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bstract

The general principles behind the global mechanical tensioning technique for controlling weld residual stresses are examined using a finite
lement model to follow their evolution throughout the welding process. While we focus specifically on friction stir welding, the tool is represented
imply as a heat source. As a result, the findings have relevance to a wide range of welding processes. For aluminium alloy friction stir welds,
he maximum longitudinal weld stresses have been reported to fall approximately linearly to zero under mechanical tensioning to a level around
0% of the yield stress. Under larger tensioning levels, the weld stress becomes increasingly compressive. This behaviour is explained in terms of

he reduction in compressive plastic straining ahead, and an increase in tensile plastic straining behind, the heat source as the tensioning level is
ncreased. Finally, it is shown that tensioning during welding is much more effective than post-weld tensioning.

2008 Elsevier B.V. All rights reserved.
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. Introduction

Friction stir welding (FSW) is being used increasingly in a
ide range of applications, particularly for joining aluminium

lloys. The basic process has been described extensively else-
here [1], but in essence involves a rotating tool consisting of a

ylindrical shoulder and pin. The tool is plunged into the weld
ine until the shoulder is in contact with the plate surface. Once
he material is sufficiently hot from frictional heating and plastic
ork, the tool traverses along the weld line and the hot plasti-

ised material is extruded past the rotating pin, while constrained
etween the shoulder and backing bar, so as to form a joint
ehind the pin. Because FSW is a solid state welding method, it is
articularly suited to joining high strength aluminium alloys that

ere previously considered unweldable using fusion techniques

1]. Although the process alleviates many of the metallurgical
roblems associated with fusion welding, such as liquation and

∗ Corresponding author.
E-mail addresses: david.g.richards@postgrad.manchester.ac.uk

D.G. Richards), philip.prangnell@manchester.ac.uk (P.B. Prangnell),
.williams@cranfield.ac.uk (S.W. Williams), philip.withers@manchester.ac.uk
P.J. Withers).

c
c
g
s
c
d
h
i
o

921-5093/$ – see front matter © 2008 Elsevier B.V. All rights reserved.
oi:10.1016/j.msea.2007.12.042
olidification cracking, friction stir welds can still suffer from
ignificant levels of residual stress, which are often similar in
agnitude to those seen in fusion welds [2–4]. In general terms,

he residual stresses arise from plastic misfit strains introduced
s a result of the steep gradients in temperature that are generated
ocal to the heat source as the tool advances [5]. As tensile resid-
al stresses in welded structures produced from high strength
l-alloys can have a negative impact on service life [4,6,7], it

s highly desirable to reduce their level as far as possible. One
pproach, that can be adopted to mitigate weld residual stresses,
s to use weld tensioning methods to engineer the local stress
tate during welding by controlling the plastic misfit strains
enerated by the thermal field.

In welding the maximum tensile residual stresses are typi-
ally found on, or either side of, the weld line. These arise during
ooling of the weld as a result of the compressive plastic misfit
enerated as the material expands and softens ahead of the heat
ource [5]. It has long been known that tensioning techniques
an reduce residual stresses and the concomitant tendency for

istortion (e.g. [8]). In practice, a large number of techniques
ave been proposed for controlling residual stresses in welding,
ncluding both thermal and mechanical tensioning methods. One
f the earliest reported applications was by Greene and Holzbaur
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9], who in 1946 used superimposed temperature gradients to
chieve reduced residual stresses in longitudinal butt welds in
hip hull structures. Local induction heating has also been inves-
igated for residual stress improvement [10]. Michaleris and
un [11] and Dull et al. [12] have applied thermal tensioning

o reduce buckling distortion, whilst Dong et al. [13] devel-
ped an in-process thermal-stretching technique for effectively
itigating residual stresses and distortion on repair welding of

luminium panels. In addition, Barber et al. [14], van der Aa et al.
15] and Williams and co-workers [16], have applied local cool-
ng, with either solid or liquid CO2 trailing the heat source, as a

eans of creating dynamically controlled low residual stress and
istortion free welds. Several mechanical tensioning systems
ave also been proposed. Yang et al. [17,18] have mechanically
ompressed the weld on cooling using a pair of rollers on both
ides of the weld line, reducing both residual stress and buckling
istortion. Finally, preliminary work by Williams et al. [8] has
hown that the application of global, or far field, mechanical ten-
ioning externally during the welding process can greatly reduce
he tensile residual stresses in FSWs. In global mechanical ten-
ioning a load is applied uniformly along opposite ends of the
lates prior to clamping the parts for welding (see Fig. 1), so that
uniform tensile stress is maintained in the two butted plates

arallel to the weld line. The clamping and tensioning loads are
hen released after the friction stir welding tool has traversed
long the join line forming a weld. Perhaps counter-intuitively,
illiams et al. found that high levels of mechanical tensioning

arallel to the welding direction can actually reverse the state

f stress, so that compressive longitudinal residual stresses are
ound in the weld region [8].

While a plethora of techniques for influencing the generation
f plastic misfit strains and the resultant residual stresses during

ig. 1. Schematic diagrams showing (a) the global mechanical tensioning pro-
ess and (b) the plate geometry for the 2024 plates.
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elding have emerged, at present very little work has been car-
ied out into quantifying the effectiveness of these methods, or
stablishing their basic principles. This is in part because, to date,
ittle modelling work has been carried out to study the underlying
nteractions between the externally imposed thermal or mechan-
cal loads and the transient welding stresses. This paper aims to
elp fill this gap and thereby clarify the mechanism of mechan-
cal tensioning. To this end we have focused on the mechanical
ensioning of aluminium alloy friction stir welds. A simplified
nite element model of the process has been developed and val-

dated using experimental residual stress data available in the
iterature measured by X-ray synchrotron diffraction [8,19–21],
or mechanically tensioned AA7449 and AA2024 FSW’s. While
odelling work has been carried out on the basic FSW process

reviously (e.g. [22–30]), few studies have focused on residual
tress prediction [26,29,30]. The study by Preston et al. [30]
id look at thermal tensioning, but none have looked in detail
t the effect of mechanical tensioning on FSWs. Although this
aper examines friction stir welding, because the development
f residual stresses have been taken to be governed solely by the
eat input, the general conclusions regarding the mechanisms
f stress relief by mechanical tensioning are applicable to other
elding processes.

. Methodology

.1. Global mechanical tensioning experiments

The examination of the mechanical tensioning method is
ased on friction stir welding trials undertaken by BAE Systems
nd Airbus UK and associated residual stress measurements
escribed in detail elsewhere [8,19–21]. In essence, a hydraulic
ensioning rig was used to apply a tensioning load uniformly
long the ends of pairs of plates parallel to the weld line during
elding. The plates were drilled at each end to allow rigid clamp-

ng in the tensioning rig, as shown in Fig. 1. Two types of plate
ere butt welded; 1135 mm × 125 mm × 3 mm panels of 2024

lloy in the T3 condition, and 1000 mm × 250 mm × 12 mm
lates of 7449 alloy in the W51 condition. The tensioning stress
evels were defined in terms of the percentage of the room tem-
erature proof stress of the material, being up to 85% for the
A2024-T3 welds (σ0.2 = 345 MPa) and 30% (σ0.2 = 580 MPa)

or the stronger thicker AA7449-W51 plate. Except for the ten-
ioning level, all the other welding conditions were maintained
onstant and are summarised in Table 1. The tool geometries are
iven in Table 2.

.2. FE modelling

In order to elucidate the role of mechanical tensioning, finite
lement modelling has been used to study the evolution of the
tress state through the process. The extensive material flow that
ccurs in friction stir welding means that it is not practical to

evelop a fully coupled thermo-plastic model that will run in
feasible time scale for typical weld geometries. Furthermore,
revious work suggests that the residual stresses are primarily
function of the thermal excursion, and that the mechanical
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Table 1
Welding conditions and materials used in the tensioning trials, reported in the literature, and equivalent calibrated heat inputs used for the FE model

Data set Material Plate geometry
L, W, D, (mm)

Rot’n speed
(rpm)

Traverse speed
(mm/min)

Shoulder
power (W)

Pin power
(W)

Total power
(W)

Peak temperature
(◦C)

Ref.

I AA2024-T6 350 × 250 × 3 770 195 862 96 958 487
II AA2024-T3 1135 × 250 × 3 350 195 670 230a 900a 468a [19,20]
III AA7449-W51 1000 × 250 × 12 225 250 1815 3033 4848 485 [21]

a Estimated on the basis of the Colegrove CFD model [28] only.

Table 2
Tool geometries used in the welding trials reported in the literature for AA 2024 and AA7449 used to validate the FE tensioning model

Data set Material Shoulder diameter (mm) Pin diameter (mm) Pin length (mm) Ref.
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AA2024-T6 16
I AA2024-T3 16
II AA7449-W51 30

eformation of the tool has relatively little effect besides that
elating to the heat it generates [2,23,26,31,32]. The approach
dopted was, therefore, to develop and validate a simplified
odel treating the tool solely as a heat source. The material
ow and mechanical effects of the tool were thus not included.
his simplification is computationally very efficient and has pre-
iously been found to give good results [2,26]; it also allowed a
ime-efficient investigation of the effects of important variables;
uch as tensioning level, heat input, and other boundary condi-
ions. The FE model, implemented in ABAQUS, comprised two
equentially linked 3D simulations—a calibrated heat transfer
odel to imitate the weld thermal cycle, followed by a mechan-

cal model in which the thermal cycle and boundary constraints
re applied.

.3. Heat input

In the heat transfer model the tool was represented by a cir-
ular surface source for the shoulder and a cylindrical volume
ource for the pin using the actual tool dimensions. In this sim-
lified tool representation no surface features (flutes or threads)

ere included. This composite heat source was then traversed

long the virtual weld line. To aid simplicity, based on the work
f Chao et al. [23,32], the distribution of the heat flux under
he tool shoulder, qs, was assumed to vary linearly with angular

h
t
t
m

ig. 2. Comparison of experimentally measured (squares) peak temperature profiles,
chieved using the FE model, (a) with data from infra-red thermal imaging for a we
sing thermocouple and the Colegrove CFD model predictions for a weld in AA7449
4 2.8
5 2.8 [19,20]

17 11 [21]

elocity, given by

s(r) = 3

(2π)

Qsr

(R3
s − R3

p)
for Rp ≤ r ≤ Rs (1)

s and Rp are the dimensions of the shoulder and pin and r is
he radial distance. The heat input from the pin was assumed to
e uniform along the length of the pin.

To obtain the net tool shoulder and pin power input terms
wo strategies were followed. The simplest approach was to fit
he power transferred by the pin, (Qp), and shoulder, (Qs), by

atching the FE simulations to thermal infrared imaging data
nd thermocouples placed in the work-piece of actual welding
xperiments (see Fig. 2). A more satisfying approach was to
se a model to predict the heat input and a computational fluid
ynamics (CFD) model developed by Colegrove et al. (described
n detail in [28,33–36]) was used for this purpose. The model
ncludes the strain rate sensitivity of the material and the limiting
ffects of liquation at the tool boundary layer at high tempera-
ures and can be used to predict the power transferred by the pin
nd shoulder, as well as the corresponding weld temperatures,
s a function of the welding parameters (Fig. 2(b)). While used

ere for making realistic estimates of the heat input, as a func-
ion of the welding conditions, the model still requires fitting of
he effective shoulder contact area and calibration for different

aterials, and so must also be compared to measured results. A

recorded transverse to the welding direction, with the corresponding fit (lines)
ld in the AA2024 plate (welding parameters: 770 rpm, 195 mm/min), and (b)
(225 rpm, 250 mm/min).
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onger term aim is to couple these models to give a more realistic
epresentation of the power distribution over the tool surfaces in
he FE residual stress model. However, experiments conducted
o study the influence of varying the power distribution func-
ion used for the tool surfaces has found negligible effect on
he residual stress distribution, which is not greatly affected by
emperature gradients very close to the tool interface.

The powers and peak weld temperatures were obtained using
he Colegrove CFD model as an initial guide and fitting FE
imulations to infra red camera and thermocouple data reported
or the AA2024 and AA7449 welds. These are summarised in
able 1. It should be noted that no experimental thermal mea-
urements were available for the set of tensioned weld data in
he AA2024-T3 plate. In this case the power values given were
stimated by the Colegrove CFD model alone. The tool geome-
ries are summarised in Table 2. Thermocouple data [23,31,37]
n thin plate materials suggest that 80–90% of the heat flux in
riction stir welding is typically provided by the tool shoulder.
owever, for thicker material, CFD simulations showed that as

he pin interface area grows, so does its power contribution. As
result, a 90:10% ratio was utilised for the smallest tool geome-

ry used for the AA2024-T6 thin plate material (Data Set I—see
able 1), increasing to a 75:25% ratio for the slightly larger diam-
ter pin used with the AA2024-T3 plate at the slower rotation
peed (Data Set II). Finally, a 40:60% ratio in favour of the pin
as found to be appropriate for the 12 mm thick AA7449-W51
late (Data Set III).

.4. Model geometry and boundary conditions

The heat transfer model was based on a single par-
itioned plate having the same dimensions as the actual
ensioned plates, the partition line being along the weld line.

graded mesh was used with DC3D8 brick elements at the
eld line of 1 mm × 1 mm × 1 mm for the 3 mm plate and
mm × 1 mm × 3 mm for the 12 mm thick plate, increasing to
5 mm × 25 mm × 3 mm at the edge of both plate geometries,
sing DC3D6 wedge elements in this area. These elements were
ubstituted by their direct equivalents in the mechanical model.
he plate was pinned vertically along its length at 40 mm from

he weld line to simulate clamping and the tension force was
pplied parallel to the welding direction along one end, with the
ther end fixed in the welding direction, prior to clamping. The
eat transfer model was split into welding and cooling steps. The
ool was ‘plunged’ by applying the heat source with a 5 s dwell
ime at the beginning of the weld located 50mm in from the start
f the plates. Heat loss to the base-plate and retaining clamps
as simulated using artificial surface convection coefficients to

imulate conduction. This method allowed the jigging parts to

e omitted from the model, saving on simulation times. The 3D
tress model was split into tensioning, clamping, welding, cool-
ng and untensioning and clamp removal steps. Throughout this
aper the stress components σ11, σ22, and σ33 are taken to be
ligned parallel to the welding direction, transverse to the weld
ine and normal to the plate, respectively.
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.5. Material representation

To accurately predict the evolution of residual stress it is
mportant to capture the response of the material’s yield stress
o temperature, as well as the extent to which it is softened by

icrostructural changes during welding. For heat treatable Al-
lloys softening, caused by the dissolution and coarsening of
recipitates during the high temperature excursion, is consid-
rable and if not taken into account leads to over estimation
f the residual stresses [29]. A kinetically dependent softening
odel was therefore used to allow interpolation of the materials

ield stress, as a function of the thermal cycle experienced by
ach node, between two extremes; namely, the behaviour of the
late in its initial heat treated condition and in a fully softened
veraged condition.

The measured upper and lower bound curves for yield stress
s a function of temperature (supplied by Harrison [38]), were
erived from hot tensile tests from the parent material and a
ully overaged microstructure, obtained by machining samples
rom the HAZ minimum hardness region. The hardness level
n the latter region had ’bottomed out’ corresponding to a fully
oftened condition. A kinetic model was then used to smooth
he transition between the two states by calculating the fraction
f softening that occurred during the weld thermal cycle. This
odel was adapted from recent work by Sullivan and Robson

39] on weld zone hardness prediction and is based on relat-
ng the integrated weld thermal cycle to an effective aging time
sing a master curve empirically determined from isothermal
reatments.

A more detailed description of this approach is described else-
here [39,40]. In brief; the fraction of softening, Xp, is defined

s

p = σy − σmin

σmax − σmin
= 1 −

(
t(T)

t∗(T)

)1/2

(2)

y, σmin, σmax, refer to the yield stress, the minimum yield stress
n a fully softened state, and the maximum initial yield stress,
espectively t is the time and t* the time for complete softening
t the same temperature T. t* at any temperature is related to the
ime for complete softening at a reference temperature, Tr by

∗
(T) = trexp

(
Q

R

(
1

T
− 1

Tr

))
(3)

here Q is a fitted activation energy. A cumulative effective time
raction, in a time increment �t, at an instantaneous temperature,
, for each iteration (i), is then maintained by

ti

t∗eff
= t(i−1)

t∗eff
+ ∂t

t∗(Ti)
. (4)

For each time increment the fraction of softening is then
pdated from a master plot of ln(1 − Xp) versus ln(t/t*) [39]. This
s implemented in ABAQUS though a subroutine that tracks the

raction of softening (Xp = 0 to 1) accumulated at each node as
t undergoes its individual local thermal cycle. The actual value
f yield stress at the instantaneous temperature of every node is
hen obtained for each time increment by a weighted interpola-



D.G. Richards et al. / Materials Science and Engineering A 489 (2008) 351–362 355

Fig. 3. Illustration of the approach used to simulate the variation of yield stress, as a function of thermal history, for local weld thermal cycles in a AA2024-T6
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eld. In (a) and (b), the softening parameter Xp is plotted for ‘high’ (490 ◦C pea
xcursions, in (c), the flow stress is shown for heating to ‘high’ and ‘low’ tempe
tress responses as a function of time for the ‘high’ and ‘low’ thermal excursion

ion between the upper and lower bound measured yield stress
urves in proportion to Xp. It should be noted that although
emperatures are expressed in degrees Kelvin in the equations;
or convenience the temperatures in the figures are expressed in
egrees Celsius.

This approach is illustrated in Fig. 3 for a ‘high’ tem-
erature (490 ◦C peak) thermal excursion, corresponding to a
ode at the weld line and a ‘low’ temperature (350 ◦C peak)
hermal excursion corresponding to a node 8.5 mm from the
eld line. In Fig. 3(a) the accumulated softening parameter

an be seen to respond very rapidly as the maximum temper-
ture is approached. In Fig. 3(c) the interpolated material flow
tress path is shown as a function of temperature. On heating

t follows the parent curve until close to the peak tempera-
ure, whereupon softening starts to occur, and on cooling it
hen tracks a path between the parent and fully softened con-
itions, scaled by the accumulated softening fraction, Xp. In

f
A
t
s

ig. 4. Measured (squares) and predicted longitudinal stress profiles from the mid d
he weld line, in (a), for an untensioned AA2024-T3 weld [19,20], and in (b) a AA74
ynchrotron X-ray diffraction with the advancing side on the RHS. The welds were p
the weld line) and ‘low’ (350 ◦C peak; 8.5 mm from the weld line) temperature
s and cooling, relative to the upper and lower bound curves, and in (d) the yield
iven.

ig. 3(d) it can be seen that on completion of the weld cycle
node has a permanently lowered yield stress, by an amount

ependent on the degree of thermal exposure during the weld
ycle.

It should be noted here that the principles used in the soft-
ning model are only strictly valid for a material that does not
ndergo any further precipitation hardening during heat treat-
ent. However, the paucity of experimental residual stress data

n the literature on instrumented welds made it necessary to apply
he model to the 2024-T3 and 7449-W51 materials, which are
n a solution treated condition, so as to smooth the transition
etween parent properties and the microstructurally modified
eld material. Nevertheless, a reasonable fit was still obtained,
or both the 2024 T3 and 7449-W51 materials (see Figs. 4 and 5).
lthough this subtle difference is not critical to the current inves-

igation of the principles of the mechanical tensioning method,
ubsequent simulations to investigate the effect of welding con-

epth across the centre of welded plates as a function of distance transverse to
49-W51 weld tensioned to 10%σ0.2 [21], both measured by energy dispersive
roduced under the standard welding conditions given in Table 1.
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Fig. 5. (a) Comparison of the measured (points) [21] (LHS) and predicted (RHS) longitudinal stress profiles for AA7449-W51 welded plates as a function of different
tensioning levels (0, 5, 10, 20, 30%). The dotted profile represents the predicted untensioned (0%) case for which there were no measured results. In (b) all the
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vailable data is summarised as a function of tensioning level by plotting the
ompared with the model predictions (lines). Measured data provided by Steuw

itions and other tensioning variables were carried out using the
024 material in the T6 condition.

. Results and discussion

.1. Model validation

The FE model was validated against residual stress data avail-
ble in the literature obtained by synchrotron diffraction for
A2024-T3 [19,20], and AA7449-W51 [21] friction stir welds.
xamples of comparisons between the modelling predictions
nd diffraction measurements are shown in Figs. 4 and 5, for
elds produced using the conditions given in Table 1. In all cases

he diffraction data were corrected for instrument and solute
elated unstrained lattice parameter (d0) effects [41]. The use of
ultiple-peak fitting ensured that the effect of type II stresses
ere minimised and elastic constants typical of the bulk could
e used.

Published data for untensioned AA2024-T3 (Data Set II) and
A7449-W51 (Data Set III) welds tensioned to 10% are shown

n Fig. 4. In both cases a characteristic ‘M’ shaped stress profile
s observed, as has been reported in other studies [2,42], the
rigin of which will be discussed below. For the AA2024 plate,
Fig. 4(a)), it can be seen that the model corresponds well to the
easured profile. The measured stresses are slightly asymmetric

bout the weld centreline, with higher stresses on the advancing
ide of the weld. This effect has also been observed by Peel
t al. [2] and is probably due to an asymmetric temperature
istribution arising from the direction of rotation of the tool. For
he thicker 10% tensioned AA7449 weld in Fig. 4(b), a close

atch is also seen between the predictions of the weld model
nd the synchrotron X-ray data [21], certainly well within the
otal error arising from counting statistics (±5 MPa).

The variations in measured and predicted weld stresses are
lotted as a function of tensioning level in Fig. 5. Very close
greement is observed in Fig. 5(a) between the form of the mea-

ured (LHS) and predicted (RHS) longitudinal stress profiles
or AA7449-W51. In Fig. 5(b) the peak longitudinal residual
tresses reported for both AA2024-T3 and AA7449-W51 welds
re plotted as a function of tensioning level and conform well

e
t
o
w

longitudinal stresses measured for AA7449 (triangles) and AA2024 (squares)
al. [19], Williams et al. [20] and Altenkirch et al. [21].

o the predicted trends. Due to a lack of thermal measurements
eing available for these welding conditions, the predictions for
he AA2024-T3 samples (Data Set II) were obtained by esti-

ating the heat input by means of the Colegrove CFD model.
lthough this meant there was no means of validating the weld
ower, the predicted trend is in excellent agreement with the
eported results. This gives further confidence in the trends pre-
icted by the model. Both the measured and model predictions in
ig. 5(b) show an approximately linear variation in peak residual
tresses, with the peak stress falling to zero at tensioning loads of
etween 30 and 45% of the room temperature proof stress of the
arent material and becoming compressive thereafter. Indeed,
t a tensioning level of 85% of the yield stress, the maximum
ongitudinal stresses in the AA2024-T3 plate have completely
eversed reaching −210 MPa.

In summary, the published results suggest that global
echanical tensioning is extremely effective in mitigating

he large tensile longitudinal residual stresses developed dur-
ng welding. The simplified modelling approach adopted here
ppears to fit the data well. This agreement supports its use in
xploring the basic principles underlying the tensioning method
nd establishing the global trends that operate in mechanical
ensioning.

. Principles of mechanical tensioning

In the following discussion, the validated model for the 3 mm
024-T6 plate is used to examine the evolution of temperature
nd stress during welding as a function of mechanical tension-
ng level. From the previous section it is clear that tensioning
as a significant influence on the final residual stress state after
elding. To give an initial overview of the effect of the heat

ource without tensioning, Fig. 6 shows 2D maps of the thermal
eld and the longitudinal and transverse stress fields predicted
y the model. Of particular note in Fig. 6(b) and (c) is the bow-
ave of compressive stress ahead of the tool generated by the
xpansion of the hot material, and the increasing longitudinal
ensile stresses forming behind the heat source in the vicinity
f the weld line, as the consolidated weld material cools in the
ake of the heat source. To gain a better picture of how mechan-
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Fig. 6. In (a) thermal field predicted by the heat transfer model for AA2024-T6 plates 50 s into an un-tensioned weld using a heat input of 958 W (770 rpm,
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95 mm/min), in (b) the corresponding predicted longitudinal stresses at the sam
houlder (moving downwards) is marked in each case by a white circle. The we
ach case.

cal tensioning affects the development of residual stress during
elding, it is helpful to look more deeply into the evolution of

he stresses with time as the tool traverses the plate relative to a
xed point within the material. To this end, the predicted lateral
ariation in longitudinal (σ11) mid-thickness stress profiles are
hown in Fig. 7 for simulations of AA2024-T6 plates subjected
o tensioning levels of 0%, 35% and 70% as the heat source
ravels past.

.1. Behaviour of an untensioned weld

The general development of residual stresses in conventional
ntensioned welds has been widely described in the literature
or fusion welding [29]. Fig. 7(b) demonstrates that ahead of the
ool the compressive stress caused by the expanding hot material
mpinges on the compressive yield stress locus, causing plastic
training. Just behind the tool longitudinal tensile stresses begin
o generate as the weld material cools. Initially stress develop-

ent near to the weld line is limited by the low tensile yield stress
Fig. 7(d)). This local tensile plastic straining at the weld-line
esults in the initial formation of the ‘M’ shaped residual stress
rofiles typically observed in the welded plate (Fig. 7(e)), as
he hot region plastically deformed in compression, to a greater
idth, ahead of the tool becomes tensilely stressed as it cools
ehind the tool. As the tool travels forwards and the temperature
alls, the tensile stress level builds up at a rate slower than that at
hich the yield stress rises so that a point is reached very soon

fter the tool has passed when no further yielding occurs (see

ig. 8(a)) and the increasing misfit is then accommodated elasti-
ally. As the tensile stresses develop near the weld-line these are
alanced by a compressive stress towards the edges of the plate.
n complete cooling (Fig. 7(e)) and removal of the clamping, a

i
r
d
p

tant, and in (c) the predicted transverse stresses. The position of the weld tool
t location is also evident near the top of the figure. The view is 150mm wide in

mall amount of redistribution occurs. The final residual stress
evels retained in the plate are, therefore, very sensitive to the
nteraction of the flow stress and the kinetically dependent soft-
ning behaviour of the material, in relation to the developing
hermal field.

It is clear from Figs. 6(c) and 8(a) that the transverse stresses,
hich are often ignored in a simple analysis, are also very impor-

ant. Indeed ahead of the tool the transverse compressive stresses
ontribute to plastic yielding. Behind the tool the transverse
tresses are much less significant on the weld line. As one would
xpect, the normal component of stress, σ33, is very small in the
hin plate (the confining pressure of the tool shoulder has been
eglected in the model). It is also clear from Fig. 9(b) that most
f the compressive longitudinal plastic misfit, responsible for
he final residual stresses, is introduced directly under the tool
nd that once the tool has passed completely no more plastic
train is generated so that the final residual stress state is sim-
ly a consequence of this misfit once the plate has completely
ooled.

In the simple model adopted here the true nature of the tool
nd material flow is not represented, so predictions in the imme-
iate vicinity of the heat source should be treated with caution.
or example, directly under the tool the material will experience
compressive normal stress due to the down force and there will
e an imposed torque. Of course for friction stir welding, there is
lso considerable plasticity specifically due to the motion of the
ool. Microstructural evidence suggests that this material flow
nly affects the region well within the tool shoulder (8 mm radius

n this case for 2024). It can be seen in Fig. 8 that within this
egion the stress is essentially zero and misfits are accommo-
ated completely plastically so that it is not sensitive to further
lastic flow. Furthermore the compressive field ahead of the
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Fig. 7. Predicted longitudinal residual stress profiles and the tensile and compressive yield loci (dashed lines) across the mid-plane of the weld at different distances
from the tool; (a) well ahead of the tool’s thermal field, (b) as the heat source approaches and compressive stresses form, (c) directly through the tool centre, showing
the resultant reduction in thermal strain by compressive yielding, in (d) at 8 mm behind the centre of the pin and at the edge of the shoulder as the heat source retreats
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nd the material begins to cool and tensile yielding occurs, in (e), the formation
ensioning loads. All plots correspond to a heat input representing the welding

ool that generates the residuals stresses is considerably larger
han the tool dimensions, so that, fortunately from the point of
iew of model complexity, one would not expect the residual
tresses to be greatly affected by the mechanical action of the
ool.

.2. The effect of global tensioning

Examination of the strains and stresses plotted in Figs. 7–9, as
function of the tensioning level, clearly confirms that mechan-

cal tensioning affects both the compressive yielding ahead, and
ensile yielding behind, the tool. The imposed tensile stress
educes the amount of compressive yielding that occurs ahead
f the weld and the resultant misfit formed. Behind the tool,
ensioning encourages increased longitudinal tensile straining
f the cooling material in the softened (hot) zone. The tensile

isfit thus generated can either decrease the magnitude of the

ensile stress (for tensioning levels less than ∼40%), or introduce
ignificant compressive residual stresses (for tensioning levels
reater than ∼40%). A further observation is that tensioning

t
t
l
r

nsile stresses after cooling, and in (f) the final stress state after removal of the
eters of 770 rpm and 195 mm/min for an AA2024-T6 plate.

long the welding direction has far less influence on the other
tress components (see Fig. 8).

The effect of tensioning on the compressive stress field and
lastic relaxation can be clearly discerned in Figs. 7–9, which
hows how the far-field stress reduces the extent of the compres-
ive bow wave ahead of the tool (Fig. 9(a)). Becoming much
arrower with increasing tensioning level, the compressive field
educes in width until it lies well within the narrower trailing
ensile plastic zone, so that the tensile plastic strains can can-
el out, or even overwrite, the compressive plastic misfit with a
ignificant tensile misfit. In Fig. 8(b) and (c) it can be seen that
11 becomes less compressive ahead of the tool as the tensioning

evel is increased, only just becoming compressive near the edge
f the tool for the 70% case. Because of this effect, compressive
lastic straining ahead of the tool is much reduced with increased
ensioning. At tensioning levels greater than ∼40% there is little

o no compressive relaxation of σ11 ahead of the tool, however
he increasing far field tensile strain imposed on the relatively
ow strength hot material in the thermal field trailing the weld,
esults in progressively higher levels of tensile relaxation behind
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Fig. 8. Development of the longitudinal (σ11), transverse (σ22) and normal (σ33)
and Von Mises stresses with distance along the weld centreline predicted from
the model, for (a), un-tensioned, (b), 35% tensioned, and (c), 70% tensioned,
welds in AA2024-T6 3mm plates, using the standard conditions given in Table 1
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or Data Set I. In (a) the thermal cycle is shown for comparison. The position
nd travel direction of the tool is indicated in each figure.

he tool, in a narrow zone close to the weld centre line, where the
aterial is softest (Fig. 7(e)). In the case of 35% tensioning little

ensile straining occurs after the tool has passed such that the net
lastic misfit is negligible (Fig. 9(b)). As a result, on removing
he tensioning the final residual stresses are approximately zero
Fig. 7(f)). For the 70% load the plate is over-tensioned due to
xcessive tensile straining in the wake of the tool (Fig. 9(b)) and
n removing the tensioning load the tensile plastic misfit results
n a compressive residual stress trough at the centre of the weld
Fig. 7(f)). Except at high tensioning levels, the broader com-
ressive plastic strain field ahead of the tool, compared to the
arrow tensile strained region after it, means that a characteristic
M’ shape arises in the very hot low yield stress region near the
eld line.
Taken overall, it can be seen that the mechanical tensioning
echnique is a very effective approach. It allows the otherwise
arge longitudinal residual stresses present in welding to be
educed to virtually zero, by choosing the appropriate tensioning
evel, guided by a suitable model.

i
b
f
a

Engineering A 489 (2008) 351–362 359

.3. Sensitivity of mechanical tensioning to the welding
onditions

In FSW it is possible to vary the heat input and line energy
y changing the tool rotation and traverse speeds. However, the
eat input is normally determined primarily by the tool rota-
ional speed [2]. Here, the extent to which the tensioning level

ust be adjusted as a function of the processing parameters is
nvestigated by systematically varying the power and traverse
peed across a wider process window than can be applied in
ractice to obtain good welds. The heat input in the model was
aried between 435 and 958 W for a constant traverse speed
f 195 mm/min (the calibration traverse speed). At 435 W the
ugget zone temperature would be too low (223 ◦C) to produce
real weld, but this condition was used to provide an extreme

ase where the strain field around the weld is largely elastic. The
raverse speed was varied between 100 and 406 mm/min, while
eeping the power constant at 958 W (the calibrated power). In
ractice it is very difficult to decouple the heat input from the
raverse speed, as the heat generation is a complex function of
he material flow and boundary conditions [28,33–36]. Simu-
ations were then carried out, at different tensioning levels, to
etermine the effect on the residual stress distribution for these
onditions. These results are summarised in Fig. 10, in terms of
he predicted peak longitudinal residual stress after relaxation.

In Fig. 10(a) it can be seen that for realistic welding powers
i.e. ignoring the 435 W curve) and modest tensioning levels,
he effect of tensioning is effectively linear in all cases. There is
drift towards higher peak stress levels for higher heat inputs,
hich is in accordance with experimental observations for the

ffect of heat input on untensioned samples (Fig. 5) [20]. This is
ecause the different heat input levels mainly expand and con-
ract the thermal field, which largely moves the residual stress
eaks in and out, relative to the weld line, rather than greatly
ffecting the stress level at which the tensile stresses get locked
n during cooling behind the tool. It is important to note that,
lthough the maximum stresses are not dramatically affected by
educing the power, the total strain energy stored in the plates
ill be much reduced as a result of this behaviour. However, if

he heat input is reduced to a low level where unrealistic weld
emperatures are produced (e.g. 435 W), the slope changes dra-

atically due to the material starting to become substantially
arder at the weld centre line. This generally reduces the thermal
isfit caused by plastic relaxation, as well as the effectiveness

f the tensioning technique. A bigger difference is seen at high
ensioning levels where the slope of the curves reduces with
ecreasing heat input. This is because the more rapid drop in
emperature in the tensile zone behind the tool, as the heat input
alls, makes it harder to induce as large tensile plastic strains
long the weld line, and results in a lower compressive stress
evel when the tensioning is removed.

Increasing the welding speed reduces the overall line energy,
ut will also change the shape of the thermal field by compress-

ng the isotherms ahead of the tool and extending the isotherms
ehind the tool, while narrowing the thermal field. How these
actors interact with thermal stress field development, its relax-
tion and the effect of the far field tensioning stresses has not yet
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ig. 9. Instantaneous 2D longitudinal stress and plastic strain contours 50s into
A2024-T6 3 mm thick plate, under tensioning levels equal to 0, 35% and 70%

train misfit contours. The model corresponds to a heat input representing the w
n each case.

een studied in detail, but in comparison to changing the heat
nput the welding speed appears to have a relatively small effect
n the residual stresses and effectiveness of the tensioning level
Fig. 10(b)). However, the influence is again more noticeable at
igh tensioning levels where compressive residual stresses are
eveloped at the weld line on removal of the tensioning loads,
robably as a result in the fall in weld temperature with a constant
eld power.

.4. Effectiveness of post-weld mechanical tensioning

Rather than apply tensioning during the welding process, an
lternative approach, which can be more convenient in certain
ituations, is to apply tensioning loads after welding [20]. In

ig. 11(b) the maximum longitudinal residual stress expected
or post-weld tensioning, under the welding condition for Data
et II in Table 1, are compared to those obtained previously
hen tensioning was applied during welding, as a function of

e
s
t
fi

ig. 10. Predicted values of maximum longitudinal residual stress after relaxation,
a), for different power inputs at a welding speed of 195 mm/min, and in (b), differ
A2024-T6 350 mm × 250 mm × 3 mm plates.
elding process extracted from the mid plane of the FE 3D stress model for the
e yield stress, showing (a), σ11 stress contours and (b), the longitudinal plastic
parameters 770 rpm and 195 mm/min (see Table 1). The view is 150 mm wide

ensioning level. Measured values of distortion are included as
n additional comparison (Fig. 11(a)). These simulations clearly
how that post-weld tensioning, when the whole sample is cold,
nd the weld zone material has partially recovered and has a
igher yield stress than during welding, is much less effective in
elaxing the residual stresses than when mechanical tensioning
s applied during the welding process. In this case the relative

isfit between the near weld region and plate must be removed
y tensile straining to a stress level where the softened, ther-
ally affected weld region yields plastically. Because the room

emperature yield stress in the softest weld zone (typically the
MAZ/HAZ border [43]) is at least 60% of the strength of the
arent plate (see Fig. 4(b)), very little change is observed in the
alues of residual stress or distortion until the applied tension

xceeds 35–50% of the yield stress. This is in contrast to ten-
ioning applied during welding, where the far lower elevated
emperature yield stress, and interaction with the dynamic stress
eld around the heat source, results in an observed improvement

as a function of tensioning level, in terms of percentage of the yield stress, in
ent traverse speeds with a power of at 958 W. All simulations performed for
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Fig. 11. Comparison of distortion and limited residual stress data taken from [20] with the maximum longitudinal residual stress predicted from the model. In (a),
measured longitudinal residual stress (squares) and distortion (diamonds) for tensioning applied during welding, along with distortion data for post-weld tensioning
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triangles), and in (b), measured (squares) and predicted values of maximum
elding compared to the case where tensioning is applied after welding. The fi

n Table 1 for Data Set II.

or tensioning levels for as low as 10% of the room temperature
ield stress.

. Conclusions

The principles behind the global mechanical tensioning tech-
ique for controlling residual stresses in welding have been
nvestigated using a relatively simple FE model, applied to fric-
ion stir welding, based on representing the process purely in
erms of a moving heat source. When coupled to a tempera-
ure and kinetically dependent material softening model, this
pproach has been shown to be very successful for obtaining
eliable residual stress predictions and for exploring the effec-
iveness of the tensioning method. Modelling has revealed that
n agreement with experimental data the longitudinal peak resid-
al stresses are strongly influenced by the tensioning level. With
ncreased tensioning the weld stresses were seen to fall approx-
mately linearly, reaching zero for tensioning stresses of ∼40%
f the material’s yield stress. Under larger levels of tensioning
he normal longitudinal tensile peak weld residual stresses are
eplaced by compressive stresses.

Tensioning operates by reducing the compressive bow wave
head of the traveling heat source and increasing the tensile plas-
ic strain developed in the hot zone trailing the weld. Without
ensioning, a large compressive thermally induced misfit strain
eld ahead of the heat source is formed, which causes compres-
ive plastic straining where the material is hot and thus soft near
he tool. On cooling, a tensile stress then develops behind the
ool due to the compressive misfit. This tensile stress is partially
lastically relaxed except very near to the weld line (where it
ntroduces the ‘M’ profile referred to earlier) due to the rapidly
alling temperature and thus increasing load bearing capacity
f the material. This results in the tensile longitudinal residual
tress state conventionally seen after welding. The model indi-
ates that for low levels of tensioning (<40%) a reduction in
he compressive plastic strain field ahead of the tool, as the hot
aterial expands, is mainly responsible for reducing the final
esidual stresses. At higher tensioning loads, little or no com-
ressive misfit develops ahead of the tool. Instead larger levels
f tensile plastic straining of the softened hot material after the
udinal residual stress, as a function of tensioning level, for tensioning during
correspond to AA2024-T3 3 mm plate using the welding parameters specified

ool has passed, causes a tensile misfit, or ‘over tensioning’,
nce the tensioning forces are removed. This results in the com-
ressive longitudinal stresses seen along the weld line. Taken
ogether, these effects give rise to the observed approximately
inear reduction in longitudinal weld stresses with tensioning
evel and zero residual stresses can be engineered at tensioning
evels of ∼40–50%, depending on the material and welding con-
itions. While the main features of the response can be explained
redominantly in terms of the longitudinal stresses and misfits,
he stress in thin plate is inherently biaxial, with significant yield
evel stresses in the transverse direction ahead of the tool. The

odel further indicates that the sensitivity of the resultant peak
tresses to varying heat input (rotation speed) and traverse speed
s relatively slight. However, a low heat input makes it harder to
nduce a compressive stress state in the weld at high tensioning
evels.

Finally, with regard to post-weld tensioning. The far higher
aterial flow stress within the weld zone at ambient tempera-

ures combined with the missed opportunity for the tensioning
tress to interact with the transient stress field created during
elding, means that post-weld tensioning is far less effective in

ngineering the residual stress state than mechanical tensioning
pplied during welding.
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