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Abstract Residual stresses are very important in any joining
process of materials since they act as pre-stresses in the
loading situation of the joint, thereby affecting the final me-
chanical performance of the component. This is also the case
for friction stir welding (FSW) which is a complex solid-state
joining process characterized by a pronounced multiphysical
behaviour involving phenomena such as change of tempera-
ture, material flow, change of microstructures and formation
of residual stresses. Thus, models of FSWare typically divid-
ed into thermal models, flow models, residual stress models
and microstructural models where the classification of the
model normally originates from its purpose rather than from
the modelling discipline applied. In the present paper, the
focus is on presenting and classifying the most important
residual stress models for FSW of aluminium alloys in terms
of their background, numerical framework and application as
well as putting them into proper context with respect to some
of the new trends in the field, e.g. coupling with subsequent
load analyses of the in-service situation or applying residual
stress models of FSW in numerical optimization.

Keywords Friction stir welding . Residual stress . Numerical
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1 Introduction

Friction stir welding (FSW) is an efficient solid-state joining
technique intended for joining of e.g. similar or dissimilar
high-strength aluminium alloys, which are difficult to weld
with traditional welding techniques. Some of the advantages
of the FSWmethod are improvedmechanical properties of the
welds, reduced distortions, somewhat lower residual stresses
and benign environmental characteristics [1].

The FSW process, shown schematically in Fig. 1a, utilizes
a spinning tool consisting of a pin and a shoulder, which is
plunged into the metal sheet to be welded and forced forward
along the weld line to create a joint. During the welding
process, heat is generated due to the friction between the tool
and the workpiece, as well as due to the severe plastic defor-
mation of the material. The heat conducted into the workpiece
influences the quality of the weld in terms of (i) significant
changes in the weld material properties, (ii) build-up of resid-
ual stresses and (iii) distortion of the welded part, with all
these three phenomena obviously being interrelated.

Because of the relatively low heat generation in the FSW
process, it is generally believed that residual stresses are low;
however, due to the non-uniform heating as well as the very
rigid clamping arrangement needed in the process, considerable
residual stresses can be found in FSW welds [2–6] and some-
times at a level of the base material yield strength [7]. Figure 1b
shows typical longitudinal and transversal residual stress fields
in the FSW joint, from Feng et al. [18]. It is very obvious that
residual stresses will influence the subsequent mechanical be-
haviour of the structure since they act as pre-stresses during the
in-service loading. This might lead to stresses exceeding the
yield limit just during static loading [8], but also reduce fatigue
strength [9, 10] or highly influence the buckling behaviour [11,
12]. Thus, many contributions have been given in literature for
measuring and calculating residual stresses in FSW. Regarding
experimental measurements, application of non-destructive
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methods like X-ray diffraction [3, 5, 13–16] and neutron dif-
fraction [17, 18] can be found as well as destructive methods
like cut-compliance [19, 20] and the contour method [21]. In
this context, it is very important to emphasize that measuring
residual stresses of FSW normally involves cutting out a test
piece of the real welded structure, thus leading to potential
relaxation of residual stresses [64]. For this reason, Threadgill
and coworkers [22] state that a weld length of approximately
eight times the diameter of the tool must be retained if 90 % of
the residual stresses are to be retained when cutting out the test
piece and argue that not meeting this criterion might be the
explanation for the low residual stresses found in some exper-
imental studies in literature [3, 23]. The state of the art in
measuring stresses for FSW involves in situ ND measurements
during the welding process [24, 25] (thereby also avoiding
cutting out test pieces), thus being able to follow the evolution
of transient stress fields into the final residual stress field.

Many contributions regarding modelling of residual stress-
es in FSW have been given in literature [8, 18, 26–34, 50–57],
and common for them all is that they somehow predict the
thermally induced stresses arising from the welding process.
Some models only consider the rotating tool as a moving heat
source [8, 18, 26–34] whereas others take the coupling be-
tween the temperatures and the material flow into account
[50–57]. All models take the thermal softening into account;
however, while some just employ a temperature-dependent
yield strength, others apply metallurgical models of varying
complexity for predicting the evolution of e.g. hardness and
thereby yield strength. These issues will be addressed more
thoroughly in specific sections of the paper which is structured
as follows. First, a short overview of modelling of FSWand a
description of the mandatory thermal models for modelling
residual stresses in FSWare given. This is followed by a brief
description of metallurgical models for the evolution of me-
chanical properties. The most common type of models for
residual stresses in FSW, namely thermomechanical models
neglecting the flow, is then presented and followed by the

more complex thermomechanical models, which take the flow
into account. Finally, the means of reducing residual stresses
in FSW joints, coupling of residual stress models with models
for subsequent loading during in-service as well as optimiza-
tion studies of FSW based on residual stress modelling are
discussed.

2 Modelling of FSW

FSW is a process which is characterized by a complex
multiphysics behaviour. During the plunging, dwelling and
traversing of the tool, the material flow, the resulting tempera-
tures and the microstructural evolution in essence will be
closely coupled; see Fig. 2 (left). It is important to emphasize
that transient stresses will be produced already during this
phase. Apart from the direct effects on the resulting microstruc-
tures and mechanical properties from the stirring motion and
heating during rotation and traversing of the tool, once the
welding has terminated and the parts cool down, the tempera-
ture fields also affect microstructures and thereby mechanical
properties and these together with the thermal gradients and the
clamping conditions give rise to transient and residual stresses
in a semi-coupled way as shown in Fig. 2 (middle). As
discussed earlier, these properties and stresses will in turn
highly influence the mechanical performance of the part during
the in-service loads; see Fig. 2 (right).

In general, models for FSW are categorized by either their
area of application, i.e. flow models or residual stress models,
or by the continuummechanics approach they are based upon,
i.e. computational solid mechanics (CSM) models or compu-
tational fluid dynamics (CFD) models, where the former
typically are Lagrangian and the latter Eulerian; see Fig. 3.

The equations for conservation of momentum, energy and
mass, respectively, are in the Lagrangian and Eulerian frames
given in Table 1. These fundamental, governing partial differ-
ential equations depending on the continuum mechanical

Fig. 1 a Schematic view of the FSWprocess. bTypical distribution of residual longitudinal (s33, red) and transversal (s11, blue) normal stresses across a
FSWAL6061-T6 weld joint (ND neutron diffraction measurements), 787 mm/min (13.12 mm/s), 1250 rpm. From Feng et al. [18]
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framework used will need to be modified and combined with
proper constitutive laws for the particular case at hand. This
will be done in the following with the particular purpose of
modelling residual stresses in FSW and discussed in relation
to the different numerical approaches available.

3 Thermal models for FSW

Any residual stress model of FSW will contain a model for
calculating the temperatures. The core part of any such ther-
mal model is how the heat generation from the rotating tool is
described and applied as either a boundary condition
for, or a source term in, the energy equation, be it in
a Lagrangian or Eulerian frame; see Table 1. If a fully
coupled thermomechanical model is used, access to the mate-
rial flow/deformation fields as well as the formation of the
shear layer will be available and this information will be
reflected in the dissipation source term ηsijεij

pl in the two
versions of the energy equation in Table 1.

However, for the semi-coupled thermomechanical models
where material flow is not considered (which by far are the
most frequent ones in literature), the procedure is normally to
apply a surface heat flux as representing the entire heat

generation, thereby avoiding the source term in the energy
equation, which calls for knowledge about the material flow.
Several suggestions in literature are given for the surface heat
flux formulation (see [37, 38] for a detailed description), but
common for them all is the need for “calibration” parameters.
If one has access to an experiment from which it is possible to
obtain the total heat generation from the measurements, one
can use the well-known expression given in Eq. (1) to obtain
the surface flux

qtotal rð Þ
A

¼ 3Qtotalr

2πR3
shoulder

ð1Þ

If you have information about the friction coefficient and
the total downward force from the tool, and you assume full
sliding, you can express the total heat generation as [79]

Qtotal ¼
2

3
πωR3

shoulderμp ð2Þ

Either way, you need experimental information, and the
most utilized procedure for evaluating the total heat genera-
tion is typically to perform the actual welds and measure it
with a dynamometer, thereby accepting the inherent limitation
of the resulting thermal model to predicting only temperatures
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Fig. 3 Lagrangian frame (fixed
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frame (moving coordinate
system) for modelling FSW [36]
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for a known total heat generation. As a way to overcome this
problem, Schmidt and Hattel [38] proposed a somewhat dif-
ferent thermal model in which the heat generation again is
expressed as a surface heat flux from the tool shoulder (with-
out the tool probe) into the workpiece, however being a
function of the tool radius and the temperature-dependent
yield stress as follows:

qsurface
A

r; Tð Þ ¼ ωrτ Tð Þ ¼ 2πn
60

� �
r
σyield Tð Þffiffiffi

3
p ; for 0≤r≤Rshoulder

ð3Þ

where n is the tool revolutions per minute, r is the radial
position originating in the tool centre, Rshoulder is the tool
shoulder radius and σyield(T) is the temperature-dependent yield
stress which approaches zero at the cut-off temperature (typi-
cally taken as the solidus temperature of the weld material) such
that once the temperature approaches this value, the “self sta-
bilizing effect” causes the heat source to “turn itself off”, i.e. the
material loses all its resistance, and the heat generation de-
creases automatically due to thermal softening. The model is
often denoted “thermal-pseudo-mechanical” [38] since the heat
generation is expressed via the temperature-dependent yield
stress, thus taking some mechanical effects into account; how-
ever, it should be underlined that the model is a purely thermal
model involving a temperature-dependent heat generation and
in that sense it also uses a calibration parameter like the more
conventional procedure in Eqs. (1) and (2). Obviously, this adds
a non-linearity to the thermal model, meaning that the calcula-
tion time is increased by roughly a factor of two as compared to
other thermal models where the heat source is prescribed itself,
like in Eq. (1). It should be mentioned that both of the well-
accepted expressions in Eqs. (1) and (2) can be directly derived
from themore general formulation of analytically modelling the
heat source in FSW given by Schmidt and Hattel in [39] which
in essence results in the following equation:

Qtotal ¼ δQsticking þ 1−δð ÞQsliding ¼
2

3
πω δτyield þ 1−δð Þμp� �

� R3
shoulder−R

3
probe

� �
1−tanαð Þ þ R3

probe þ 3R2
probeH

h i

ð4Þ

which employs a linear weighting of the contribution from
sliding and sticking, respectively, in terms of the state variable
δ (zero for full sliding and one for full sticking).

4 Evolution of mechanical properties during FSW of Al
alloys

The mechanical properties will in general be changed due to
the metallurgical evolution during the welding process as well
as the subsequent cooling. This is also the case for FSW of
heat-treatable Al alloys in which the softening is closely
related to the volume fraction, the size and the phase of the
hardening precipitates in the alloy which in turn will be
affected by the level of temperature as well as the holding
time at elevated temperatures. Basically, this is modelled in
literature with two types of models. The first type expresses
the volume fraction of the hardening precipitates via relatively
simple kinetics of precipitate dissolution [40, 41] often re-
ferred to as the Myhr and Grong model. This has been applied
to FSW by several authors [18, 32, 42, 76]. The basis of the
Myhr and Grong model is experiments in which samples are
put into an oven and kept there for a specified period of time at
a specified temperature. Following this, the samples are me-
chanically tested for hardness from which curves for hardness
vs. thermal history are constructed. The model then relates the
fraction of dissolved hardening precipitates Xd to the equiva-
lent time of heat treatment, teq=t/t* (where t is the period of
time at a temperature T and t* is the time for total precipitation
dissolution at this temperature), in the following way:

X d ¼ tneq teq ¼
X
i¼ 1

N totalΔti
t�i

¼
X
i¼1

N total Δti

tref exp
Qeff

R

1

Ti
−

1

T ref

� �	 
 ð5Þ

where tref is the time for total dissolution at the reference
temperature Tref, R is the gas constant and Q is the effective

Table 1 Governing equations for
conservation of momentum, en-
ergy and mass, respectively, in
Lagrangian and Eulerian frames
[35]

Lagrangian frame Eulerian frame
Typically CSM Typically CFD

Energy

ρcpT
⋅ ¼ kT ;i

� �
;i
þ ηsijε̇

pl
ij ρcpT

⋅ ¼ kT ;i

� �
;i
þ ηsijε̇

pl
ij −μi ρcpT

� �
;i

Momentum

ρu⋅⋅i ¼ σji; j þ pi ∂ ρu̇ ið Þ =∂t ¼ σji; j þ pi−ρ u̇ ju̇ i

� �
; j

Mass

No explicit equation ρ̇ ¼ − ρuið Þ;i
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activation energy for precipitate dissolution. Equation (6,
right) reflects that the equivalent time in a numerical model
is found by discretizing the thermal history into small steps,
calculating the equivalent time for each step and then sum-
ming up in order to find the total equivalent time. The fraction
of hardening precipitates f/f0 then relates to the equivalent time
teq via the fraction of dissolved precipitates Xd in the following
manner:

f

f 0
¼ 1−X d ¼ 1−tneq ¼ 1−

ffiffiffiffiffi
teq

p ð6Þ

where n is a material constant which is obtained experi-
mentally. A value of 0.5 is often used as indicated in the last
part of Eq. (6). Finally, the hardness distribution is predicted
via linear interpolation between the original state and the fully
dissolved state, i.e.

HV ¼ HVmax−HVminð Þ f

f 0
þ HVmin ð7Þ

where HVmax is the hardness of the material in fully hard-
ened condition and HVmin is the hardness of the fully softened
(original) material. Some authors have used this model for
FSW, and in Fig. 4, resulting hardness profiles from Feng et al.
[18] for a “high” welding speed corresponding to “cold”
welding conditions are shown for FSW of AL6061-T6. Note
that the effect of natural ageing gives some strength recovery
as expected, but it has very little effect on residual stresses
according to Feng et al. [18].

The effect of including the Myhr and Grong softening
model for prediction of residual stresses in AA2024T3 was
investigated by Sonne et al. [76]. Here, it was concluded that
prediction of the residual stress field could be improved sig-
nificantly by including the metallurgical model under hot
welding conditions.

The second approach of modelling the material softening is
more complex and involves the nucleation of precipitates,
their growth, coarsening and dissolution in a coupled manner.
This type of model is often referred to as the Wagner-
Kampmann model originating from the original work [43].
Some examples of application of this model to FSWare given
by Robson et al. [44] and Gallais et al. [45].

5 Thermomechanical models for FSW without material
flow

A very convenient assumption used by many authors in liter-
ature for modelling of residual stresses in FSW is to neglect
the material flow during welding. In essence, this normally
results in semi-coupled thermomechanical models in a
Lagrangian frame, meaning that the thermal field somehow
is calculated prior to the mechanical field either by separating

the two analyses totally, i.e. calculating the entire temperature
history first and then applying it in the subsequent mechanical
analysis, or keeping the separation within the local timestep
such that the temperature field is calculated first and the
mechanical analysis follows. Both approaches give the possi-
bility of using temperature-dependent material data in the
mechanical analysis. These data may come from simple
“look-up tables” which are known prior to the thermal analy-
sis and hence are history independent or from models for the
evolution of mechanical properties, typically based on micro-
structural models as described in Section 4.

It is important to underline that the term “semi-coupled” in
this context refers to models where the flow during welding is
not modelled and the thermal field is addressed bymodels like
the ones presented in Section 3. In this case, the Lagrangian
equations in Table 1 for energy and momentum will reduce to
the heat conduction equation and the quasi-static equilibrium
equations

ρcpṪ ¼ kT ;i

� �
;i

σji; j þ pi ¼ 0 ð8Þ

These should be solved together with Hooke’s generalized
law, time-independent plasticity theory and small strain theory
i.e. (note that the yield stress in this case only depends on
temperature and total equivalent plastic strain) (Table 2).

Several authors in literature have used semi-coupled
thermomechanical models without taking material flow into
account. The first to do this were Chao and Qi [26] who
presented a 3D model in an in-house developed code (prede-
cessor of WELDSIM) with 1800 elements in 1998. This
model was pretty advanced for its day because it employed
fixture release as well as a history-dependent yield stress such
that cooling down would follow a lower curve as compared to

Fig. 4 Microhardness profiles at the mid depth for a FS weld plate of
Al6061-T6. Dots indicate measurements (naturally aged only) and lines
indicate modelling results. From Feng et al. [18]
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heating up. This way, some of the effects of material softening
can be captured. Chao and Qi’s model was an important step
forward, and all models that have followed somehow are
based on or inspired by this model.

Feng et al. [18] present an integrated 3D thermal-
metallurgical-mechanical model and apply it for predicting
the formation of the residual stress field, dissolution of pre-
cipitates and ageing in an Al6061-T6 plate which has been
friction stir welded. The tool pressure has been taken into
account. Simulated residual stress fields for two welding
speeds, i.e. 280 mm/min (4.66 mm/s) and 787 mm/min
(13.12 mm/s), were compared, and it was found that the low
heat input associated with the high welding speed (cold weld)
results in higher tensile residual stresses in the weld region. On
the other hand, the position of peak tensile residual stress was
closer to the weld centre line (narrower tensile zone in the
weld). Feng et al. explained this by the less HAZ softening in
Al6061-T6 in the high welding speed case. Similar results are
found by Bastier et al. [30] who, however, employed a
thermal-metallurgical-mechanical model with kinematic hard-
ening which takes also flow into account; see Section 6. Chen
and Kovacevic [29] as well as Tutum and Hattel [33] (see
Fig. 5) also predict higher peak residual stresses however
again positioned closer to the weld line (narrower tensile zone)
without employing a metallurgical model for thermal soften-
ing but only a temperature-dependent yield stress in combina-
tion with kinematic hardening.

So, this effect can also be attributed to the steeper thermal
gradients that are present for colder welding conditions provided

combined with kinematic hardening. In this context, it is impor-
tant to emphasize that Zhu and Chao [46] state that the
temperature-dependent yield stress is the most governing single
parameter for formation of residual stresses in welding simula-
tion. Experimental confirmations of the narrowing effect with
higher stress peaks for colder welding conditions are given by,
e.g. Wang et al. [16] and Feng et al. [18]. Finally, it should be
mentioned that Dubourg et al. [34] find the opposite trend such
that higher welding speeds lead to lower residual stresses al-
though they claim that there are some inaccuracies in theirmodel,
leading to unrealistic results.

An overview of some of the most important semi-coupled
residual stress models without flow in literature for FSW is
given in Table 3.

6 Thermomechanical models for FSW with material flow

First of all, it should be emphasized that the main purpose of
fully coupled thermomechanical models normally is to get a
realistic prediction of the closely coupled material flow, heat
generation and temperature fields during welding; see Fig. 2,
left. So, seen from that viewpoint, the flow models are nor-
mally not intended directly to predict residual stresses them-
selves. They are normally used as a means of providing more
realistic temperature fields and mechanical properties to the
subsequent residual stress calculation as compared to what the
semi-coupled models are capable of. Flow models for FSW
are based on either CFD (computational fluid dynamics) or
CSM (computational solid mechanics). Whereas the former
are normally not able to predict residual stresses without being
coupled to a subsequent residual stress analysis based on
CSM, the latter type of models have the potential of predicting
residual stresses themselves.

Fully coupled CSM-based flow models for FSW are typi-
cally developed from two different approaches: The simplest
is to assume a rigid-viscoplastic material—hence, the total
strain is equal to the viscoplastic strain and the stress depends
on strain rate only—and then typically use an implicit solver

Fig. 5 a Contour plot of the longitudinal stress field with increments of 22 MPa [33]. b Residual normal stress in longitudinal direction as a function of
distance from the weld line [33]

Table 2 Governing equations for semi-coupled thermomechanical
models based on computational solid mechanics [35]

εij
tot=εij

el+εij
pl+δijε

th σij=Cijkl(εij
tot−εijpl−δijεth) (9)

Cijkl ¼ E
1þν

1
2 δikδjl þ δilδjk
� �þ ν

1−2ν δijδkl
� �

εtotij ¼ 1
2 ui; j þ uj;i

� �
εth T1→T2ð Þ ¼ ∫T2

T1
α Tð ÞdT ε̇plij ¼ λ̇

3
2
sij
σ

σ ¼ 3
2 sijsij
� �1

2

εpl ¼ 2
3 ε

pl
ij ε

pl
ij

� �1
2

f sij; εpl;T
� � ¼ 3

2 sijsij−σ
2
Y εpl; T
� �

σY ¼ σY εpl;T
� �
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based on quasi-static equilibrium. This is done by several
authors in literature (see, e.g. [47–49]); although being very
applicable for flow, these models will not be able to predict
residual stresses in a straightforward manner, since the consti-
tutive law predicts that no stresses will be present when the
deformation has come to an end. In this respect, these models
resemble CFD models very much. If models of this type,
however, are to predict residual stresses, it calls for integration
along streamlines. The only CSM model doing this till date in
literature has been given by Qin and Michaleris [50] who
employ Anand’s elasto-viscoplastic model (it is thus
not only a rigid-viscoplastic model as the above men-
tioned) in a Eulerian frame and integrate elastic strains
along streamlines in order to finally obtain residual
stresses. The model has the advantage like other fully
coupled thermomechanical models that it takes the flow
into account while calculating transient stresses, not only
via a more realistic temperature field but also via the mechan-
ical effect of the flow itself, and moreover, since it is a
Eulerian steady-state model, it is very fast and does not
depend on remeshing, etc.

The second more general approach relies on fully coupled
thermomechanical models involving a constitutive law where
stresses are expressed in terms of absolute strains (as well as
strain rates like viscoplasticity to get the flow right), which
will be able to predict residual stresses if allowed to calculate
for a sufficiently long amount of time. However, as earlier
mentioned, they are typically not used for this purpose, but for
calculating the flow during the welding process and coupling
it with the thermal calculation via the dissipation term in the
energy equation.

This more comprehensive approach uses the dynamic
equilibrium equations and large strain theory and takes all
the contributions to the strain into account (including the
elastic and rate-independent plastic strains, which make
residual stress predict ion possible) al though the
viscoplastic part obviously is the dominating contribution
during the flow. In a Lagrangian frame, the governing
equations are now the energy equation with the plastic
dissipation term and the dynamic equilibrium equations
as given in Table 1, left (compare with the corresponding
governing equations for the semi-coupled case expressed
by Eq. (8)). Apart from this, the major change as compared
to the semi-coupled models without flow, Eq. (9), lies in the
fact that large strain theory must be applied; the viscoplastic
strain is now taken into account meaning that rate-dependent
constitutive equations must be employed, which among others
means expressions for the yield stress, such as the Norton
power law, the inverse hyperbolic sign expression involving
the Zener-Hollomon parameter and the Johnson-Cook expres-
sion; see Eq. (10), Table 4.

For CSM-based models, the implementation is typically
done in an arbitrary Lagrangian Eulerian (ALE) formulation
where the dynamic equilibrium equations are solved in an
explicit manner which in essence results in a very simple
algorithm but also calls for very small timesteps, which to
some extent can be overcome by the use of mass scaling. This
approach has been used by several authors; see, e.g. [51–54]
and Table 5. A special feature about the model by Schmidt and
Hattel [52] (implemented in ABAQUS/Explicit) is that the
surface condition between the tool and the matrix is not
prescribed but part of the solution itself. This adds to the

Table 3 Selected thermomechanical models for residual stresses neglecting material flow in FSW

Authors Year Formulation Metallurg. model Software

Frame Solver Hardening

Chao and Qi [26] 1999 Lagrangian Implicit Isotropic No WELDSIM (predass.)

Shi et al. [27] 2003 Lagrangian Implicit Isotropic No ABAQUS/Standard

Zhu and Chao [28] 2004 Lagrangian Implicit Isotropic No WELDSIM

Chen and Kovacevic [29] 2006 Lagrangian Implicit Kinematic No ANSYS

Bastier et al. [30] 2006 Lagrangian Implicit Kinematic Yes CAST3M

Li et al. [31] 2007 Lagrangian Implicit Isotropic No ABAQUS/Standard

Feng et al. [18] 2007 Lagrangian Implicit Isotropic Yes ABAQUS/Standard

Richards et al. [32] 2008 Lagrangian Implicit Isotropic Yes ABAQUS/Standard

Tutum et al. [8] 2008 Lagrangian Implicit Isotropic No ABAQUS/Standard

Tutum and Hattel [33] 2010 Lagrangian Implicit Kinematic No ANSYS

Dubourg et al. [34] 2010 Lagrangian Implicit Isotropic No LS-DYNA

Carney et al. [71] 2011 Lagrangian Implicit Isotropic No LS-DYNA

Yan et al. [73] 2011 Lagrangian Implicit Isotropic No ABAQUS/Standard

Hattel et al. [64] 2012 Lagrangian Implicit Isotropic No ANSYS

Sonne et al. [76] 2013 Lagrangian Implicit Isotropic Yes ABAQUS/Standard
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generality of the model but also to the complexity and hence
the need for computational power.

The model has been used to predict among others the
plastic strain in the weld which resembles the well-known
“flow arm” quite well, being the first model in literature able
to predict this.

The model by Hamilton et al. [54] certainly deserves men-
tion in this respect also. As the model by Zhang et al. [53], it is
also based on the model by Schmidt and Hattel [52]; however,
it addresses the whole welding path and it is eventually able to
reach the quasi-steady state which Schmidt and Hattel’s orig-
inal model was not capable of. The next natural step in the
development of these coupled thermomechanical models
would be to use it for residual stresses by letting it take the

cooling sequence into account also. By doing this, modelling
of residual stresses of FSW would get substantially more
general as compared to the semi-coupled models, since the
welding history would be better described in terms of the
closely coupled phenomena of flow, temperatures and micro-
structure evolution during welding. It is important to empha-
size that, since this approach takes the elastic strains into
account during welding, the elastic deformation of the “far
field” and hence the pressure conditions will be described
more realistically as compared to predicting the flow with a
CFD model. Another way to achieve this is to couple a local,
steady-state flow model in a Eulerian frame during welding
with a global, transient, rate-independent residual stress model
during welding and cooling. Some few works in literature are

Table 4 Changed, important governing equations for thermomechanical models based on CSM taking flow into account (compare with Table 2) [35]

εij
tot=εij

el+εij
pl+εij
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Table 5 Selected thermomechanical models applicable for residual stresses in FSW including flow

Authors Year Formulation Software

Structure Flow Stress Met. model

Xu and Deng [51] 2003 Global CSM-ALE
rigid-viscoplastic

CSM-Lagrangian
elasto-plastic

No ABAQUS/Explicit

Schmidt and Hattel [52] 2005 Global CSM-ALE
elasto-plastic-viscoplastic

CSM-ALE
elasto-plastic-viscoplastic

No ABAQUS/Explicit

Zhang and Zhang [53] 2007 Global CSM-ALE
elasto-plastic-viscoplastic

CSM-ALE
elasto-plastic-viscoplastic

No ABAQUS/Explicit

Bastier et al. [55] 2008 Local/global CFD-Eulerian
rigid-viscoplast.

CSM-Lagrangian
elasto-plastic

Yes CAST3M

De Vuyst et al. [57] 2008 Local/global CSM-Lagrangian
rigid-viscoplast

CSM-Lagrangian
elasto-plastic

No MORFEO/SAMCEF

Qin and Michaleris [50] 2009 Global CSM-Eulerian
elasto-plastic-viscoplastic

Integration of elastic strains
along streamlines

No In-house

Hamilton et al. [54] 2010 Global CSM-ALE
elasto-plastic-viscoplastic

CSM-ALE
elasto-plastic-viscoplastic

No ABAQUS/Explicit

Grujicic et al. [56] 2010 Global CSM-ALE
rigid-viscoplastic

CSM-Lagrangian
elasto-plastic-viscoplastic

No ABAQUS/Explicit
and Standard

Buffa et al. [70] 2011 Global CSM-Lagrangian
rigid-viscoplastic

CSM-Lagrangian
elasto-plastic

No DEFORM3D/ABAQUS/
Standard

Riahi and Nazari [72] 2011 Global CSM-ALE
elasto-plastic-viscoplastic

CSM-Lagrangian
elasto-plastic

No ABAQUS/Explicit

Jamshidi et al. [74] 2012 Local CSM-ALE
elasto-plastic-viscoplastic

CSM-Lagrangian
elasto-plastic

No ABAQUS/Explicit

Sadeghi et al. [75] 2013 Global CSM-Lagrangian
rigid-viscoplastic

CSM-Lagrangian
elasto-plastic

No DEFORM3D/ABAQUS/
Standard

Nonrani et al. [77] 2014 Global CFD-Eulerian
rigid-viscoplastic

CSM-Eulerian
elasto-viscoplastic

No Comsol
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based on this type of coupled approach. A very interesting
example of such model is the work by Bastier et al. which also
involves a metallurgical model for the evolution of mechani-
cal properties during and after welding. Another interesting
example model is the one given by Grujicic et al. [56] in
which a coupled thermomechanical model in ABAQUS/
Explicit is applied for the flow during FSW of AA5085-
H131 followed by a mapping of the results to a quasi-static
thermomechanical model without flow in ABAQUS/Standard
for calculation of residual stresses. What should be empha-
sized here is that even though the flow model is of the CSM
type, it is a rigid-viscoplastic model (total strain equal to
viscoplastic strain) (see Table 4), thus making the flow model
resembling CFD flow models. Moreover, it should also be
mentioned that Grujicic et al. suggest a version of the
Johnson-Cook constitutive law which takes the dynamic re-
crystallization into account.

Another interesting model to mention is the one by Buffa
et al. [70] where the flow is predicted via a CSM model in a
Lagrangian frame, applying DEFORM-3D. Here, the finite
element flow formulation is adopted with a rigid-viscoplastic
constitutive behaviour for the flow. The transient temperature
field is then imported into ABAQUS/Standard for the subse-
quent stress analysis.

An overview of some important coupled thermomechanical
models based on solid mechanics involving elastic and plastic
strain (making them capable of calculating residual stresses) from
literature is given in Table 5.

7 Discussion

Even though modelling of residual stresses in FSW is a highly
interesting subject in itself which could easily be addressed by
several review articles (as has hopefully been indicated in the
former sections), it is at this point appropriate to put the
subject into some proper perspective. In this context, it is
natural to ask the question: “Now that we to a reasonable
extent can predict residual stresses by experimental measure-
ments and modelling means, (i) is it at all possible to reduce
them or even get rid of them? and (ii) how do they affect the
mechanical performance of our welded structure?” The next
sections are devoted to discussing these issues.

7.1 Reduction of residual stresses in FS welds

This field has attracted some attention, and a few important
approaches involving thermomechanical modelling described
in literature which might be applicable for FSW are briefly
summarized in the following. (i) Applying thermal fields prior
to or during welding involving both steady-state and transient
thermal tensioning has been addressed in [58–60]. Whereas
the first is relatively impractical and costly, the second has

been shown to work well for reducing residual stresses in
welding. In short, the general idea is to apply moving heat
sources at each side of the moving tool, thereby reducing the
tendency of plastic yielding in compression during welding
which is main cause for residual stresses in tension. Designing
these heat sources as regards size, intensity, etc. is, however,
quite difficult, and regarding this, several contributions have
been given in literature where the model by Michaleris et al.
[59] who formulated the task as an optimization problem in
combination with a thermo-elasto-plastic model is of particu-
lar interest for the subject of the present paper. (ii) Mechanical
tensioning [32, 61] in which a load is applied uniformly along
opposite ends of the plates prior to clamping the parts for
welding, so that a uniform tensile stress is maintained in the
two butted plates parallel to the weld line. The clamping and
tensioning loads are then released after the FSW tool has
traversed along the joint line to form the weld. Altenkirch
et al. [60] have shown that this global mechanical tensioning
during the welding process can greatly reduce the tensile
residual stresses in FSW joints. (iii) Surface process treatment
such as shot peening or laser shock peening inducing com-
pressive stresses in the surface counteracted by tensile stresses
in the interior of the parts have shown to enhance the fatigue
resistance in FS welds [62] as well as other mechanical prop-
erties [63]. (iv) Post-weld direct rolling (PWDR), where a
single roller is applied to roll the top surface of the weld after
the weld metal has cooled to room temperature, has also been
proven to be an effective way of reducing the residual stresses.
In the work by Wen et al. [78], the effectiveness of using
PWDR is illustrated with an industrial example of a large
integrally stiffened panel, where the distortion was virtually
eliminated, as a result of a reduction in residual stresses.

7.2 Coupling residual stress models for FSW with subsequent
loading models

As discussed in the former section, it is actually possible to a
large degree to reduce residual stresses in FS welds. Even
though low residual stresses will always seem preferable in
welded structures as a first choice, it is important to emphasize
that in order to fully evaluate the effects of residual stresses in
a FSW joint, they should somehow be combined with “in-
service knowledge”, e.g. coming from an in-service load
analysis. This, in order to investigate residual stresses work
“in the same direction as” or “in the opposite direction as” the
loading stresses but also when combined with loading stresses
whether resultant stress peaks are obtained in areas with
severely reduced mechanical properties. This is of course to
some extent always done implicitly when considering the very
purpose of the welded joint, whether, for example, it is situat-
ed in a dynamically loaded structure thereby being prone to
fatigue or it is part of a thin-walled structure with an overall
stress state of compression being prone to buckling. Thus,
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recently, models for combining residual stresses with model-
ling of actual load cases have started to emerge. These can in
general be categorized into two types: (i) the first in which a test
piece “is taken out of the model” and subjected to free bound-
aries at the side edges, followed by stress relaxation (if
modelled as free) and then loading of the test piece like in a
uni-axial test in order to obtain the stress-strain curve and (ii)
the second in which residual stresses for an entire welded
structure are calculated and the structure itself is loaded after-
wards to mimic a real loading case for the structure during
service. Examples of the first type have been given by
Feng et al. [18] on FSW of 6061-T6 where the subse
quent uni-axial loading is based on a large-strain FE
analysis which predicts that necking will take place
where the large gradient in hardness (yield strength)
will be located. This is in line with the results of a
somewhat similar analysis by Hattel et al. [64] which
involves a sequential thermomechanical model for FSW
of a model Al alloy in ANSYS combined with an in-
house-developed explicit FE code with a Gurson model
for damage evolution during the tensioning post to
welding. Two extreme constraining cases of the “test
piece” are considered, namely one with free boundaries
resembling the normal test piece case and one with
constrained boundaries, thus to some extent resembling
the test piece still sitting in the structure with high
residual stresses; see Fig. 6. Note that the high Mises
stresses are associated with the localization concentrated
around one shoulder width away from the weld line
where the variation in hardness has its maximum. The
main conclusion of this work is that for both the
analysed cases, including the residuals has relatively
little effect on the load carrying capacity but reduces
ductility considerably.

One example of the second type has been given by Tutum
et al. in which the FSWof a stringer on a plate (see Fig. 7a) has
been thermomechanically modelled with ABAQUS/Standard
to obtain residual stresses and then subsequently subjected to
an in-service load also modelled in ABAQUS/Standard; see
Fig. 7(b). As seen, applying the load actually slightly reduces
the longitudinal stresses in the middle of the weld. This is of
course not a general statement but only valid for this geometry

and load case; however, it serves to show the value of com-
bining the residual stress analysis with an in-service loading
analysis.

7.3 Optimization of FSW based on residual stress modelling

Some examples of using numerical optimization methods
in combination with process modelling of FSW have been
given in literature. Most of them are based on thermal
models, and they are typically targeted at obtaining opti-
mal process parameters with respect to predefined objec-
tives or used as a means of inverse modelling to obtain
unknown properties like heat transfer coefficients; a few
will be mentioned in the following. Liao and Daftardar
[65] use a thermal model in FLUENT in combination with
two simpler surrogate models to investigate the perfor-
mance of different optimization algorithms for obtaining
the three process parameters, heat input, weld speed and
shoulder diameter. Tutum et al. [66] combine a gradient-
based optimization technique (i.e. sequential quadratic pro-
gramming (SQP)) with a simple analytical thermal model
in order to obtain heat input and welding speed for a
desirable average temperature distribution under the tool
shoulder in the FSW process. The same process criterion
is studied using space and manifold mapping by Larsen
et al. [67]. An application of the differential evolution
algorithm for reducing the uncertainty associated with
specific process parameters, i.e. the friction coefficient,
the extent of slip between the tool and the workpiece,
the heat transfer coefficient at the bottom of the work-
piece, the mechanical efficiency and the extent of viscous
dissipation converted to heat, is studied by Nandan et al.
[68]. It should be mentioned that this application is based
on a coupled viscoplastic thermal-flow model for FSW. A
recent contribution is given by Tutum et al. [69] who
combine a 2D steady-state Eulerian TPM heat source
model (see Eqs. (3) and (4)) and an analytically prescribed
flow field with a hybrid evolutionary multi-objective opti-
mization algorithm (i.e. NSGA-II and SQP) to find multi-
ple trade-off designs. The only example in literature so far,
regarding optimization of FSW based on residual stress
calculations, has been given by Tutum and Hattel [33].

Fig. 6 Predicted Mises stress
fields in specimens cut transverse
to the weld line. a The constrained
specimen with zero displacement
in the x1 direction. b The relaxed
unconstrained specimen with free
boundaries. Both with symmetry
conditions at the x1x3 plane [64]
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This work combines a thermomechanical model in ANSY
S (neglecting the material flow) with the non-dominating
sorting genetic algorithm II (NSGA-II) in order to find
optimal values for the welding speed and rotational speed
based on an objective of reducing the peak residual longitudi-
nal stress in the weld alongside with increasing the welding
speed. This is a multi-objective optimization problem with
conflicting objectives, and the corresponding Pareto curve can
be seen in Fig. 8. Note that the residual stress curves in Fig. 5b
represent some of the stress results from this analysis.

8 Conclusion

Today, residual stresses in FSW of Al alloys are possible to
predict with reasonable accuracy by the use of numerical
models. Most of the contributions given in literature where

comparisons with measurements are given show relatively
good agreement regarding the tendencies; however, in some
cases, there is somewhat less agreement regarding the absolute
levels. In this context, it is again important to mention the
point of stress relaxation when preparing test pieces out of the
welds.

Essentially, a numerical model for residual stresses in FSW
must at least comprise a thermal model and a subsequent
elasto-plastic mechanical model with a temperature-
dependent yield stress. As shown in the paper, this can be
improved by coupling with a metallurgical model for the
evolution of mechanical properties such as hardness and
thereby yield strength and/or by coupling with a model for
the flow during welding. Even though adding these two types
of additional models to the more rudimentary, pure thermal-
mechanical models obviously takes more important physical
phenomena into account, it is interesting to note that many
authors of the simpler models (without metallurgical and flow
models) succeed in predicting the right trends for residual
stresses as a function of process parameters as well as reason-
able levels as compared to measurements. Models of this type
can still serve as “first impression” models in the future;
however, it is the firm expectation of the authors that the more
complex residual stress models involving both metallurgical
and flowmodels will be increasingly more predominant in the
time to come. However, apart from the further development of
the residual stress models themselves, it is also very likely
that more examples of combining these models with in-
service load models for prediction of overall mechanical
performance of the welded structures as well as optimiza-
tion as discussed in Section 6 will be more common in
the future so that levels and distributions of residual
stresses in FSW will not only be predicted with increasingly
improved accuracy but also used to evaluate how the real
structures perform during loading, taking residual stresses into
account, and how the processes could be optimized in order to
improve this performance.

Fig. 8 Pareto line for the optimization case presented in [33]. Note the
conflicting objectives of minimizing peak residual stresses alongside with
increasing the welding speed

Fig. 7 a FSWof a stringer on a plate [8] (courtesy of EADS). b Longitudinal and transverse stresses in mid-cross section after releasing and after loading
[8]
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