Material adhesion and stresses on friction stir
welding tool pins

M. Mehta®, A. De** and T. DebRoy>

During friction stir welding, polygonal tool pins experience severe stresses and, under certain
conditions, loss of functionality due to adhesion of plasticised material on their surfaces. The
extent of adhesion is analysed for various pin geometry and welding conditions based on the
theory of machining. The effective stresses on the polygonal pins are evaluated following the
principles of mechanics. The results show that the polygonal pins with fewer sides can avoid
permanent adhesion of plasticised material at higher weld pitch, which is defined as a ratio of
welding speed and tool rotational speed. The computed pin geometries for minimum adhesion
are compared with the pin profiles recommended by various investigators based on independent
experiments. The computed stresses show that pins with larger number of sides will experience

lower stresses for any given set of welding variables.
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Introduction

During friction stir welding (FSW), the shoulder diameter
and pin geometry affect the welding process, and the
microstructure and the properties of the joint."? The role
of tool shoulder has been extensively discussed in a recent
review of FSW tools.® In the previous studies of pin
geometry,** emphasis has been placed on the testing and
characterisation of welds. Apart from the pins of circular
cross-section,®!”° various polygonal cross-sections such
as triangle,* ® square,”'® and hexagon®' shapes have been
recommended in different studies for various welding
conditions.

Several investigations*® indicated that a pin with a
triangular cross-section increased the flow of plasticised
material compared to a cylindrical pin. Defect-free welds
were also obtained with pins of square cross sections.” !¢
For the FSW of AA2014, superior tensile property of the
joint was achieved with a hexagonal pin,?' although the
joint properties did not show significant differences for
square, pentagon and hexagon cross-sections. In addi-
tion, sound welds were also achieved with pins of circular
cross-section.®!”2° Because of the conflicting previous
recommendations, no unified methodology or model now
exists to select an appropriate pin cross-section.

The tool pin facilitates movement of plasticised material
during FSW.*? Under certain conditions, plasticised
materials may adhere to the tool pins locally.** >’ Such
adhesion impairs the pin’s ability to facilitate transport of
the plasticised materials. The flow of plasticised material
on the pin faces is similar to the flow of chips in
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machining.?* Sticking of chips on the cutting tool is parti-
cularly pronounced for softer materials at low speeds.>>
Inappropriate selection of welding speed and tool rota-
tional speed may also lead to permanent adhesion of
plasticised material on the flat faces of the polygonal pins
and distorts flow of plasticised materials around the pin.’

The tool pins have a much lower stiffness compared to
the shoulder and need to endure severe stresses’’ >~ during
FSW which affect its durability.*! The cross-sections of
the tool pin affect the stresses experienced by the pin.
Although stresses on the circular cross sections were
examined in previous studies,’*>? the stresses on various
polygonal pins were not evaluated. There is a need to
study how the various cross-sections of the tool pin and
the welding conditions affect the adhesion of plasticised
materials and stresses on the tool pin.

This is the first paper to investigate the conditions
necessary to avoid undesirable adhesion of material on
the tool pin by appropriate selection of both the pin
geometry and the welding variables following prin-
ciples of machining. The effectiveness of the approach is
examined by comparing the computed results with those
experimentally determined in multiple independent inves-
tigations. Furthermore, the effective stresses on pins of
various polygonal shapes which affect its durability are
evaluated based on the principles of mechanics.

Theoretical formulation

The flow of plasticised material over the polygonal pin
faces during a steady-state FSW operation can be con-
sidered analogous to the chip flow over tool rake face in
typical machining of metallic materials (Fig. 1). In contrast
to free flow of chips in machining, the plasticised material
in FSW undergoes a restricted flow and is consolidated to
form the joint. The flow of deformed chips in machining
results an extent of sticking (S) and sliding (L) along the
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1 Schematic a geometry of deformed chip and b built-up edge on tool rake face in typical orthogonal machining with
a=shear angle, p=rake angle, t=deformed chip thickness, S=sticking and L=sliding lengths?®

tool-chip interface®® with the former leading to a stagnant
region and built-up edge (Fig. 15) due to adhesion at high
pressure and temperature. The built-up edge modifies
the tool pin profile, results in a localised hot spot and
promotes interfacial cracks and pitting due to differential
thermal contractions between sticking chip and tool
during cooling.>**’ An appropriate choice of the tool
geometry and machining conditions can improve chip
flow, reduce the sticking of chips on the cutting tool and
enhance tool life.?¢%

In FSW, each edge and face of a polygonal pin is
similar to the tool cutting edge and its rake face in
conventional machining. The chips in machining are
considered to undergo plastic deformation followed by

shear fracture along a plane whose orientation angle (o)
(Fig. la) is commonly estimated using the Lee and
Shaffer relation as®

a=(n/4)+p—y (D

where v is the mean friction angle along the tool-chip
interface with tan y~0-5. The term f is the rake angle
that depicts the orientation of the normal to the cutting
velocity vector at the cutting edge with the tool rake
face. The sticking length (S) along the tool-chip interface
is estimated commonly using Abuladze’s relation with
the assumption that the boundary of the plasticised chip
region (AB) meets the rake face at 45°(Fig. la) as®

2 Schematic diagram showing shoulder (outer radius) and adhesion of plasticised material on pin sides for a triangular
and b hexagon pin profiles where H=pin side length, cw=tangential velocity vector, and S=sticking length on pin side.
Blue dotted and red dashed lines depict incircle and circumcircle, respectively
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S=tx[l+tan(a—p)] =1 x [l +tan(n/4—y)| =41/3 (2)

where ¢ refers to the deformed chip thickness.

Figures 2a and b depict schematically the rake angle,
B, on triangular and hexagonal pin cross-sections,
respectively. Unlike in conventional machining, the flow
of plasticised material along the polygonal pin faces will
be affected by the combined rotational and linear
motions of the FSW tool. The sheared plasticised
material adjacent to the tool pin corresponds to the
deformed chip and its thickness 7 can be estimated as

t=c—i+p 3)

where ¢ and i are respectively the circumradius and
inradius for the polygonal pin profile, respectively, and p is
the weld pitch, i.e. the linear distance travelled by the tool
pin in each revolution. For a stationary pin with flat face,
a maximum clearance of ¢—i is available on each pin face
for the passage of the plasticised material. The linear
motion of the tool will further lead to an advancement of
the pin by a distance p per unit revolution of the tool. The
maximum clearance for the passage of plasticised material
over each pin face will therefore be c—i+p.

The adhesion of the plasticised material on pin surfaces
is explained in Fig. 2 for triangular and hexagonal pins.
The sticking length®® on the flat surface is AJ. The cross-
section of the sticking region is taken as the triangle AJM
for simplicity. One of its sides, AM, is along the direction
of tangential velocity at A. The location of the point J
depends on the weld pitch, p. The point C is at a distance
p from the circumradius of the pin. The point M is located
by the intersection of line CJ with the direction of tan-
gential velocity. The total sticking length along the entire
pin periphery of a polygonal pin of N sides can therefore
be estimated using equations (2) and (3) as

SxNzg(c—i—kp)xN 4)

To avoid excessive sticking along the pin periphery and
retain the original pin profile for continuous welding of
longer weld seams, the total sticking length, S x N, along
the pin periphery needs to be minimised as

d(S x N)
dN

1/2

=0,ie Np= % [c+ (Cz_zpc>1/2} )

T
27
where Np is the optimum number of polygonal pin
sides for a given ¢ and p. A derivation of equation (5) is
presented in the Appendix.

Apart from the adhesion of the plasticised material, the
performance of the tool pin is also affected by the stresses
it endures. The tool pin experiences combined bending
and torsion due to the simultaneous translational and
rotational motions through the plasticised workpiece
material. As a result, the pin will experience normal, G,
and shear, tp, stresses due to bending and a shear, tr,
stress due to torsion. The resultant maximum shear stress,
Tmax» @t any point on a polygonal pin profile can be
estimated following the Tresca’s yield criteria as®*>?

2 1/2
Tmax = {(%) + (tg+ 17 cos A)* + (zr sin 1) (6)

where A is the angle between t1 and tg, measured in a
counter-clockwise direction from 1 to t1. A detailed
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methodology to estimate the component of stresses (op,
tg and tt) and T1,,,, for circular and polygonal pin profiles
are already reported elsewhere®® 2 and are not repeated
here. Subsequently, a durability index of a tool can be
estimated as the ratio of the shear strength of the tool
material and the corresponding Tomax

Results and discussion

Volume of plasticised material stirred by pin

An important function of the tool pin is the stirring of
the plasticised material as the tool moves forward. An
approximate assessment of the volume of plasticised
material may be made by considering the inradius, 7, and
circumradius, ¢, of the pin and the distance it moves per
unit revolution, p. The shear volume for a stationary
rotating pin can be estimated as the volume of the
truncated cone, 7 lp(rs—c)?/2, formed by joining the
shoulder and the pin peripheries and shown schematically
in Fig. 3a, and the cylindrical volume of the sweep,
7 lp(c—i+p)?, because the inradius is smaller than the
circumradius of polygonal pins and the pin is moving. As
a result, the total shear volume can be approximated as

Vs =nlp(rs —c)* /24 lp(c—i+p)* )

The inradius and the circumradius are the same for a
circular pin while ¢—i will be non-zero and decrease with
the increasing the number of sides for a regular polygonal
pin. Therefore, the average volume of the plasticised
material around a polygonal pin is larger than a circular
pin and would decrease with increasing the number of pin
sides for a given ¢ and p. Figure 3b shows an estimate of
the average volume of the plasticised material around
FSW tools with a circular and polygonal pins of N=3to 6
for a given set of FSW conditions.?' Figure 3b indicates
that a triangular pin can stir a greater material volume
compared to a circular as well as polygonal pins of higher
number of sides, which has been also confirmed by
independent experiments.”'

Computed optimum polygonal pin
cross-sections

For a given set of FSW conditions, the optimum poly-
gonal pin profile will result in minimum adhesion of
plasticised material around the entire pin periphery.
Figure 4 shows that the sticking length, S, decreases with
increasing number of pin sides, N. However, the total
sticking length, S x N, first decreases, reaches a minima
and increases thereafter with increasing N. The decrease
in S with increasing N is attributed to the corresponding
decrease in ¢—1i. Figure 4a and b shows the effects of weld
pitch. For a pitch of 0-2 mm rev ', the optimum pin
cross-section is found to be a regular octagon. When the
weld pitch is increased to 06 mm rev_', the optimum
cross-section changes to a regular pentagon. Thus, a
polygonal pin of fewer sides becomes optimum as the
weld pitch, p, increases. Equation (5) also gives the same
answers from an analytical expression as expected.
Table 1 lists a large selection of the available data on the
effects of various circular and polygonal pin cross-sections
on the weld properties and the suggested optimum pin
profile in each case. The values of the optimum number of
pin sides computed from equation (5) are also shown in
Table 1 for each case. The suggested pin profiles from the
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independent experiments and the corresponding computed
optimum pin profiles agree well for several cases in
Table 1. For example, Ref. 21 in Table 1 reported FSW
of an aluminium alloy AA2014 at a high weld pitch of
0-6 mm rev ' and a circumradius of 3 mm. For these
conditions, very marginal differences in the measured weld
joint tensile strength were found with the square, pentagon
and hexagon pin profiles. Equation (5) predicts a penta-
gonal pin to be the most optimum pin cross-section.
Equation (5) also correctly predicts the circular cross-
sections (Np>6) for the welding of various alloys reported
elsewhere.!72° In each of these cases, the weld pitch is very
small and the reported as well as the corresponding
estimated pin profiles are circular.
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Table 1 also indicates welding conditions when the
sticking of the plasticised material should not be a
concern in the selection of the pin cross-section. When
the heat generation rate per unit length of the weld is
very high either due to high rotational speed of the tool
or low welding velocity or both, significant softening of
the work piece material is anticipated. In these cases, the
flow of the workpiece material is facilitated by good
plasticity of the material and the shear owing to the
rotation of the tool pin becomes less critical in the
orderly flow of the plasticised material. In Refs. 9-11
and 14-16, either the tool rotational speed is fairly high
or the welding speed is quite low or both, and the
sticking of the plasticised material to the tool does not
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pose a major issue in the selection of the tool pin cross
section. A similar observation can be made from the
FSW of aluminium alloy AA1050 at different welding
speeds reported elsewhere.® This study has investigated
pins of both triangular and circular cross sections, and
suggested circular cross-section as the desirable profile
that has agreed reasonably well with the estimated pin
profile from equation (5). For a harder material, AAS5083,
the authors have suggested the triangular and circular
pins for p ranging from 0-02-0-13 mm rev_ ' and 0-12—
0-25 mm rev ', respectively while equation (5) estimated
circular pins (Np>6) for all values of p considered in this
case. The theoretical calculations and the experimental
results in Table 1 show that the optimum pin cross-
sections for minimum adhesion in most cases are pins of
large number of sides or circular cross-sections. While
triangular or square cross-sections may be desirable for
certain conditions, they are susceptible to significant
adhesion of plasticised material.

Most of these investigations have recommended a
suitable pin profile based on the measured tensile strength
of the joint. What is interesting is that when the pin cross-
sections are varied, the resulting variations of the weld
joint hardness or tensile properties are often less than
+15% in most cases.” ''**' While the experiments pro-
vided valuable data, the strength of the welded joint
depends on the microstructure and the possible existence
of flaws in the joint. The microstructure, in turn, is affected
by the heating and cooling rates which depend on the
welding variables. Although the pin geometry may play a
role in the flow of the plasticised material and the integrity
of the joint, many other important factors also affect weld
properties. As a result, the measured values of mechanical
properties cannot be attributed totally to the cross-section
of the pin.

Impact of pin profile on tool durability

The effective stresses on the tool pins for a given FSW
condition provide a measure of the durability of the
respective tools for their continuous use without premature
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failure. Figure 5 shows the variation of T, for circular,
triangular, square, pentagon and hexagon pin profiles for a
typical FSW of AA2014 with a tool rotational speed of
1000 rev min~' and welding speed of 7-73 mm s~ ', ie.
p=0-46 mm rev_'. The computed values of Ty following
equation (6) are 582, 312, 226, 197 and 145 MPa for
triangular, square, pentagon, hexagon and circular pin
cross-sections. The decrease in T, With an increase in
the number of sides for polygonal pins is attributed to
the corresponding increase in their structural stiffness. For
a given circumradius, ¢, the circular profile provides the
highest value of structural stiffness and experiences the
minimum value of T,,,. The ratio of the shear strength of
the tool material and the corresponding T, is a measure
of the durability of the tool pin. Considering a shear
strength of 750 MPa for a typical FSW tool material EN40
steel,™ the ability of the triangular, square, pentagon,
hexagonal and circular pin cross-sections to safely endure
the effective stress, on a relative basis is 1-3, 2-4, 3-3, 3-8
and 5-0, respectively. The triangular pin is the most sus-
ceptible to shear fracture compared to the other polygonal
and the circular pins, particularly for the welding of hard
alloys.

Conclusions

Various FSW tool pins of polygonal cross-sections were
compared for their ability to avoid adhesion of plasticised
material on the pin faces. It is shown that the pin geometry
will have the highest impact at high ratio of welding speed
to tool rotational speed (weld pitch). At low values of weld
pitch, the pin profile does not have a significant impact.
The optimum pin cross-section is circular at very low weld
pitch, i.e. at high rotational speed and/or low welding
speed. At high weld pitch, polygonal pins with fewer than
six sides will be the optimum for minimum adhesion of
plasticised material. The computed stresses on the tool
pins of indicate that pins of circular cross-section will have
lower stresses than the pins of polygonal cross-sections.
Polygonal pins having larger number of sides will expe-
rience lower effective stresses.

Appendix

Considering a family of polygonal pin profiles confirm-
ing to a unique circumradius, ¢, the inradius, i, of any
polygonal pin can be expressed in terms of the
circumradius, ¢, as

I=cXCOoS (%) ®)

Following theory of machining, the rake angle (f) of a
polygonal pin in FSW can be estimated as function of
number (N) of pin sides as f=—nx(N—2)/(2x N).
Substituting equation (8) in equation (4), the latter can
be rewritten as

SxNng{c{l—cos(%)}—i-p} )

Expanding cos (%) and neglecting the higher order

terms, equation (9) can be rewritten as

4 n? nt
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Next, considering the derivative of (Sx N) with
respect to N and equating it to zero leads to

1/2

N= x [ci(cz—ch)l/z} (11)

4+ T
~2pl/2

Equation (11) provides an unique solution for N with
three realistic assumptions. First, N must be greater than
zero. Second, a real solution of N exists only for ¢c=2p,
which is intuitive as the circumradius for any polygonal
pin is usually much greater than the linear distance
moved by the tool pin in each revolution. Third,

)1/2 1/2

[c—(c2 —2pc results in N to be lesser than 3 for

the complete range of values of ¢ and p used in
contemporary FSW literature and hence, can be
neglected. Thus, a realistic expression to estimate the
number of pin sides (Np) for a polygonal pin remains as

T 1/2
NP=W x [+ (*—2pc)1/2] (12)

A second order derivative of (S x N) with respect to N
shows that

2
d(SxN):4 (n2 n4> (13)

av2 - 3\ T 2w

For N=Ngpr, the right hand side of equation (13) is
always greater than zero when N=3 for all practical
values of ¢ and p used in independent literature. Thus,
equation (12) provides an optimum solution for a given
value of ¢ and p.
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