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A ﬁnite element model was developed to predict the spatial and temporal variation of heat generation and
temperature in FSSW of aluminium and magnesium alloys. Heating by friction and bulk plasticity is computed at
intervals using small-strain elastic-plastic analysis for a small fraction of one tool rotation. This runs in parallel
with a conventional thermal analysis running for the whole weld cycle. The model was tested at two tool rotation
speeds with experimental data for three wrought aluminium alloys, and two casting alloys (one aluminium and
one magnesium). Heat generation history was found to be remarkably similar for both rotation speeds and across
all ﬁve alloys. A key aspect of the model is the use of a physically-based kinematic boundary condition at the
tool-workpiece interface, with the surface velocity proﬁle having an inner sticking region and an outer slipping
region. The method shows the potential for rapid calculation of heat input and temperature ﬁelds in large strain
frictional processes such as FSSW, without recourse to fully coupled explicit FE analysis.

1. Introduction
Friction stir spot welding (FSSW), shownschematically in Fig. 1, is a
potential sheet joining process for automotive applications. A rotating
cylindrical tool made from a hard, wear-resistant material, is plunged
into two overlapping plates, and retracted after a dwell time of the
order of 1 s. This short cycle time and its suitability for thin sheets
(∼1 mm) make the process a viable alternative to resistance spot
welding (RSW) and self-piercing rivets (SPR). Conventional FSSW tools
leave a hole, associated with low static strength (Badarinarayan et al.,
2007) or cracking (Yamamoto et al., 2007). As a consequence, attempts
have been made to eliminate the hole using a reﬁll variant of FSSW
(Uematsu et al., 2008), or a pinless tool (Bakavos and Prangnell, 2009;
Bakavos et al., 2010).
1.1. Experimental studies of FSSW
Many authors have investigated FSSW experimentally, studying the
inﬂuence of welding parameters and tool geometry on weld microstructure (grain reﬁnement, formation of intermetallic phases), weld
properties (hardness, and failure strength under static and cyclic
loading), and tool wear (Yang et al., 2014). A full metallurgical bond
requires the depth of the plasticized zone to be suﬃcient to disrupt the
interface between the workpieces, and therefore depends on the heat
⁎

generated, the temperature ﬁeld, and the material ﬂow – the focus of
this work. Metal ﬂow has been visualised by various techniques. Su
et al. (2006) exploited the diﬀerent etching characteristics in dissimilar
spot welds of Al 5754 and Al 6111, and used Al2O3 tracer particles in Al
6061 welds, while Lin et al. (2013) used Cu and W powder. In both
cases, material movement in the radial and through-thickness directions depended on the tool pin geometry. Gerlich et al. (2006) attempted to infer strain-rate values from sub-grain measurements in Al
and Mg alloys. In spite of the low precision, the results suggested full
sticking at the tool interface in some alloys, and slippage at the periphery of the tool in others.
Bakavos and Prangnell (2009) and Bakavos et al. (2010) studied
FSSW of 6000-series aluminium automotive sheet with various pinless
tool designs, demonstrating that successful joints could be produced,
assessed via failure loads and energies. In collaboration with this research group, Reilly et al. (2015) presented marker experiments with a
pinless tool, using dissimilar Al alloys 6082 and 6111 in a butt conﬁguration, to provide etching contrast. A systematic layering of the
alloys from each side of the butt joint was observed, with the number of
layers being closely correlated with the number of tool rotations. An
analytical kinematic model was proposed, assuming purely circumferential ﬂow. This model successfully predicted the main features of the
marker experiments, providing strong evidence for a stick-slip velocity
proﬁle at the surface of the workpiece in contact with the tool shoulder.
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Fig. 1. Friction stir spot welding process.

coeﬃcient cannot be determined from fundamental principles or by
simple experiments relevant to FSW conditions. This applies equally to
FSSW, where the contact stresses depend on temperature, material
softening, and relative velocity, so experimental measurements can
only give apparent average conditions. Temperature and normal stress
vary over the tool-workpiece interface, so the contact conditions vary
spatially, potentially giving regions of stick and slip, and also vary with
time during the process, as noted by Threadgill et al. (2009). Schmidt
et al. (2004), in their analytical model of stick/slip contact, made
several assumptions: a uniform distribution of the ratio of tool and
workpiece velocities, and uniform pressure and shear stress. Colegrove
and Shercliﬀ (2005) speciﬁed sticking of material to the tool, but with
two modiﬁcations: the use of a limiting shear stress (Colegrove and
Shercliﬀ, 2004) and a calibrated reduction in contact radius, varying
between 75 and 100% of the actual shoulder radius (Colegrove et al.,
2007).
An alternative method to describing contact in terms of friction and
contact stresses is to impose purely kinematic boundary conditions instead. Xu et al. (2001) proposed that the workpiece surface rotated at
some ﬁxed fraction of the tool rotation speed, in other words with
slipping contact over the whole tool. While this has the desired eﬀect of
reducing the heat input compared to full sticking, it gives a physically
unrealistic discontinuity in velocity at the tool periphery. The approach
used in the current study follows the work of Reilly et al. (2015), who
inferred the velocity ﬁeld in FSSW using marker experiments between
alloys of comparable strength but dissimilar etching response, and an
analytical model. In the present work, surface velocity proﬁles similar
to those inferred by Reilly et al. are directly speciﬁed in the model, as
boundary conditions.

The physical insight from their work forms the basis of the kinematic
boundary condition used in the current model, discussed further below.
1.2. Numerical modelling of FSSW
Several authors have conducted numerical studies of friction stir
processes, with the objectives of understanding the process mechanisms, and reducing the number of empirical trials needed to optimise
processing conditions, as emphasized by Threadgill et al. (2009). The
eﬀect of tool geometry on material ﬂow has been explored by numerical
particle tracking, for example by Hirasawa et al. (2010) in FSSW of
6000 series Al sheet. Two alternative approaches to this problem were
used by Kim et al. (2010), who simulated FSSW of Al 5083-H18 and
6022-T4 with Lagrangian FEM and Eulerian FVM. Other thermal-mechanical FE models investigate the heat generation and temperature
proﬁles for FSSW of 6061-T6 aluminium alloy, such as Awang and
Mucio (2010), and Lacki et al. (2013). The dependence of material
deformation and heat generation on rotational speed and plunge rate
was investigated by 3D FE analysis by Khosa et al. (2010).
A survey by Neto and Neto (2013) suggests that, whilst most of the
modelling work published on friction welding is focused on material
and heat ﬂow, only some studies directly link constitutive response to
weldability and process optimisation. Examples include: prediction of
the rotation speed at which minimum translation force is required in
FSW (Colegrove et al., 2007); a study of the inﬂuence of tool thread on
the welding forces, by the same authors (Colegrove et al., 2007); the
relationships between tool forces and speeds, and the strain-rate and
temperature-dependent ﬂow stress (Ulysse, 2002); and exploration of
the susceptibility to defect formation (Schmidt and Hattel, 2005).
Neto and Neto (2013) also note that current numerical models of
friction welding processes often fail to meet the accuracy requirements
of practical applications, and are not used to optimize process parameters and signiﬁcantly reduce experimental trials. Inadequate representation of the material constitutive response in the relevant strainrate and temperature regimes has been frequently cited as the main
source of inaccuracy in model predictions, for instance by Ulysse
(2002). The hot constitutive response governs the heat generation and
material ﬂow in thermomechanical modelling, linking the deformation
behaviour with machine parameters and alloy weldability.
A further prerequisite that is critical for capturing the physics of any
thermomechanical model of friction welding is the use of realistic
material tool-workpiece contact conditions. Typically, authors assume
complete contact and simply apply a Coulomb friction law with an effective friction coeﬃcient – for example, Song and Kovacevic (2003). A
calibration method was applied by Frigaard et al. (2001), who adjusted
the coeﬃcient of friction at each time-step to control the temperature
beneath the tool shoulder. Schmidt et al. (2004) questioned the application of Coulomb friction, considering it unrepresentative for their
FSW model, and deﬁned several stick/slip contact states at the toolworkpiece interface. Nandan et al. (2008) agreed that friction

1.3. Computational eﬃciency and large deformations
The computational penalty of modelling the complete process in
FSSW is great – a direct consequence of the large plastic shear strains in
friction welding at high rotation speeds, with steep gradients in strain
and temperature with position. This normally implies the necessity for
Eulerian or Arbitrary Lagrangian-Eulerian (ALE) analysis, or other remeshing techniques, and very ﬁne meshes, all associated with a signiﬁcant computational penalty. This creates an obstacle for the adoption of these techniques as routine design tools.
A new ﬁnite element method is proposed here to provide a computationally eﬃcient approach for modelling thermomechanical processes such as friction welding, in which deformation and heat ﬂow
occur on diﬀerent time scales. The concept was demonstrated in preliminary form by Reilly et al. (2013), and (Reilly, 2013). The method
has potential in large strain frictional processes such as FSSW for rapid
calculation of the distribution of heat generation, and the associated
temperature ﬁeld. Reilly et al. also observed that well-instrumented
experiments and reliable constitutive material data are prerequisites for
thermomechanical process modelling. In this paper, the small-strain
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Fig. 2. Small strain analysis of friction stir spot welding: (a) power input q (t ) ; (b) thermal model; (c) deformation model; (d) instantaneous power q from asymptote
of deformation model.

2. Experimental work

modelling concept is implemented for FSSW, with a custom-designed
experimental rig for validation of the predicted heat generation.
Principally, this new method uses independent thermal and deformation models, coupled via transfer of the thermal load and temperature ﬁeld. The main novelty lies in the deformation model, which
takes intermittent small strain “snapshots” during the continuous
thermomechanical process, but over a much shorter timescale than the
interval between deformation analyses. These small strain analyses
import the current temperature ﬁeld, and are suﬃcient to capture enough of the material ﬂow behaviour to compute realistic values of the
plastic strain-rate and ﬂow stress distributions, and thus heat generation. There are two sources of computational eﬃciency – ﬁrstly, the
deformation model simulates only a small fraction of the total process
time; and secondly, the strain and mesh distortions are small, so that
the demanding kinematic description and remeshing associated with
large strains is avoided. A schematic of the procedure is shown in Fig. 2.
Within each cycle, the temperature ﬁeld from the thermal model
(Fig. 2b) is imposed as an input to the deformation model (Fig. 2c),
which evaluates the spatial and net heat generation rate. Two options
are then available: (a) partial coupling, in which an independent
measurement of the power history is used as the input to the thermal
model, and this is compared with the power predicted by the deformation model; (b) full coupling, in which the predicted power from
the deformation model is fed back and used step-wise as the input to the
thermal model (as in Fig. 2a). The small strain method works because
the deformation analysis only needs to apply suﬃcient strain to capture
the plastic strain-rate and ﬂow stress distribution at the time of the
snapshot analysis, and hence to evaluate the consequent heat generation rate distribution (Fig. 2d). The assumption is therefore that the
change in temperature between successive analyses produces only a
relatively slow change on the material behaviour in the deformation
model. Furthermore, as the entire duration of the process is modelled
thermally, the temperature ﬁeld is available at any instant in the weld
cycle, which is useful for both experimental validation and microstructure modelling.
Key inputs to the model, presented later, are therefore: (i) the hot
deformation constitutive data for each alloy (collated from multiple
studies in the literature, and smoothed with best-ﬁt curves); (ii) the
contact conditions at the tool-workpiece interface, expressed as a surface radial variation of circumferential velocity. Validation of the
thermal ﬁeld and the predicted heat generation was facilitated by
measurements from a purpose-built instrumented rig, which is described next.

The geometry of FSSW with a pinless tool is also suitable for
studying the fundamentals of the friction processing response of different alloys. First, pure rotation without translation or tool tilt oﬀers a
simple experimental procedure, with an axisymmetric ﬂow ﬁeld; and
second, FSSW provides a straightforward geometry for simultaneous
measurement of temperature history and applied torque (and hence
input power). Greater understanding of the contact and heat generation
in FSSW should also inform interpretation of the behaviour in the related processes of rotary friction welding and friction stir welding.
A new instrumented FSSW rig was designed with these aims.
Process conditions were similar to those in conventional FSSW lap
joints, but autogenous welds were produced using a single workpiece,
to focus on temperature evolution, metal ﬂow and heat generation. The
rig is able to cover a wide range of temperatures and strain-rates by
varying the machine parameters and tool sizes, in order to test the
dependence on the constitutive behaviour of a range of light alloys. Full
details of the design and its experimental validation are presented by
Jedrasiak and Shercliﬀ (2017).

2.1. Autogenous FSSW rig
The experiments were conducted on a TTI RM2 precision friction
stir welding machine at TWI Sheﬃeld, which has a maximum rotational
speed of 3000 rpm, downforce of 100 kN, power of 37 kW and torque of
500 N m. The machine had an in-built data acquisition system measuring tool forces, speeds and displacements in all three directions, as
well as torque and rotational speed. The rig was designed to improve
the accuracy of the measurement of torque at the workpiece, and to
record temperature at multiple radial positions within the workpiece.
Flat pinless tools of diameters 10, 16 and 19 mm were tested. The results here all relate to the 10 mm tool, as used in previous experimental
and numerical work by the current authors (Jedrasiak et al., 2016) and
in the FSSW trials by the collaborating research group (Bakavos and
Prangnell (2009); Chen et al. (2013)). Identical tooling was also used in
the underpinning alloy marker experiments, carried out by Bakavos
et al. (2010) and Reilly et al. (2015).
A 50 × 45 mm sample of thickness 6 mm was chosen to accommodate tools up to 16 mm in diameter and a deformation zone up to
1 mm deep. From the modelling perspective, it was preferable for the
sample to provide a suﬃciently large heat sink, and to keep the
workpiece-backing plate interface at a reasonable distance from the
209
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Fig. 3. Details of the experimental rig: (a) plan and section view of a sample and thermocouple locations (dimensions in mm); (b) complete workpiece and clamp
assembly.

chosen to minimise the change in geometry, while ensuring full toolworkpiece contact and reproducible stick-slip conditions. At the nominal plunge-rate of 20 mm/min, the plunge should take 0.6 s, but in
practice the full plunge was achieved in a time closer to 2 s, due to the
resistance of the initially cold material. A dwell time of 30 s is unrealistic in practical processing terms, but was adopted to provide near
steady-state conditions under the tool, for modelling purposes. The
modelling methodology was ﬁrst developed for the lower speed of
500 rpm using medium strength wrought Al alloy 6082-T6 and then
extended to 2000 rpm, before testing at both speeds on 4 alloys of
contrasting composition and as-received strength: medium and high
strength wrought Al alloys 2024-T3 and 7449-T3, and two casting alloys: AlSi10Mg, and Mg-Al alloy AM50.

deformation zone (to reduce sensitivity to heat transfer conditions).
Standard k-type thermocouples of diameter 0.5 mm were located in
drilled holes as close as possible to the deformation zone, with the tips
1.5 mm from the top surface (Fig. 3a). Accurate positioning of thermocouples was required, given the large through-thickness temperature
gradients reported by the current authors (Jedrasiak et al., 2016).
The workpiece and clamp assembly is shown in Fig. 3(b). Thermal
losses between the workpiece and clamp was limited via ceramic inserts
in the steel clamp top and base, such that the steel parts of the clamp
were separated from the workpiece by a small air-gap. The thermocouple wires were located in grooves in the ceramic insert in the base,
to ensure the thermocouple tips were pushed ﬁrmly against the workpiece material. The assembly was mounted on a commercial load cell,
custom-built by Sensing Systems Corporation, designed to accommodate 80 N m torque and 30 kN axial load, with nominal combined
errors smaller than 0.35% of torque capacity and 0.25% of axial load
capacity. A simultaneous NI 9237 bridge module was used to log torque
and load at a sampling rate of 50 Hz. Thermocouple measurements
were made with an analogue input NI C-series module, at the same
sampling rate. The load cell and clamp-workpiece assembly was attached to the machine bed. The centre of the rig was aligned carefully
with the axis of the tool in the machine head, to ensure that the thermocouples were located accurately at their target radial locations.

2.3. Experimental results
Torque histories for the ﬁve alloys are shown in Fig. 4(a and b).
Across the four Al alloys there are diﬀerences in peak torque and the
rise time to the peak, but the decaying parts of the curves are similar. At
500 rpm, the torque peaks within the ﬁrst 5 s, and then decays exponentially, to a value around 20–25% of the peak. At 2000 rpm, the
peak torque is lower by a factor of about 2, and occurs within 1–2 s,
again falling exponentially to a value around 20–25% of the peak. At
both speeds, the torque with the Mg alloy is consistently lower. The
variation in peak and rise time suggests that the plunge time is dependent on the diﬀerences in material strength.
The downforce histories recorded in the same experiments (Fig. 4c
and d) show some similarities to the torque histories, but there is more
variation between the materials. The higher strength alloys 2024 and
7449 show similar downforce curves, as do the medium strength 6082
and AlSi10Mg casting alloy. The Mg alloy AM50 results do not follow
such a consistent pattern.
These measurements of torque and downforce were compared with
those from the machine (Jedrasiak and Shercliﬀ, 2017), and showed a
similar proﬁle with time, giving conﬁdence in the use of the rig on other
machines without instrumentation. The torque is the determining factor
in heat generation, so this is most important for validation of the
modelling work.
The corresponding temperature histories at the weld centre are
shown in Fig. 5. It is notable that the temperature histories for the
diﬀerent alloys are remarkably similar, which is consistent with broadly
similar heat input, suggested by the torque curves (allowing for some
diﬀerences in thermal properties between alloys). Note that in all cases
the temperatures show an initially steep rise within 5 s at 500 rpm, and
2 s at 2000 rpm. The curves then turn and only rise by another 50 °C
over the remainder of the 30 s dwell time. The peak in torque is thus

2.2. Test conditions
The optimum conﬁguration of clamps and thermocouples was determined in an extensive range of trials, also testing the reliability of the
rig and its instrumentation (Jedrasiak and Shercliﬀ, 2017). These trials
explored the sensitivity of the key outputs (downforce, torque, and
temperature) to variation in the process variables (tool diameter,
plunge depth and rate, rotation speed, and dwell time). An optimum set
of thermocouple conﬁgurations was established, and a standard set of
process conditions, shown in Table 1. A plunge depth of 0.2 mm was
Table 1
Welding parameters.
Parameter

Value

Material
Sheet thickness
Tool diameter
Plunge depth
Plunge rate
Dwell time
Rotation speed

6082-T6, 2024-T3, 7449-T3, AlSi10Mg, AM50
6 mm
10 mm
0.2 mm
20 mm/min
30 s
500 rpm, 2000 rpm
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Fig. 4. Torque and downforce as a function of time, for diﬀerent alloys, at: (a,c) 500 rpm; (b,d) 2000 rpm.

apply the model to the new rig are summarised here. Fig. 6(a) shows the
layout of the FE thermal model, consisting of about 55 thousand 8-node
linear heat transfer brick elements. Only the two ceramic elements of
the clamping assembly in contact with the workpiece are included in
the model – due to their low thermal conductivity, heat conducted
through these parts to the remaining elements of the assembly can be
neglected. A full 3D thermal model was used, as the temperature distributions are later imported to the deformation model, which captures
the predominantly circumferential material ﬂow.
Implicit time integration was used. The load transfer procedure,
used for coupling the separate analyses of the temperature and

associated with the end of the initial steep temperature rise. The initial
steep rises in torque and temperature appear to be consistent with the
plunge period, but at deeper plunges and higher plunge rates, the
curves did not show this correlation.

3. Thermal model
3.1. Mesh and geometry
The thermal model applied in this work is adapted from that presented previously by Jedrasiak et al. (2016). The adaptations needed to

Fig. 5. Temperature histories at the weld centre, for diﬀerent alloys at rotation speeds of: (a) 500 rpm; (b) 2000 rpm.
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Fig. 6. Geometry, meshes and boundary conditions (BC) for FE analysis of autogenous FSSW: (a) thermal model; (b) deformation model.

deformation ﬁelds, oﬀers several advantages, e.g. the possibility of
using dissimilar meshes, and diﬀerent procedures of time integration.
While explicit time integration might be more eﬃcient in the deformation model, the implicit method is unconditionally stable for
linear problems, and in heat transfer problems non-linearities associated with the temperature-dependent material properties or boundary
conditions are usually mild.
The plunge stage presents a particular problem in modelling FSSW,
since the thermal model required the tool location and associated heat
input to be ﬁxed. In reality, at the plunge rate used in the current experiments, a depth close to the maximum was reached about 2–3 seconds after initial contact, and increases slightly throughout the subsequent dwell time, as the material softens and the tool penetrates the
surface. Sensitivity analysis in an earlier study by Jedrasiak (2012),
found that the evolving plunge depth had secondary importance on the
predicted thermal ﬁeld, for plunges up to 0.5 mm in a sample of
thickness 2 mm. The model plunge depth was therefore set equal to the
ﬁnal depth, as measured experimentally. Flash around the tool was
included in the model, with the geometry simpliﬁed to a ring, and dimensions measured experimentally.

et al., 2016) were also speciﬁed as temperature-dependent, though they
varied to a smaller degree.
In the previous FSSW model, all surfaces in contact with the air were
treated as insulated, which was justiﬁed by the short FSSW cycle time of
1 s (Jedrasiak et al., 2016). Here, due to the longer dwell time of 30 s, a
ﬁxed convection coeﬃcient of 100 W/m2K was speciﬁed, after
Dickerson et al. (2003). Due to the high contact pressures and workpiece softening, perfect thermal contact was assumed at all interfaces
between the workpiece and the tool or ceramic clamping elements. Tool
retraction was not included, as the thermal history was only needed
during plastic deformation, and not for the cooling stage.
3.3. Thermal loads
The thermal FE model uses the spatial distribution for an identical
tool and welding conditions, as in Jedrasiak et al. (2016). Radially, a
triangular heat input proﬁle is applied, with a peak value at 0.75 of the
tool radius (Fig. 8). This reﬂects the surface velocity proﬁle inferred by
Reilly et al. (2015) from marker experiments and a kinematic model,
discussed further in the deformation model below. It is indicative of
sticking contact in the central region of the tool, with the velocity
falling to zero close to the tool edge (for continuity with the surrounding stationary material) giving slipping contact around the periphery. Jedrasiak et al. (2016) found that it was diﬃcult to distinguish
between surface heating and near-surface volumetric heating, with the
temperature ﬁeld being largely independent of the proportions. A 50%
surface/50% bulk distribution is assumed, with the volumetric heat
input extending uniformly through a weld zone depth of 1 mm, typical
for welds using a 10 mm diameter tool (after Reilly et al., 2015).
The net power history q(t) was calibrated using the method proposed by Jedrasiak et al. (2016). At each time-step, the value was adjusted until the model matched the measured temperature for the
thermocouple at the weld centre, giving a piece-wise linear variation in
power. The time-step varied between 0.2 s to 5 s, to keep each

3.2. Materials and boundary conditions
Material properties (thermal conductivity, speciﬁc heat and density)
were speciﬁed as temperature dependent, due to the signiﬁcant variation within the analysed temperature range of 20–400 °C. Thermal
property data are presented in Fig. 7 for all ﬁve test alloys (as listed in
Table 1). Where appropriate material data were not available, they
were assumed to be the same as those for a similar alloy, e.g. thermal
data for Al alloy 7075 was used as a substitute for 7449. In some cases
data were only available for part of the relevant temperature range, and
was extrapolated over the remaining part of the regime, following the
trend in other similar alloys. The properties of the Macor ceramic
clamping material (Corning SAS, 2012) and tool steel H13 (Shabgard
212
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Fig. 7. Properties of workpiece alloys as a function of temperature (datapoints – dots; extrapolated values – dashed lines): (a) thermal conductivity; (b) speciﬁc heat;
(sources: Nagaumi et al. (2008); Rudajevová et al. (2003); Peel et al. (2006); Kaschnitz et al. (2014); Karthikeyan et al. (2010)).

deformation conditions in each alloy.
4. Deformation model
Material ﬂow is modelled with a small-strain approach, where deformation is simulated at several discrete time intervals (Fig. 2), greatly
reducing the computational cost, as discussed earlier. At each time
corresponding to a snapshot computation, the temperature ﬁeld is imported from the thermal model and remains unchanged. During each
snapshot, rotational displacement is applied from an initially unloaded
state, with a step change to the imposed interface rotation speed. Deformation is initially elastic, but is continued until plastic deformation
dominates, and the plastic power dissipation asymptotically reaches a
constant rate (as in Fig.2(d)), that is, the same as would apply in continuous rotation. The typical rotation required to reach this condition is
of order 1°, which explains how the continuous heat generation can be
calculated using a small strain implicit analysis with low mesh distortion. Partial coupling is adopted here, with the net heat generation rate,
predicted at discrete intervals, being compared with the power history
inferred from thermocouple data (from the thermal model), and with
that measured experimentally.

Fig. 8. Thermal loads: radial distribution.

temperature increment below an acceptable level. These “reverse-engineered” power histories are then compared with the experimentally
measured power (equal to torque × rotational speed in radians/
second). This approach has two advantages over using the experimentally measured power directly as input: (a) reliable thermocouple data
are more commonly available than power; and (b) it minimises the
error in the temperature predictions, which are carried forward to the
subsequent deformation modelling, in which there is a strong temperature-dependence of the ﬂow stress.

4.1. Geometry, mesh and materials
The deformation in friction stir welding is dominated by axisymmetric shearing of the workpiece material. This is modelled here in 3D
(Fig. 6b), since the small-strain deformation model imports the temperature ﬁeld from the thermal model, so the workpiece geometry must
be identical (Fig. 6a). Only material ﬂow in the workpiece is of interest,
and heat ﬂow is not considered, hence all other parts are excluded from
the model, improving computation eﬃciency. As in the thermal model,
the tool plunge depth is assumed constant throughout the entire weld
time.
The mesh consists of approximately 16,000 8-node thermally coupled brick, linear displacement and temperature elements. The mesh is
ﬁnest within the thermomechanically aﬀected zone, where elements
with thickness of 0.1 mm were necessary to capture the steep
through–thickness gradient in shear strain. The number of elements in
the workpiece was reduced compared to the thermal model, to speed up
the computation. In contrast to the thermal problem, even a small strain
snapshot of plastic deformation was highly non-linear, and convergence
with the applied implicit time integration was not as rapid.

3.4. Thermal modelling: results
Fig. 9(a) shows an exemplar set of measured and predicted temperature histories (for Al 6082-T6 at 500 rpm). Overall, a good match
was achieved for all thermocouple locations, and similar agreement was
found for all ﬁve materials at both speeds, as presented elsewhere
(Jedrasiak, 2017). Fig. 9(b–f) show the calibrated and measured power
histories for the ﬁve alloys at welding speeds of 500 and 2000 rpm. In
all cases, the predicted power histories are close to those calculated
from the experimentally measured torque, though are sometimes
under-estimated near the peak.
An important and surprising observation can be made, that was not
apparent when directly comparing measured torques (Fig. 4a and b):
the experimental power after the peak is practically independent of the
welding rotation speed in all ﬁve alloys (Fig. 9b–f). As postulated by
Mishra and Ma (2005), and by Threadgill et al. (2009), friction welding
contact conditions are self-stabilizing, that is, as temperature rises towards the solidus, the ﬂow stress falls and heat generation reduces, so
conditions converge on a state of thermal balance. But it is surprising
that across ﬁve diverse alloys, with a factor of four in rotation speed,
conditions converge on such similar heat generation rates. The deformation model, below, is used to shed further light on the prevailing

4.2. Material constitutive response
Elastic properties were speciﬁed as temperature-dependent. If data
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Fig. 9. (a) Predicted (dashed) and measured (solid) temperature histories at diﬀerent distances from the weld centre, for Al 6082-T6 at 500 rpm. (b–f) Power history
inferred from the thermal model (dashed) and measured (solid), for tool rotation speeds of 500 and 2000 rpm, in alloys: (b) Al 6082-T6; (c) Al 2024-T3; (d) Al 7449T3; (e) AlSi10Mg; (f) Mg AM50.

case the stress at the maximum recorded strain (typically equal to 1)
was taken as the single-point yield stress, for a given temperature and
strain-rate. Data were collated for the alloys tested, or for similar alloys
where there were gaps in the data. For this reason, and because of
experimental uncertainties, the collated data show some inconsistencies
in both temperature and strain-rate dependence. A least-squares best-ﬁt
curve was obtained for a mid-range strain-rate, using a polynomial
relationship between yield stress and temperature. The yield stress at
other strain-rates was then found by assuming a linear scaling relationship between stress and log(strain-rate). At temperatures approaching the solidus, a linear drop to zero ﬂow stress at the solidus
was assumed, following Colegrove et al. (2007). The resulting constitutive models are summarized with the underlying data in Fig. 10,

for the alloys tested were not readily available, Young’s modulus and
Poisson’s ratio for similar aluminium and magnesium alloys were used.
These properties have a minimal inﬂuence on the results of the smallstrain analysis.
In friction stir spot welding of aluminium or magnesium, deformation takes place primarily at high temperatures of order 300–450 °C,
where little strain hardening is observed, and isotropic hardening can
be neglected. A single-point yield plasticity model favours the proposed
small-strain approach, since isotropic hardening requires tracking of the
instantaneous position on a stress-strain curve for each element in the
model, throughout the entire weld cycle.
In practice, ﬂow stress data is usually available in the literature only
for strains much smaller than those observed in FSSW. Hence in each
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Fig. 10. Constitutive model (solid lines) and underlying yield stress – temperature data (datapoints) for ﬁve test alloys, for a range of strain-rates: (a) Al 6082
(sources: Malakizadi et al., (2016); Jaspers (1999)); (b) Al 2024 (sources: Tello et al., (2010); Khan and Liu (2012); Lesuer (1999); Seidt and Gilat (2013); RodríguezMartínez et al. (2011); Chen et al. (2015); Bhimavarapu et al. (2011); Wang and Jiang (2012), Cepeda-Jiménez et al. (2012) ; (c) Al 7449 (sources: Chen et al. (2016);
Mylonas and Labeas (2014); Wang et al. (2010); Kumar et al. (2009)); (d) AlSi10Mg (sources: Estey et al. (2004); Zamani et al. (2015); Roy et al. (2012); Gupta et al.
(2014)); (e) Mg AM50 (sources: Ding et al. (2010); Song et al. (2009); Bae et al. (2002); Slooﬀ et al. (2010); Sanjari et al. (2012); Somekawa et al. (2005); Zhao et al.
(2010); Takuda et al. (2005); Lingyun et al. (2006)). (The dashed boundaries mark the ranges of σ and T shown enlarged in later material deformation maps, Fig. 18).

limited range of temperature and strain-rate. This ignores the shortcomings of both material models when applied to friction welding, as
emphasized by Grujicic et al. (2012). In spite of the more complex
deformation analysis that is often conducted in modelling friction
processes, insuﬃcient attention is often paid to the validity of the input
data.

highlighting the signiﬁcant spread in initial room temperature
strengths.
Note that the use of this collated data is in marked contrast to the
approach that is common in the literature, which is to assume the validity of a Johnson-Cook model (Johnson and Cook, 1983) or ZenerHollomon equation, with parameters ﬁtted to the response over a
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corresponding to sticking conditions in the domain where the layering
is horizontal. Where the material rotates more slowly than the tool, slip
occurs, and the layering curves towards the surface, and the number of
layers in the vertical direction falls to zero at the tool periphery. The
actual surface circumferential velocity proﬁle can then be obtained
directly by multiplying the rotational speed by the radial distance – the
result is shown in Fig. 12(a and b), giving a linear rise in velocity in the
central sticking region (over which the rotational speed is constant, i.e.
v = ω r).
As the tool-workpiece contact is speciﬁed kinematically, at a ﬁxed
plunge depth, the downforce is not included in the model. The stresses
resulting from the downforce are predominantly hydrostatic, as the
weld zone is heavily constrained by the cold surrounding material and
clamping. The downforce does not therefore contribute signiﬁcantly to
material yield, and has little inﬂuence on generated heat, which is
primarily the product of shear stress and strain. The clamping loads on
the workpiece also have no inﬂuence on material ﬂow and heat generation in the deformation zone, so the clamping was simply modelled
by ﬁxing all of the degrees of freedom of the workpiece surfaces in
contact with the ceramic clamping components (Fig. 6b).

4.3. Loads and boundary conditions
The workpiece is subjected to forces resulting from frictional contact with a rotating tool, plunged into the workpiece under a large
downforce. Whilst the net torque and downforce histories are known
experimentally, the spatially- and time-varying contact pressure and
shear stress conditions are not.
The approach presented here follows the work of Reilly et al.
(2015), who noted that the deformation zone is heavily constrained
kinematically, and inferred a physically meaningful velocity ﬁeld using
marker experiments. Their novel analytical approach showed that the
layering observed between dissimilar alloys in a butt weld conﬁguration could be interpreted by a radial variation in stick-slip conditions at
the tool-workpiece interface, with the central region of the workpiece
sticking to the tool, and a slip region towards the outer periphery. The
kinematic model predicted the relationships between the surface velocity proﬁle and weld time, with the shape of the deformation zone and
the variation in layer thickness with depth. In the present work, a more
reﬁned approach is taken, with the surface velocity proﬁle being inferred directly from their weld cross-sections. (Reilly et al., 2015) made
welds with speeds ranging from 300 to 2000 rpm, but did not include
experiments at 500 rpm, so the velocity proﬁle at 500 rpm was assumed
to be identical to that at 800 rpm, scaled in proportion to the rotation
speed.
Fig. 11 shows a schematic view of the layering observed in dissimilar FSSW butt joints, and illustrates the method used to obtain the
distribution of velocity in both radial and through-thickness directions.
In the central region, the maximum number of (double) layers corresponds to the total number of revolutions which occur during the weld
time, assuming sticking occurs instantaneously at the start of welding
(conﬁrmed as a reasonable approximation by Reilly et al. (2015)). Each
layer corresponds to half a revolution at the surface, so the average
circumferential velocity at each layer boundary increases in integral
steps up to the surface. This is illustrated in Fig. 11, for vertical sections
in the central and peripheral regions. Since the time elapsed is the same
for all locations, the average rotational angular speed can therefore be
found for each point. Repeating this process at diﬀerent radial positions, and ﬁnding the maximum rotational speed at the surface in each
case, generates the radial proﬁle of angular and circumferential velocity
at the tool-workpiece interface, as shown in Fig. 12a. In all cases, a
plateau of angular speed is observed over a central part of the tool,

5. Results and discussion
The small-strain snapshot model is validated using two measures of
the power history against time: (a) experimental values of machine
power, from the rig torque; (b) heat generation inferred from the FE
thermal model, and calibrated against thermocouple data. The time
interval between snapshot models was deﬁned as a period of time
during which the temperature recorded by the centrally located thermocouple changed by 20 °C, but no larger than 5 s. This limit the scale
of the updates to the thermal ﬁeld, avoiding large discontinuities in
predicted power.
The heat generation rate was ﬁrst predicted for one of the alloys, Al
6082-T6, for both rotation speeds, using the inferred surface velocity
proﬁle from marker experiments, as in Fig. 12(b). Fig. 13 shows that the
overall shape of the power histories predicted by the deformation
model corresponds with the reference power from experiment or
thermal model. After an initial peak in power, the material progressively heats and softens, which gives an approximately exponential
decay in power. The magnitude of the power, however, is signiﬁcantly
over-predicted, particularly at 2000 rpm (note the diﬀerent scales in

Fig. 11. Schematic view of the layering observed in dissimilar alloy FSSW butt joints, showing the process for inferring the average circumferential velocity proﬁle
with depth, for two radial positions.
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Fig. 12. (a) Radial distributions of rotational speed (angular velocity) and circumferential velocity of material at the tool-workpiece interface, inferred from marker
experiments; (b) Radial distributions of the material velocity at the tool-workpiece interface, for two rotation speeds (solid lines show the variation inferred from
marker experiments; dashed lines show a linearised approximation).

Fig. 13. Predicted power history from the deformation model for wrought Al 6082-T6 at (a) 500 rpm, and (b) 2000 rpm, compared with experimentally measured
power, and that inferred from the thermal model.

data, which would be expected to give variable uncertainty from alloy
to alloy. Temperature was also ruled out as the main source of error,
since the accuracy of the FE thermal model was well-established, and
the discrepancy would not be systematic across all ﬁve alloys. It was
also apparent that the temperature recorded in the weld zone did not
approach the solidus temperatures for any of the alloys (between 510 °C
and 570 °C). This leaves the relationship between contact conditions,
rotational speed and power generation. A simple inference from the
model would be that a factor of 4 increase in rotational speed would be
expected to result in approximately a factor of 4 increase in power (at
comparable ﬂow stress). But in reality, as discussed in Section 4, the
experiments show that the power converges on a remarkably similar
value regardless of the rotational speed, with relatively little variation
between the alloys.
The weld marker experiments of Reilly et al. (2015) gave good insight into the material velocity at the tool-workpiece interface, but only
for welds taking 1 s. The velocity proﬁles of Fig. 12, inferred from these
experiments, were used throughout the entire 30 s simulated by the
deformation model. In reality, this velocity proﬁle may evolve with
time. The area within which material sticks to the tool is limited by
friction, which can be expected to change with the downforce. As the
downforce decays with the weld time (Fig. 4c and d) sticking may become progressively more limited. In order to test the hypothesis, a study
was conducted to investigate the inﬂuence of the velocity proﬁle on the
predicted heat generation rate.

Fig. 14. Empirical adjustment of radial distribution of the surface material
velocity at the tool-workpiece interface.

Fig. 13(b)). The same pattern was found in the other four alloys
(Jedrasiak, 2017), raising questions about the validity of the method,
and requiring a more detailed investigation.
The error in prediction could potentially have three sources: the
material model, the temperature ﬁeld, or the boundary conditions.
Other factors such as mesh size may be ruled out, as this was optimised
in a sensitivity study (Jedrasiak, 2017). No distinction could be made
between the accuracy of predictions across the ﬁve alloys – the trend
was the same in all cases. This consistency in the errors in power prediction suggests that it was not due to inaccurate material constitutive
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Fig. 15. [LH axis] Predicted power histories from the deformation model (solid circles) for welds at 500 and 2000 rpm, calibrated to the experimentally measured
power (solid line), for: (a) Al 6082-T6; (b) Al 2024-T3; (c) Al 7449-T3; (d) AlSi10Mg; (e) Mg AM50. [RH axis] The dashed lines show the variation of the outer radius
of the slip zone, R’.

analysis, the velocity proﬁle was re-scaled empirically for each run of
the deformation model to match the instantaneous power measured
experimentally. A simple one-parameter method of scaling was used, as
shown in Fig. 14: the outer radius R′ was reduced, while maintaining
the boundary between the stick and slip zones at 0.6 R′.
The results of this calibration of the deformation model are presented in Fig. 15. A close match of the power history was readily
achieved for all materials, and for both rotational speeds, as shown by
the datapoints for predicted power, compared to the continuous experimental curves. The ﬁgures also display the outer radius of the slip
zone, R′, which was the calibration parameter. As expected, the eﬀective radius R′ is always smaller than the tool radius (Ro = 5 mm), but

In this iteration of the model, the problem was inverted and used to
‘reverse engineer’ a velocity proﬁle that predicted the correct power.
First, the velocity distribution was simpliﬁed to a triangular proﬁle
(shown dashed in Fig. 12b). This proﬁle was then systematically adjusted to change the size of the stick and slip areas, while continuing to
capture the essential physics of the contact. Fig. 14 illustrates the calibration procedure. In the central sticking zone, the velocity increases
linearly with radius, and is equal to the nominal tool velocity. It then
falls linearly to zero at the boundary of the slip zone. The outer radius
of the slip zone was initially equal to the tool radius, Ro = 5 mm, with
the peak velocity located at 0.6 Ro (as a simple ﬁt to the proﬁle inferred
from the marker experiments, Fig. 12b). In the reverse-engineered
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the calibrated radius peaks around 60–80% of Ro and decays to 40–50%
Ro. These changes in contact conditions are physically conceivable,
bearing in mind the softening of the material and the falling downforce.
It may also be noted that, in a CFD-based model of FSW, Colegrove et al.
(2007) found that the weld power could only match measured temperature data by reducing the contact radius to 80% of the tool radius.
It is therefore concluded that the velocity proﬁle under the tool does
evolve throughout welding, and that a lower eﬀective contact radius is
the principle reason for the heat generation being lower than expected
at higher rotation speeds. Other variants of the velocity proﬁle with
time may of course apply, and it may be possible to infer more detail
from further marker experiments. In some micrographs in Reilly et al.
(2015)), the edge of the layered zone does indeed appear at a smaller
radius than the shoulder, but as the weld time increases the number of
layers becomes too high to resolve accurately.
Fig. 16 shows the distribution of heat generation predicted by the
deformation model, superimposed on the velocity proﬁle at a given
instant. The predicted power does not rise quickly with radius from the
centre, due to the contribution of the initial elastic loading in the smallstrain model, shown in Fig. 2d. To reduce this eﬀect, the rotation in
each snapshot could be increased above 1°. But the error is small, and
larger rotations increase mesh distortion and computation time.
Overall, the shape of the proﬁles shows the close correlation between
interface conditions and heat generation, and justiﬁes the simpliﬁed
triangular proﬁle of heat generation assumed in the thermal model.
However, determining the locations of the two characteristic points –
the peak, and the outer contact radius – and how these evolve with
dwell time, requires further experimental investigation of material
ﬂow.

Fig. 16. (a) FE map of heat generated across a weld cross-section in a typical
snapshot of the deformation; (b) resultant radial distribution of speciﬁc power,
averaged through-thickness [LH axis], and the inferred velocity proﬁle, speciﬁed as a boundary condition in the deformation model [RH axis]. Sample weld
in Al 6082-T6 at 500 rpm, snapshot after 1.6 s.

reduces steadily with time, thereby reducing the deformation zone size,
the maximum velocity, and the resultant heat generation.
At 500 rpm, the adjusted radius R′ falls from a peak value around
80–90% of the shoulder radius Ro to around 60–70% Ro. At 2000 rpm,

Fig. 17. Mapping heat generation onto constitutive data in a material deformation map.
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Fig. 18. Material deformation maps for welds at 500 rpm and 2000 rpm: (a) Al 6082; (b) Al 2024; (c) Al 7449; (d) AlSi10Mg; (e) Mg AM50. The sub-region of the full
constitutive data shown is indicated in Fig. 10.

alloys with a desirable constitutive behaviour.
The present work modiﬁes Colegrove et al.’s approach, displaying
the share of the total amount of heat generated in a given set of deformation conditions, rather than the probability that they will occur.
As conditions are tested increment-by-increment and element-by-element, the heat generated in each volume may be associated with a
given set of material conditions for that volume (Fig. 17). Consider a
model with a total number of elements, I. At its centroid, an element i
has a temperature Ti and von Mises stress σi , while the rate of plastic
dissipation within the element is equal to Pi . The total amount of heat
generated under given conditions is mapped by discretising the temperature and von Mises stress into small intervals, i.e. between

5.1. Material deformation maps
An approach to visualisation of the material deformation behaviour
during welding, in relation to the constitutive response, was proposed
by Colegrove and Shercliﬀ (2006) and Colegrove et al. (2007) in their
CFD modelling of FSW in various aluminium alloys. The method is to
overlay contours on the constitutive data plot showing the probability
that material will experience the given deformation conditions. These
‘material deformation maps’ highlight the dominant temperature and
strain-rate regime for the plastic regions in FS welds. This approach
helps to understand the limiting eﬀect of material softening behaviour,
and may provide a practical tool for selection of parameter windows or
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the hot deformation conditions converge to a narrow window of
temperature and strain-rate, maintaining the balance between material softening and heat generation.

temperatures TM and TM + ΔT , and von Mises stresses σN and σN + Δσ .
The procedure is repeated for each increment j in the total number of
increments, J, in a given small-strain simulation, and for each smallstrain simulation k in the total number of simulations, K. The time increment between a small strain simulation k and k+1 is equal to Δtk .
The discretised heat input can then be expressed as:
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Given a suﬃciently ﬁne mesh size, as well as constant, small increments of temperature ΔT and stress Δσ , a continuous distribution of
heat generation QM , N in terms of TM and σN can be plotted as a contour
map, superimposed on the constitutive data curves (Fig. 17).
Fig. 18 shows material deformation maps for the autogenous FSSW
welds for all ﬁve alloys, for both 500 and 2000 rpm. All the maps refer
to predictions of the small-strain model with the slip zone radius
varying with time. The results show that, for each rotation speed, the
deformation conditions are consistently localised to a characteristic
domain. The majority of heat generation takes place in a strain-rate
regime between 100 and 1000 [1/s], and a temperature regime between 300 °C and 400 °C. These strain-rate and temperature regimes
correspond to the period when conditions eﬀectively reach a steadystate, for welds of 30 s duration. As expected, the temperatures at
2000 rpm are on average 50 °C higher than those at 500 rpm, and at
higher strain-rate and lower ﬂow stress. The eﬀect of rotation speed
varies from alloy to alloy, so it remains unclear why the resulting power
histories coincide in each alloy, when the speed was increased by a
factor of 4. But the analysis illustrates how the self-stabilising eﬀects of
material softening and heat generation, common to all friction processing, tend towards a “sweet spot” in deformation conditions where
thermomechanical balance is achieved.
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