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ABSTRACT

Friction Stir Spot Welding (FSSW) is a variant of the Friction Stir Welding (FSW) process and has been success-
fully used in industrial applications. During the FSSW process, thermal inputs due to friction and deformation
are commenced simultaneously, as the non-consumable rotating tool plunges into the workpiece to be welded.
Various assumptions and hypotheses for mechanisms of heat generation and material deformation during FSW/
FSSW process are reported, but a consensus is still to be reached. The joining quality is mainly dependent upon
the material flow in this solid state joining technique. The material flow and deformations in the near and far fields
of the weld are directly affected by the temperature-sensitive mechanical properties. Therefore, a comprehension
of thermo-mechanical responses are of high importance from the viewpoints of parameter optimization and under-
standing of the mechanisms . The FSSW process is experimentally and theoretically studied to address these issues
of the mechanism of heat generation and coupled thermo-mechanical response of the workpiece, as well as the
effects of tool rotation and plunge speeds. For theoretical studies, a 3-dimensional, physical-based FEM (Finite
Element Method) model is developed using commercial code. For heat generation, friction and deformation-based
formulations are used. For material responses, thermal and strain rate-sensitive, elastic-plastic data are employed
by a constitutive Johnson Cook material model and thermo-mechanical behaviour is analyzed with respect to
experimental observations. To cope with high calculation time and distortion of the mesh, built-in features of the
code, mass scaling, ALE (Arbitrary Lagrangian Eulerian) and mesh re-mapping were used. As a result of this work,
a basic platform in the form of a physical-based, coupled, thermo-mechanical model is developed. With the help
of this model, effects of process parameters on the temperature — displacement behaviour of the workpiece are
studied. The role of interaction conditions at the tool-workpiece interface is emphasized and a simplified conceptual
mechanism for effects of process variables on the physical phenomena is presented.
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1 INTRODUCTION

Friction Stir Welding (FSW) and its variant, Friction Stir
Spot Welding (FSSW), are relatively new, solid state
joining approaches which have exhibited remarkable
prospects in various industrial sectors (e.g. transport,
aerospace, etc.) [1-3]. The potential of FSSW among
the spot joining processes is increasing. For example,
Mazda reported a more than 90 % reduction in energy
consumption, relative to the conventional spot joining
technique, when FSSW was used for one of its auto-
mobile models [4]. This scenario raises the need for a



THERMO-MECHANICAL INVESTIGATIONS DURING FRICTION STIR SPOT WELDING (FSSW) OF AAG082-T6 R135

Touch
Down

& Development u Base
of Stirred

Start of Zone(SZ)

Plunge

Shoulder
Touch

a) Touchdown of the pin b) Start of pin
penetration to

commence the plunge

c) Plunge ends by the
shoulder touch with
or without dwell time

d) Retraction of the tool

Figure 1 — Schematic of FSSW process [6]

deeper understanding of the mechanisms involved in
this process.

1.1 Basics of the process

Apart from touch-down and retraction, the whole FSW
process may be divided into plunge, dwell and traverse
welding [2, 5]. Thermal and material flow fields devel-
oped during the plunge and dwell stages are translated
along the weld line during the traverse motion of the
tool.

During the FSSW process, the traverse motion of the
tool is not carried out and hence only a spot weld
is achieved. As schematically shown in Figure 1 [6],
stages of the FSSW process may be described as:
a) touchdown of the pin of the tool, b) plunge initiation,
c) shoulder touchdown, with or without some dwell
time, and d) retraction of the tool.

Based on microstructural characterization of grains
and precipitates, a typical weld zone in an FSSW joint
contains a Stirred Zone (SZ), a Thermo-Mechanically
Affected Zone (TMAZ) and a Heat-Affected Zone (HAZ).
These zones, along with the Base Material (BM) region,
are marked on the macrograph in Figure 2.

Intense plastic deformation and frictional heating during
FSW/FSSW result in the generation of a re-crystallized,
fine-grained microstructure within the stirred zone (S2)
[2]. During the welding process, the SZ is plasticized
or softened to such a degree that it may be assumed
to be pseudo-fluid. Numerous theoretical flow-visuali-
zation studies have solved the problem with fluid dyna-
mics formulations e.g. [7, 8].

Unique to the FSW/FSSW process is the creation of
a transition zone between the base material (BM) and

HAZ  TMAZ SZ

a) Different zones in a typical FSSW joint:
SZ - Stirred Zone, TMAZ - Thermo-Mechanically
Affected Zone, HAZ - Heat-Affected Zone
and BM - Base Material

stirred zone (SZ) — namely the Thermo-Mechanically
Affected Zone (TMAZ) [2]. In the TMAZ both the tem-
perature and deformations effects of the process are
experienced, but to a lesser extent than that in the SZ.
Hence it is characterized by highly deformed structure
but without re-crystallized fine-grained structure which
is typical to SZ.

The zone beyond the TMAZ, where no major effects of
deformation rather only temperature effects are expe-
rienced, also shows microstructural changes relative to
the base material (BM). This zone is called the Heat-
Affected Zone (HAZ). It may be characterized as the
zone experiencing temperature rise above 250 °C for
heat treatable aluminum alloys [9].

1.2 Motivation

Above mentioned zones are produced due to ther-
mo-mechanical loads generated during the process
and have significant effect on post-weld mechanical
properties. Therefore research into the generation of
these loads and the workpiece response are quite
significant.

Due to inherent simplicity of FSSW relative to the FSW
process, as complexities in heat generation and mate-
rial flow mechanisms during traverse motion of the tool
are not present, it may provide a basic platform for
investigations of the afore mentioned mechanisms.

Because of limitation during experimental studies for
direct measurements of thermal and flow fields within
the weld zone for the FSW related processes, theore-
tical studies for estimation of these have been exten-
sively performed. Most of these theoretical studies do
not cover the plunge phase, for simplification. However

HAZ TMAZ SZ

b) Details of characteristic microstructural
appearance for SZ, TMAZ and HAZ

Figure 2
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for the FSSW studies this is the main process phase
and hence it cannot be neglected.

Fewer studies are reported in the literature for the
FSSW process than for the FSW one and theoretical
studies are even scarcer. The major challenge for theo-
retical study of the FSSW process is to investigate,
the relatively short but highly transient plunge phase.
During this phase transition of material from rigid solid
to low strength viscous behaviour and the distortion
of the mesh pose the major challenges. Moreover,
understanding of the mechanisms of the generation
of coupled thermal and mechanical loads during the
process requires a physical-based model. For that,
the definition of tool — workpiece interfacial conditions
becomes very crucial. From tool design and the FSW/
FSSW applications for a high-strength materials point
of view as well, a detailed study of this phase of the
process is very important.

Experimental studies to investigate the FSSW related
issues, in reviewed literature, mainly focus on

a) feasibility of the process for different materials or
combination of materials [10-12] and

b) effect of process parameters on different weld pro-
perties and their optimization [12-14].

Only few studies e.g. [15] investigated any pro-
cess mechanism issues. These issues are generally
addressed by theoretical investigations of the process
e.g. [3, 5, 16, 17].

Reported theoretical studies for FSSW and the plunge
phase of the FSW process employed three-dimen-
sional numerical models based upon Computational
Fluid Dynamics (CFD) [16] and solid mechanics [17]
approaches. Both of these studies investigated small
plunge depths considering only the first part of the
plunge phase, neglecting higher deformation, increased
heat input and shoulder touchdown [5]. Lately, 3-D,
transient and thermo-mechanical coupled models have
been published [3, 5] with the similar approach as the
one presented in this study. The approach employed
in [3] is based upon elastic-plastic material model and
in [5] the Johnson-Cook (JC) material law is employed.
However the relationship between the process variables
and the physical phenomena has not been discussed
in these studies.

To address these challenges and open points, a ther-
mo-mechanical, fully coupled, 3-dimensional transient
model is developed in FEM (Finite Element Methods)
explicit formulations.

2 SIMPLIFIED CONCEPTUAL
MECHANISM OF PROCESS

A simplified conceptual mechanism for the relationship
between the process variables and the physical phe-
nomena happening during the FSSW process may be
described in the flow chart shown in Figure 3. In this
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Figure 3 - Flow chart for simplified conceptual
description of FSSW process

flow chart rectangles represent processes and ovals
are resulting physical phenomena.

As a result of the experimental and theoretical studies
presented in this paper, an attempt has been made to
establish the relevance of this conceptual mechanism
with the thermo-mechanics of the FSSW process.

It may be assumed that:

— As the rotating tool commences the touchdown on
the top surface of the workpiece, its rotational and ver-
tical motion is resisted by the interfacial friction (dyna-
mic) and (yield/flow) strength of the base material.

— After the touchdown, the tool continues to plunge
into the workpiece by having a tangential slipping over
the surface contour of the workpiece, which is produ-
ced by the vertical motion of the tool. Depending upon
the resisting forces and the tool geometry, torques and
moments are experienced. These torque and moments
lead to thermal inputs (at the interface and within the
workpiece material).

— The heat generation, due to frictional force and dis-
sipated deformational energy, raises the temperature in
the vicinity of the tool — workpiece interface. Material
softening due to drop in flow stress at higher tempe-
rature occurs.

— Another important factor concerning the drop in yield/
flow strength of the base material may be the disso-
lution of the strengthening second phase particles for
the age hardenable or heat treatable alloys apart from
stress relieving due to elevated temperatures.

— The transition in material response (from rigid solid
to softened or reduced strength visco-plastic response)
may start the sticking interfacial conditions. One may
imagine that interaction mode at the interface shifts
from full slipping conditions to partial slip and stick
conditions, with major fraction of slipping, i.e. co-
existence of slip and stick interfacial conditions [18,
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19]. This may also lead to changes in the torques and
moments of the system.

— If the softened zone within workpiece, keeps on
establishing itself depending upon its thermal beha-
viour (conductivity, capacity etc), the fraction of sticking
mode may also increase.

— Assuming that major heat input is caused by friction
[2-5, 20], the total heat input may be expected to drop
down a bit, as increase in the fraction of sticking mode
at the interface would lower the frictional heat input.

— Though it may be argued that during sticking con-
ditions, the fraction of heat input due to dissipation
of deformational energy may increase and balance the
dropped fraction of frictional heat input.

— However, since the sticking conditions may only pre-
vail when workpiece material has been softened con-
siderably, therefore, overall energy input requirements
of the system would be reduced. This assumption may
be supported by the experimentally observed effect of
drop in torques of the system.

— With this slight drop in total heat input, the fraction
of slip mode for interfacial interaction between tool and
workpiece may rise back.

— In the light of above discussion, it may be assumed,
from a conceptual mechanism stand point, that after
the initial transient period these conditions may de-
velop a kind of dynamic equilibrium, if the process and
system parameters are not changed.

— Thus for a given set of process parameters, a speci-
fic temperature and related flow field are established.
If these fields are adequate to produce a sound weld,
the process for existing system parameters is said to
be optimized.

3 MODEL DESCRIPTION

The Finite Element (FE) model for FSSW plunge phase
presented in this paper has been developed using
commercial software ABAQUS/Explicit®. A 3-dimen-
sional, transient, fully coupled thermal-stress analysis
was performed to obtain thermo-mechanical responses
of the workpiece.

The pre-processing involved the layout for the geo-
metry of the parts, meshing, material and interaction
assignments as well as initial and boundary conditions.
Mesh adaptivity features of the software package was
deployed by ALE formulations. The FSSW process was
simulated by the model in multiple steps to allow mesh
remapping between each step to control the mesh dis-
tortion and to ensure the quality of results.

The assembly of the model consisted of two parts; the
workpiece and tool, as shown in Figure 4. The geo-
metric dimensions are given in Figure 5. Two sheets
of 3 mm thickness are modelled as one single sheet,
6 mm thick and 30 mm in diameter. This piece is taken
into account for modelling.

Fixed temperature
of rigid tool on RP

Tool motion (Rotation &
Vertical down ward)

Tool Reference Point (RP)
Tool and Sheet 3 - )
interacting surfaces Initial workpiece

temperature (293 K)

Fixed side
surface

Fixed surface
temperature

T

Fixed Bottom surface

Figure 4 — Model assembly; rigid tool
and workpiece along with the initial
and boundary conditions

|
1
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BO
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i

Figure 5 - Schematic details of model components
i.e. tool and workpiece

Temperature and strain rate dependant Johnson-Cook
(JC) material model for AA6082-T6 was assigned to the
workpiece. The constitutive equation of this model and
details of the material parameters used in this study
are described in subsequent section. Other thermal
and mechanical properties for AA 6082-T6 used in this
study are given in Table 1 [21].

The tool is modelled as an analytical rigid body with
adiabatic interfacial surface conditions, i.e. no heat
flow across the interface of the tool could take place.
The mesh of the workpiece consists of element type
C3D8RT with reduced integration and hourglass con-
trol. This element type based upon explicit formulation
for dynamic, fully coupled thermo-mechanical analysis
is supported with Arbitrary Lagrangian Eulerian (ALE)
mesh adaptivity.

Table 1 — Mechanical & thermal properties
of AA6082-T6 used [21]

Temp. J‘:::I?;ss Conductivity Sp::‘i)f;iir:;at
(K) (MPa) (W/m.K) (J/kg.K)
293 7.50E+4 215 885
373 6.90E+4 212 915
473 5.60E+4 215 952
573 4.00E+4 216 992
673 2.60E+4 208 1032
773 1.80E+4 202 1073
853 - 196 11183
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This ALE formulation is employed in order to smooth the
mesh while large deformations are taking place, particu-
larly at tool-workpiece interface. The term ALE implies a
broad range of analysis approaches, from purely Lagran-
gian analysis, in which the node motion corresponds
to material motion, to purely Eulerian analysis, in which
the nodes remain fixed in space and material “flows”
through the elements. Typically ALE analyses use an
approach between these two extremes [22, 23].

For calculation of heat generation during this study,
the Coulomb’s frictional heat generation model is
employed using assessed coefficient of friction u by
the inverse approach [24, 25]. Due to the extremely
dynamic nature of the process the determination of this
parameter, which itself is multivariable dependent, is
quite challenging. For example its trends may change
even at constant slide velocity during a short instance
when the applied loads due to non-linearity of the pro-
cess are varied, as shown in Figure 6 [24].

For the theoretical studies in FSW/FSSW and in other
similar friction processes the effective values of co-
efficient of friction are assumed [25]. This is done by
adjusting parameters, such difficult to determine, to the
experimentally measurable variables, like temperature,
etc., i.e. the so-called inverse or engineering approach
is followed [24-26].

In this work, this inverse approach was employed and
the effective values of u were assessed by simple itera-
tive runs of the solver. The best fit was achieved when
after the polynomial rise; the drop in the friction co-
efficient trend was assumed to follow the yield strength
trend with respect to temperature. This trend is given
in Figure 7.

Since during the FSW/FSSW process, heating is
accomplished by frictional heat input and by energy
dissipated due to plastic deformation of the workpiece
[2], in the model, not only heat input by the Coulomb’s
model but also by deformational heat input was incor-
porated. For the heat dissipated into the workpiece
due to deformation 95 % thermal efficiency is used,
as suggested in [25].

Here, it would be worth mentioning that, although these

tely in the model, from a mechanism stand point, it is
still a topic of discussion whether deformational energy
dissipated as heat may be considered as an indepen-
dent source or as a result of frictional conditions at the
tool-workpiece interface.

The initial condition for the temperature within the
workpiece was set at room temperature of 293 K.
The thermal portion of the coupled analysis required
thermal boundary conditions or loads on the rigid tool
for the estimation of capacitance matrix, so the tool
reference point (RP) was constrained to have a fixed
temperature of 300 K. The overall applied boundary
conditions are schematically shown in Figure 4. The
rotational and plunge motion of the tool were incorpo-
rated as boundary conditions.

The numerical calculations were set to take place in
multiple steps to incorporate mesh remapping between
the steps and to ease out the mesh distortions from the
previous step for the next one. Moreover, to enhance
the computational efficiency of the simulation, mass
scaling was also applied for mechanical module of
the coupled thermal stress analysis. These topics are
described in the next sections.

3.1 Numerical formulation

The FSW process involves coupled thermo-elasto-
plastic response of the tool-workpiece system, in which
the material model and the non-linear temperature
dependent transient heat transfer response produce
both temperature distribution and plastic deformati-
ons [3, 5]. To capture the thermo-mechanical response
under the given system and process parameters, cou-
pled temperature and displacement numerical formula-
tions are used along with the heat generation factor.

The frictional heat generation formulation involves cal-
culation of heat flux at the interface elements of the
contacting parts (tool and workpiece) and this flux is
applied as thermal load to the volume elements of each
part. Thermal distribution to each surface may be given
as in Equations (1) and (2) [22].

two modes of heat generation are incorporated separa- Quoop = A + 4, — f(tool)qg (1)
A 05 70
ight loads
- Light load 0.45 ~—Fric Coef U-ABX-1 &
o
= 04 N -+-Yield Strength (0.2%)
5 =
o 0.35 50 &
=4 - =
— Average loads o 05 =
[=] N el <!
= § 0.25 s
9 g 02 30 g
E w T
[}
® 0.15 20 £
Q Heavy loads 01
O Y 10
0.05
0 » 0
= 290 490 630 890
Sliding speed i

Figure 6 - Variation of friction coefficient
with sliding speed and normal loads [24]
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Figure 7 - Trends of assumed friction coefficient
with respect to temperature
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Ay =~ %= 9, ~ Tups @
where
Gooy = Thermal load as heat flux to the tool; [W.m=2],

o) = Thermal load as heat flux to the workpiece;
[W.m-],

q, = heat flux generated by the interface element due
to friction; [W.m™2],

g, = heat flux due to conduction; [W.m"], and
g, = heat flux due to radiation; [W.m?]

f (tool f(wp) = fraction of total generated heat (qg) into
tool and workpiece surface respectively; [-], such that

f(tool + f(wp) = 1

For the current model, no heat flow occurs to the tool
since the tool was defined as a rigid body with adia-
batic conditions.

The heat flux generated at the interface elements due
to friction may be given as in Equation (3).
. As
=TS =nr— 3
Qg =n7S =7 3)

where

t = frictional stress; [Pa],

$ = slip rate; [m.s™],

As = slip increment; [m],

At = incremental time; [s], and

n = fraction of frictional work converted to heat; [-]

The frictional stress depends on the contact pressure,
friction coefficient and temperature at the interface.
Their relationship may be given as in Equation (4).

7= u(T).P(T) 4)
where

u = coefficient of friction; [-],

P = contact pressure; [Pa] and

T = temperature; [K]

The heat dissipated due to deformation is calculated as:
q,=o0.0.€ 5)
where

o = fraction of deformational energy dissipated as heat; [-],
o = stress; [Pa] and

£ = strain rate; [s7]

The heat flux due to conduction is assumed to be:

q, = k(h, p, T(T,-T,) = k(h, p, )AT (6)
where

h = over-closure; [m] (penetration of master surface or
nodes into the mesh of slave),

p = contact pressure; [Pa],

T,, T, = temperatures of contact side 1 and side 2
respectively; [K],

T= (T, +T,) = average temperature at point contact;

1
2
[K], and

k(h, p, T) = heat transfer coefficient;

To incorporate hardening due to plastic deformation
as a function of applied temperature, Johnson Cook
material model, mathematically given in Equation (7), is
extensively used for extrusion, forging and impact anal-
ysis, etc. [18]. It is also used in the reported theoretical
works for the FSW/FSSW process e.g. [5, 18].

6:[A+B(5P’)"H1+Cln[§j}(1—9m) 7)

where

o = effective yield strength; [Pa]

£° = equivalent plastic strain rate [s]

£, = normalizing strain rate; [s]

A, B, C, m, n = material parameters (given in Table 2)

A
6 = non-dimensional temperature; [-], which is given
as:

0 |0<6,.,
0= (0 - gref) / (gme/t - gref) | Href <6< gme/t (8)
1 | 9 > emelt
where

6 = current temperature; [K]
6

ref

0

melt

= reference temperature; [K]
= melting temperature; [K]

The material parameters and the reference and mel-
ting temperatures used in this study are given in
Table 2 [27].

3.2 Mesh distortion and its control

By employing the ALE formulation, large deformations
may be simulated by re-meshing. It may be noted here
that re-meshing by ALE does not imply the change in
element density for ABAQUS/Explicit based models.
The main point is to control the distortion of the ele-
ments by improving the aspect ratio of the distorted
elements. This is done by the inter-step convection of
results at the integration point and re-adjustment of
nodal positions as close as possible to the original co-
ordinates.

The effect of ALE on mesh distortion control is shown
in Figure 8, for a 2-D simple mechanical model. When,
between step-1 and step-2, ALE is employed, the

Table 2 - Johnson Cook parameters used for AA6082-T6 [27]

Parameters A B n C M 0 0" o
Units [MPa] [MPa] [-] [-] [-] (K] K]
Value 428.5 327.7 1.008 0.00747 1.31 293 853
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Figure 8 - Effect of ALE application
between step-1 and step-2

results for step-2 remain stable, whereas, in absence
of ALE, the solution is unstable and solver is excited
due to distortion error.

The other approach to avoid this error could be to a
use pure Eulerian mesh. As compared to pure Eulerian
formulations, the advantage in using ALE formulation is
that in ALE approach, the ‘free’ surfaces have Lagrange
properties in the normal direction, such that surface
tracking and partially filled elements are avoided. The
position of the surface of the domain is found directly
by solving the governing equation and no iterations are
required [18, 22].

3.3 Computational time and mass scaling

In the ABAQUS/Explicit solver which is used for
developing this thermal-stress coupled model, thermal
and mechanical time increment limits may be given as
Equations (9) and (10) [22]:

L.Zn-
At = —oin

Dy ©
where

L . = smallest element dimension in the mesh; [m]

o = thermal diffusivity of the material; [m2.s™]

L.
At =0

c, (10)
where

L__ = smallest element dimension in the mesh; [m]

c, = dilatational wave speed; [m.s™"], which can be
expressed in terms of Lame’s constants.
1

( Ev | E )2
¢, = 1+v)1-2v) (1+v) (11)
Yo

where

E = Modulus of elasticity; [Pa]
v = Poisson’s ratio; [-]

p = density; [kg.m]

In the coupled thermal stress calculation the mecha-
nical response will govern the stability limit. The sta-
bility criterion in mechanical response makes the
increment size too small as the element dimensions
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are decreased. Hence computational time increases
tremendously. Therefore use of mass scaling may be
opted to decrease the calculation time.

The mass scale function scales the mass by applied
factor, e.g. f, which alters the density and hence the
inertia of the system. This slows down the dilatational
wave or p-wave propagation speed, Equation (11), and
reduces the calculation time, Equation (10). The use
of mass scaling is equivalent to increasing the load
rate by a factor of ()2, as per Equation (11). Caution
should be taken as the use of mass scaling typically
increases the simulated contact forces, which in turn
could change the contact condition and the heat gene-
ration rate [18, 22].

4 EXPERIMENTAL SETUP

The friction stir spot welds were produced at the friction
stir lab of Graz University of Technology using the MTS
I-Stir BR4, Figure 9. This is an FSW portal machine with
a tool rotational speed of up to 3 200 rpm, a maximum
downward force of 35 kN and maximum spindle torque
of 180 Nm. The machine is equipped with sensitive
pressure actuated feedback instrumentation for forge
force, position controls and torque outputs. With these
instrumental accessories, online measurement of forge
force response for each weld was obtained.

For this study the spot welds were made by using
tools with different geometries but the same material
(tool steel-H13). Geometries of the tools are shown in
Figure 10.

Experiments with tool (a) are designated as Exp-set-1
and those with tool (b) as Exp-set-2. Exp-set-1, employ-
ing tool (a); with shorter pin, was used for thermal
observations and Exp-set-2, employing tool (b); with
longer pin, was used for thermo-mechanical response
i.e. forge force. Process parameters in both sets are
summarized in Tables 3 and 4.

Figure 9 — MTS stir-B4 research purpose FSW
machine at IWS - TU Graz
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Shoulder

a) Tool (a)corresponding to Exp-set-1

b) Tool (b)corresponding to Exp-set-2

Figure 10 — Geometries of tools (a) and (b)

Table 3 - Process parameters in Exp-set-1 using tool (a)

Rotational speed Plunge rate Dwell time
Parameters / Trials
RPM mm/min sec
Trial-1 1400 ~11.3 0
Trial-2 1400 ~11.3
Trial-3 1400 ~11.3 3
Table 4 — Process parameters in Exp-set-2 using tool (b)
i Rotational speed Plunge rate Dwell time
Parameters / Trials
RPM mm/min sec
Trial-1 800 12 0
Trial-2 1200 12 0
Trial-3 1600 12 0
Trial-4 2 000 12 0
Trial-5 800 60 0
Trial-6 800 72 0

For simulation, both the tools were with straight cylindri-
cal pin without any threads and also with a flat should-
er which was without any features upon its surface.
How-ever the tool used for thermal studies during the
experiments i.e. tool (@) shown in Figure 10, had right
threaded helix shoulder and right threaded pin features.
The details of these features are shown in Figure 11 [21].

For thermal history measurements K-Type thermocoup-
les were used. Temperature measurements were made
just outside the tool-shoulder region in the workpiece
shown schematically in Figure 12 a) and inter thermo-
couple locations are shown in Figure 12 b) [21]. Two

Smm

Figure 11 - Details of shoulder spiral
and pin threads in “Tool (a)” [21]

e
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a) Schematic of thermocouple locations
at region outside the tool-shoulder

b) Inter-spot dimensions
with thermocouples in between

Figure 12 [21]
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Figure 13 - Thermocouples physical locations
between two spots [21]

spots were at least 25 mm apart to keep a safe distance
for thermal and deformational influences on each other
and a similar approach was followed from the edges of
the workpiece sheets. Physical location of thermocoup-
les between the spots is shown in Figure 13 [21]. The
measured forge force as well as temperature histories
were used for model validation. A single sheet of 6 mm
AA 6082-T6 was used during the experiments, for veri-
fications of predicted results by computational study.

5 RESULTS AND DISCUSSION

For thermo-mechanical studies during FSSW, this work
concentrates on the workpiece response to two impor-
tant process parameters i.e. the rotational speed and
the plunge rate of the tool. As an initial reference for the
theoretical study, the experimental observations were
made for the effect of tool rotational speed during exp-
set-2.

The first notable effect was that an inverse relationship
between the rotational speed and the size of the stir
zone (SZ) was observed, as shown in the macrograph
in Figure 14 [6].

The size of the stir zone at different rotational speeds
is graphically presented in Figure 15 [6]. The radial ref-
erence “r (mm)” for SZ size, i.e. zero in this graph, is the
centre of the weld and thickness reference “h (mm)”
is the top surface of the workpiece. It may be clear
from this figure that when the rotational speed was
increased from 800 RPM to 2 000 RPM (Figures 14
and 15), by keeping the plunge rate constant, the size
of SZ was reduced.

a) 800 RPM

r(mm)
0.0 1.0 20 3.0 4.0 50 60 7.0 80
0.0 e
| | R4
o -~
10— : T
Stirred -
L e
55 Zone .
r'l i -
,_ M |
20 el Decreasing
b RPM
4-0 N
s et

50 Ll
E
E
1]

=== rpm:800 == pm:1200 === rpm: 1800 == rpm:2000

Figure 15 - Effect of rotational speed
on the SZ size [6]

Further study for effect of the tool rotational speed on
the forge force was made using the machine output
data. Decrease in the forge force by increasing the rota-
tional speed was observed as shown in Figure 16 [6].

The similarity in the trends of the SZ size and the
forge force with respect to the rotational speed may
be explained by the simplified conceptual mechanism
approach that an increase in rotational speed increases
the energy input rate, which leads to the formation of a
relatively thinner but softer shear layer adjacent to the
tool workpiece interface, as compared to the one at
the lower rotational speeds. Within this shear layer at
increased energy input rate, the drop in strength may
reach a level that stress transmission to the next “layer-
volume” of workpiece is reduced.

12

Plunge Rate: 11.32 mm/min

10 ——500 RPM

: f\/f:zz: o
Ll L

T ———

Forge Force (kN)
[

o
] 1 2 3 a 5
Plunge Depth (mm)

Figure 16 - Experimental output of forge force
versus time at different rotational speeds [6]

b) 2 000 RPM

Figure 14 - Macrographs showing different sizes of SZ [6]
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From experimental results shown in Figure 16, a tran-
sient behaviour may be observed in forge force values
generating a peak. This transient behaviour of initial rise
of forge force to local maxima and then its drop may
be explained by the conceptual mechanism flow chart.
At the initial stage of plunge, the work hardening may
continuously increase the yield stress of the material
and hence the resistance to tool vertical motion. This
may account for the initial rise of forge force during
the plunge.

After certain plunge depth, a reduction in flow stress
(material softening) due to arise in temperature i.e. ther-
mal softening of the material may be the reason for the
forge force drop. Moreover the rise in temperature may
also result in the dissolution of second phase particles
present due to T6 treatment in this age hardenable alumi-
nium alloy and hence contribute to material softening.

The forge force results from the theoretical investigation
are shown in Figure 17. Effects of rotational speed on
the forge force are also observed in these results i.e.
lowering of forge force curve with increase in RPM.
But in these results the initial phase of the plunge does
not show the forge force increase and drop (transient
response with local maxima) as in the experimental
observations, Figure 16.

The apparent reason for this difference between the
theoretical and the experimental results was assumed
due to the difference in the plunge rates of the respec-
tive observations i.e. 72.0 mm/min for the computatio-
nal study and 11.3 mm/min for the experimental one.

Therefore an experimental investigation was made to
explore this assumption. As shown in Figure 18, the
experimental investigation verified that by increasing
the plunge rate to 72 mm/min resulted in no local
maxima of the forge force i.e. similar to the one in the
theoretical study. Here it may be worth mentioning that
the other approach i.e. by adjusting the plunge rate in
the theoretical study to the one in the experimental
study was not carried out because enormous amount
of computational time is required for the reported model
at this slower plunge rate.

The reason for this behaviour may be that, at lower
plunge rates, sufficient time is available for the ther-

40

35

RotationalSpead: 800 RPM

72mm/min
/ =60 mm/min
[ f—12mm/fmin

25

20 -

15 -

Forge Force (kN)

10

Plunge Depth (mm)

Figure 18 — Experimental results of plunge rate
effects on the forge force

mal distribution by conduction in the surrounding work-
piece volume, hence, a softened zone ahead of plunging
tool may be developed. Thus the drop in forge force
after initial rise may occur, whereas at faster plunge
rates, due to lesser process time, the development of
softened zone may not be adequate enough to drop
the forge force.

A theoretical study was also made for the effect of
plunge rate on the forge force and the results are
shown in Figure 19. These results also show the capa-
bility of this model to capture this non-linear effect.
However, when these results are compared with those
from the experiments, a difference of starting point for
the forge force increase due to shoulder touch down
is observed, Figure 20.

It should be noted that the pin length for both the
experimental and the simulation studies was 4 mm. So,
theoretically speaking, the rise in forge force should
not be there before a 4 mm plunge depth of the tool.
Whereas contrary to this, in experimental observations,
these effects had started at a plunge depth of about
2.50-2.75 mm.

The reason for this may be the creation of flash, as
shown in schematic Figure 1. The extent of this flash
formation in the simulated results was much lower than
those in the experimental. Hence, the difference in the
slope and the starting point of rise in the forge force is
due to shoulder touch down. This different flash forma-

Plunge Rate: 72.0 mm/min
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Figure 17 - Theoretical results of forge force
for 800 and 1 600 RPM at 72 mm/min plunge rate

Figure 19 - Theoretical results of plunge rate
effects on the forge force
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Figure 20 - Experimental and theoretical results
of plunge rate effects on the forge force

tion in theoretical calculations and experimental obser-
vations may be due to approximation in the constitutive
material model and/or to the parametric data used in
the computational study.

Apart from this difference, overall trends of these sim-
ulation results may be termed in approximate agree-
ment with those in the experimental, keeping the highly
dynamic nature of the process in view.

For the validation of the model from thermal response
point of view, results from exp-set-1 were used. From
the computational study, where heat input was an
additive balance of frictional and deformational heat
inputs, the results were expected to be a little higher.
For this expectation it may be stated that, since the
tool is modelled as a rigid body and heat losses due
to it are not included in the model, heat flow from tool
— workpiece interface to the tool material reduces heat
content within the workpiece in the physical process.
Therefore this may be a main reason for relatively higher
computed temperature values.

Temp [K]

+9.500e+02
+9.226e+02
+8.953e+02
+8.679e+02
+8.405e+02
+8.131e+0
+7.858e+0
+7.584e+0.
+7.310e+0
+7.036e+0
+6.763e+02
+6.48%9e+02
+6.215e+02
+5.941e+0
+5.668e+0
+5.394e+0.
+5.120e+0
+4.846e+0
+4.573e+02
+4.299e+02
+4.025e+02
+3.751e+0
+3.478e+0
+3.204e+0
+2.930e+0

Figure 21 — Thermal profile as the tool
plunges into the workpiece at 1 400 RPM (A);
a) touchdown and initiation of plunge,

b) pin penetration before the shoulder touchdown
c) at shoulder touchdown
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Figure 22 - Temperature history comparison
between simulated and experimental results

The thermal profile from computational results is shown
in Figure 20 for different plunge depths. From this fig-
ure it may be clear that before the shoulder touch-
down a maximum temperature occurred under the pin
[Figures 21 a) and b)] and after the shoulder touchdown
a maximum is found under the shoulder peripheral
zone [Figure 21 c)]. The maximum temperature range is
relatively higher as expected and discussed earlier.

The comparison of temperature history plots for two
thermocouples placed just outside the shoulder peri-
phery [as in Figure 12 a), at 11.2 mm and 15.15 mm
from the weld centre respectively] in the workpiece is
given in Figure 22. These trends show a reasonable
agreement in general trends and a good agreement for
the peak temperature values at these locations.

However, the difference in the slopes of these history
plots, from the experiments and the simulation results,
may also be attributed to the difference in the extent of
flash formation during the pin penetration phase of the
plunge since relatively higher heat input to the system
would occur due to contact between the flash and the
inner part of the tool-shoulder, prior to full touchdown
of the shoulder area.

6 CONCLUSIONS AND OUTLOOK

— An experimental and computational thermo-mechani-
cal study for FSSW or plunge phase of FSW was made
to investigate the effects of process parameters i.e. tool
rotational and plunge speeds on the thermal and forge
force response of the workpiece i.e. AA 6082-T6.

— A conceptual mechanism frame work for the FSSW
process was presented and its relevance with coupled
thermal and stress behaviour during the FSSW process
was discussed.

— For theoretical study, a physical-based, fully coupled
thermo-mechanical model was developed to study the
workpiece thermo-mechanical response and discussion
was made in the light of proposed conceptual frame
work for mechanisms of heat generation and interfacial
conditions occurring during the process.



THERMO-MECHANICAL INVESTIGATIONS DURING FRICTION STIR SPOT WELDING (FSSW) OF AAG082-T6 R145

— As per experimental results of the SZ size and forge
force analysis with respect to the rotational speed, an
inverse relationship was observed between them.

— The developed model was able to predict this inverse
relationship.

— Effects of plunge rate on the forge force were also
studied experimentally as well as theoretically. Plunge
rate showed a considerable influence on the resulting
forces required to plunge the tool into the workpiece.

— Comparisons between theoretical and experimental
results for forge force and thermal histories suggested
the improvements in the material model, either by modi-
fication in the constitutive equation or by using expe-
rimental stress-strain data as function of temperature
and strain rate, to predict the deformation in the near
field of tool-workpiece interface, e.g. flash formation.

— Investigations for the relationship between energy
input and its rate in term of rotational speed and plunge
rate with the forge force, material deformation, heat
generation and its distribution made the bases for
mechanism understanding.

— More parametric studies are planned to enhance and
strengthen the bases of proposed conceptual sequence
to develop and further explore the mechanism of the
process.

— Using the reported model as basic platform, incorpo-
ration of deformable tool and subsequent tool analysis
e.g. tool geometry effects on thermo-mechanical and
damage response etc. may be performed.

— The same model may be used to develop an inte-
grated modelling approach e.g. by studying the
microstructural evolution within workpiece during the
FSSW process.
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