of rotational transport
and vertical transport of material is achieved for the
threaded and three flats tool.

Influence of flats on applied forge force and
in-plane reaction forces

It was mentioned in the experimental procedure section
that force control mode was used for this study; there-
fore, the forge force was adjusted to obtain similar con-
tact condition between weld materials and tool shoul-
der based on the pin feature and welding parameters.
The required forge forces as a function of welding
parameters (rotational and welding speed) are shown
in the form of histogram for different flat numbers in
Figure 4: (i) unthreaded pins in Figure 4(a) and (ii)
threaded pins in Figure 4(b). It is interesting to note
from Figure 4(a) that, required forge force is higher
for higher flat numbers for similar welding condition
in case of unthreaded pins for up to 240revmin~%
rotational speed and minute difference was observed
at 320 and 400 rev min—', However, threaded-only pin

(no flats) always required higher forge force compared
to any other pin features for similar welding parame-
ters (see Figure 4(b)). This is conceptually understand-
able, since materials in the threaded channel are to be
transported in the downward direction continuously
(no interruption for threaded-only pin) resulting in
an upward thrust on tool for a right-hand-threaded
pin rotating in counter-clock wise direction. Hence,
additional forge force is required in this case.

Tool feedback forces were analysed to reveal effect of
flats on in-plane reaction forces during FSW. Figure 5
(a—e) shows the polar plots of average in plane reaction
forces for pins with different flat numbers. This polar
plot is set up with the convention shown in Figure 5(f),
where force exerted by the workpiece that impedes the
motion of tool in the welding direction is defined as
positive X-axis force. Positive Y-axis force acts per-
pendicular to X direction towards the advancing side
from the retreating side. It is observed in polar plots of
Figure 5 that the unthreaded pin produces the largest
in plane forces (highest resultant magnitude) in all weld
conditions and flat numbers compared to threaded pin.
It is also revealed from Figure 5(a—e) that the range
of orientation (0) of the in-plane resultant force does
not vary much for unthreaded pins; however, the aver-
age range of orientation decreased with increasing flat
numbers. On the contrary, the range of € is the highest
for no flats and decreases with increasing flat number
for threaded pins (although, the spread for three and
four flats js similar). Table 2 summarises the spread of
the orientation of resultants for different pin features
(absence/presence of thread) and flat numbers. While
considering similar welding parameters, it is worth to
note for the unthreaded pin that, increasing flat num-
ber led to orientation range of the resultant force to be
decreased. On the other hand, orientation of the resul-
tant increases with increasing flat number for threaded
pin. The presence of three and four flats (Figure 5(d,e))
continues the trend of narrowing 6 around a value near
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(b) Forge force requirement for threaded pins with different flat numbers

Figure 4. Applied forge force during FSW process on the basis of maintaining similar contact condition between weld materials and

tool shoulder due to variation of pin features.

Table 2. Spread of the orientation (angles are in degree) of
resultant reaction with respect to the positive X-axis force.

Average orientation (¢) with range

Pin flat

nurhbers Unthreaded Threaded
0 65.5° & 8° 23.5°+44°
1 60°+11° 41.5°4+36°
2 53.7°4+10° 64°+ 16°
3 - 57.6°+15°
4 46° + 8° 61.6°+12°

60° without substantial variation in resultant magni-
tude. In general, it can be said that the presence of flats
does not greatly alter the magnitude of the resultant in-
plane forces: this property seems to be dependent on
thread form-and weld parameters. However, the pres-
ence of flats does affect the direction of action of the
resultant, narrowing the range of 0.

Effect of pin flats on tool torque and temperature

Figure 6 shows the measured torque as a function of
tool rotational speed for unthreaded and threaded pins
with various flat numbers. The measured torque mono-
tonically decreases with increasing tool rotational speed
for similar pin profile. Considering the unthreaded pins
(Figure 6(a)), highest and lowest average torque was
observed for four flatted and one flatted pin, respec-
tively, while comparing similar welding condition until
the variation of required torque becomes insignifi-
cant at 400 rev min~1, rotational speed. Moreover, for
threaded pins, no consistent trend was observed with
respect to pin flat numbers while comparing similar
welding parameters, yet also variation is insignificant
at highest rotational speed (400 rev min~!). However,
a similar study by Schneider et al. [27] revealed that
increasing flat numbers on a cylindrical threaded pin
resulted in a minute amplification in torque. Overall,
the decrease in torque with increasing rotational speed
is a common phenomenon which is due to the lessen-
ing of resistance of plasticised material around tool. The

basis of this phenomenon can be elucidated by exam-
ining the process temperature. Figure 7 shows the pin
peak temperature versus weld power for unthreaded
(Figure 7(a)) and threaded (Figure 7(b)) pins having
different flat numbers. It should be noted here that, the
temperature measured in the pin can be considered
as an average process temperature of weld material in
contact with the pin that has been found to provide
reasonable representation of nugget temperature with
change in welding parameters [28].

The pin peak temperature increases with increasing
weld power or increasing tool rotational speed for con-
stant welding speed in both unthreaded and threaded
pins with various flat numbers. However, weld power
increases significantly with increasing welding speed
for a rotational speed of 240 rev min~L with a minute
decrease in pin peak temperature. This decrease in peak
temperature is related to the fact that while weld power
increases slightly with increasing welding speed at con-
stant revmin~!, unit weld energy decreases sharply
[29]. A study by Reynolds et al. [29] has also shown that
the temperature transient is governed by welding speed.
In general, variation of flat number for unthreaded
pin does not greatly affect temperature; this is mostly
dominated by welding parameters. On the other hand
for threaded pin, while the relationship of temperature,
power (Figure 7(b)), reflected in the torque-RPM plot
in Figure 6(b), is not consistent with regard, to flat
number when all other things are constant. For exam-
ple at 160rev min~!, rotational speed, the pin with
thread with one flat and threaded-only pin have, respec-
tively, the highest and the lowest temperatures/power
and the difference is minimised with increasing rota-
tional speed at a welding speed of 102 mmmin~!.
Besides, threaded-only and three flatted pin possess
the highest and the lowest temperature and power at
240rev min~ ", and 203 mmmin~ ", respectively. Con-
versely, highest weld power and temperature were evi-
dent for three flatted pin at a rotational speed of

400 revmin~L,
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Figure 6. Tool torque as a function of rotational speed for different flat numbers.

Discussions

The experimental investigation shown in the preced-
ing section revealed that the threaded pins with flats are
capable of eliminating wormhole defects in the welds as
compared to unthreaded pins regardless of the applied
welding parameters. The variations in geometric fea-
tures of unthreaded and threaded pins play a significant
role in material movement during FSW. The behaviour
of extruded and stirred material adjacent to pins can

easily be understood taking into account the provision
of machining flats and threads in pin.

It is obvious that mass conservation law must be sat-
isfied to obtain defect-free welds, in which volume of
the stirring pin (always circular or slightly elliptical as
observed in the plan view regardless of pin geometry)
is to be replaced by extruded materials along the weld
seam. Therefore, machining flats in a cylindrical pin
does not alter the displaced or dynamic volume of the
pin rather it affects material transport phenomenon.
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Figure 8 illustrates the per cent of materials machined
from a smooth cylindrical pin (pin geometric dimen-
sions considered in this investigation are mentioned
in the experimental section) due to machining flats
on unthreaded pin (triangular symbol) and the vol-
ume fraction of spiral channel machined in threaded
pins having different flat numbers (circular symbol).
From Figure 8, it is comprehensible that the volume of
machined flat in the pin increases linearly with increas-
ing flat number in unthreaded pins. During FSW, flats
in pin facilitate additional material to interact~ perhaps
with an additional shear surface beyond the circumfer-
ential region of pin, as postulated by Schneider et al.
[27] 1t is interesting to note similar trend of Figures 4
and 8 (considering variation of flat number for identical

welding condition), where forge force requirement and
machined volume of flats in pin were increased with
higher flat number for unthreaded pin. This might be
because of volume of processed materials surrounding
tool js increased with higher flat numbers, albeit the
swept volume by the pin remains constant regardless
of flat numbers. It is also worth to mention here by
comparing Figure 5 for unthreaded pin that the orienta-
tions of resultant reaction decrease and in-plane resul-
tant forces increase with increasing flat numbers. These
decreases in orientations of resultant are consistent with
an increase in X component of the resultant which is
X-axis force. Therefore, with the indication of material
adhesion in flat trailing side (evident from Figure 3) it
can reversibly be stated that resistance of material flow
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Figure 9. ‘Force footprint’ of in-plane forces on threaded
pins with various flat numbers for one complete cycle-at
240revmin™' rotational speed and 102 mmmin~"' welding
speed.

increases with increasing flat numbers in unthreaded
pin. This is also evident from the torque data where
unthreaded pin with four flats always generated the
highest torque (see Figure 6(a)).

Conversely, machining flats reduce the entrapment
volume in the threaded channel, as the flat num-
ber increases (circular'symbols in Figure 8) in case
of threaded pins. Moreover, required forge force (see
Figure 4(b)) was also found to be decreased with
increasing flat numbers for similar welding condi-
tion. The effectiveness of pin thread on material trans-
portation has been explained in the section [Influence
of flats on applied forge force and in-plane reaction
forces’. However, flats interrupt the continuous down-
ward movement of materials in the threaded channel.
Therefore, gripped materials in the threaded channel of
the pin are being temporarily released near flat leading
edge before the adjacent material are being re-entered
into the threaded channel near the trailing edge of flat
during pin rotation [22]. This was also evident from the
absence of material adhesion on flat surface of threaded
pins (Figure 3). Moreover, the orientations of resultant
reaction increase and in-plane resultant forces decrease
with increasing flat numbers. These increases in orien-
tations of resultant are also consistent with the decrease
in X-axis force. Therefore, it can also be stated that
increasing flat number eases the material flow around
tool. These phenomena are also explained in the follow-
ing paragraph with the consideration of dynamic nature
of in-plane forces.

The movements of plasticised materials were found
to be highly periodic during FSW [2,30,31]. More-
over, flats produce additional pulsating vibrations that
may also influence the dynamic nature of feedback
forces. Attempts have been made to correlate defect
occurrence with the force spectra [32-34]. Figure 9
shows the polar plot of the ‘force footprints’ for a

| Colour online, B/W in print |

Figure 10. Nugget geometries for welds with threaded

pins- having. various flat numbers at 240Arevmin_1 and

102mmmin".

weld performed at 240 rev min~L and 102 mmmin—%

with threaded pin having different flat numbers. A
high frequency (1000 Hz) data acquisition system was
used, to investigate these X-axis and Y-axis force spec-
tra. These polar plots illustrate the periodic nature of
the X-axis and Y-axijs force spectra for one complete
revolution of pins with different flat numbers. It was
clearly observed from Figure 9 that oscillation for three
flatted pin is the lowest compared to pin with other
flat numbers as evident from least enclosed area within
the locus of in-plane resultants as designated by the
green line. Moreover, the fluctuation of Y-axis forces
is more prominent than X-axis force for all the pins.
Increase in tool run-out during FSW process might be
attributed to such phenomenon [35]. The variations
in texture of the banded microstructures suggest the
occurrence of eccentric tool rotation [5]. Nevertheless,
the macro-cross-sectional evaluation in this study also
discloses a comprehensive influence of tool shoulder
and pin feature on nugget geometry. The overlapping
transverse sections in Figure 10 illustrate the effect
of pin thread interruptions with flats on the thermo-
mechanically affected zone (TMAZ) and nugget zone.
The enclosed boundaries of different colours corre-
spond to the area of TMAZ and nugget zone for pins
having different flat numbers. For same welding condi-
tion (240 revmin~! and 102 mmmin~L), an extended
TMAZ on both advancing and retreating side near weld
crown was observed for three and four flatted pins,
whereas vertical sharp edge on the advancing side along
with extended TMAZ near retreating side was evi-
dent for zero, one and two flatted pins. Obviously, the
basin shape of nuggets is due to the shoulder induced
deformation which was observed relatively more sym-
metrical for three and four flatted pin compared to
other flat numbers including no flat. In FSW, Y force
generally tries to drive the tool to move towards the
advancing side. Since materials are being extruded con-
tinuously from the advancing side and higher Y force
might cause lack of shoulder contact near the advanc-
ing side, thus relative colder material on advancing side
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Figure 11. Peak-to-peak amplitude as a function of flat number for different welding conditions.

is opposed by pin edge subsequently resulted in a sharp
edge on advancing side that coincides with vertical edge
of cylindrical pin. This shear slippage constricts mate-
rial movement-on the advancing side; this also leads
to a surface breaking defect near the weld crown on
advancing side [36]. On the contrary, relatively low Y
force with minute oscillatory amplitude facilitated by
three and four flatted pin might cause uniform defor-
mation of material beneath shoulder ultimately leading
to symmetric basin shape nugget.

Based on the discussion of the periodic nature of
force spectra along with corresponding microstructural
evaluation, an effort has also been made to analyse
the peak-to-peak amplitudes of the X-axis and Y-
axis forces for different frequency (in this case tool
rotational speed) against the flat numbers. Figure 11
presents the X-axis and Y-axis force amplitude as a
function of flat number under different welding param-
eters. Interestingly, in most of the welding conditions it
was observed that peak-to-peak amplitudes of X-axis
and Y-axis force spectra were lowest for the pin with
three flats. This result is more consistent in case of Y-
axis force spectra. As discussed earlier, Y-axis force is
related to pressure produced around pin due to mate-
rial movement [30], the fluctuation with high amplitude
of the spectra might be associated with irregular mate-
rial movement with different tool pin having different
flat numbers except that for three flats. Note that the
threaded pin with three flats consistently possesses low-
est peak-to-peak amplitude in force spectra as well as
being most capable of producing complete defect-free
welds. Therefore, it might be appropriate to conceive

here: a defect in weld is most likely to occur when fluc-
tuation of oscillation is higher albeit X-axis and Y-axis
forces are not necessarily in phase.

Conclusions

The following conclusions can be drawn from this
investigation:

(i) Machining of flats on a cylindrical, unthreaded
pin does not eliminate wormhole defects near
the weld root under the conditions examined in
this study. However, flats on unthreaded pins do
appear to facilitate material flow around the pin
as the observed defect may be less localised to the
advancing side with increased flat number.

(ii) Threads in pins significantly improve downward
material movement by eliminating obvious worm-
hole defects as compared to unthreaded pins
with/without flats.
Flats in threaded pin also affect process response
variables in FSW and alter the deformation of pro-
cessed materials. This may be due to the entrap-
ment of weld material in the threaded channel
and subsequent releasing near flats continuously
during tool rotation and traverse. Moreover, three
flatted pin effectively eliminates both wormhole
and surface breaking defects with lowest in-plane
reaction forces for the examined conditions.

The introduction of threads and flats reduced in-

plane forces. Moreover, flats in pin affect the distri-

bution of the direction of in-plane resultant forces.

(iii)

(iv)
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While flat number increases, range of orientation
of resultant forces decreases for threaded pin; how-
ever, this range does not alter much for unthreaded
pin.

Amplitude of the oscillation of feedback force sig-
nal is observed to be the lowest for the pin having
three flats. This is associated with minor or even no
defects in the welds. Significantly, lower variation
in force oscillation for three flatted pin perhaps
leading to better fatigue life.
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