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Abstract

Friction stir welding is a refreshing approach to the joining of metals. Although originally intended
for aluminium alloys, reach of FSW has now extended to a variety of materials including steels and
polymers. This review deals with the fundamental understanding of the process and its metallur-
gical consequences. The focus is on heat generation, heat transfer and plastic flow during welding,
elements of tool design, understanding defect formation and the structure and properties of the
welded materials.
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1 Introduction

Friction stir welding (FSW) is a solid–state, hot–shear joining process [1–3] in which a rotating tool
with a shoulder and terminating in a threaded pin, moves along the butting surfaces of two rigidly
clamped plates placed on a backing plate as shown in Fig. 1. The shoulder makes firm contact
with the top surface of the work–piece. Heat generated by friction at the shoulder and to a lesser
extent at the pin surface, softens the material being welded. Severe plastic deformation and flow
of this plasticised metal occurs as the tool is translated along the welding direction. Material is
transported from the front of the tool to the trailing edge where it is forged into a joint. Although
Fig. 1 shows a butt joint for illustration, other types of joints such as lap joints and fillet joints can
also be fabricated by FSW.

The half–plate where the direction of rotation is the same as that of welding is called the advancing

side, with the other side designated as being the retreating side. This difference can lead to asym-
metry in heat transfer [4], material flow and the properties of the two sides of the weld; thus, the
hardness of particular age–hardened aluminium alloys tends to be lower in the heat–affected zone
on the retreating side, which then becomes the location of tensile fracture in cross–weld tests [5];
this is also the case for pure titanium [6].

Since its discovery in 1991 [1], FSW has evolved as a technique of choice in the routine joining of
aluminium components; its applications for joining difficult metals and metals other than aluminium
are growing, albeit at a slower pace. There have been widespread benefits resulting from the
application of FSW in for example, aerospace, shipbuilding, automotive and railway industries [7].

FSW involves complex interactions between a variety of simultaneous thermomechanical processes.
The interactions affect the heating and cooling rates, plastic deformation and flow, dynamic recrys-
tallization [8] phenomena and the mechanical integrity of the joint. A typical cross-section of the
FSW joint consists of a number of zones (Fig. 2) [9–12]. The heat–affected zone (HAZ) is similar
to that in conventional welds although the maximum peak temperature is significantly less than
the solidus temperature, and the heat–source is rather diffuse. This can lead to somewhat different
microstructures when compared with fusion welding processes. The central nugget region contain-
ing the “onion ring” appearance is the one which experiences the most severe deformation, and is
a consequence of the way in which a threaded tool deposits material from the front to the back of
the weld. The thermomechanically affected zone (TMAZ) lies between the HAZ and nugget; the
grains of the original microstructure are retained in this region, but often in a deformed state.

A unique feature of the friction stir welding process is that the transport of heat is aided by the
plastic flow of the substrate close to the rotating tool. The heat and mass transfer depend on
material properties as well as welding variables including the rotational and welding speeds of the
tool and its geometry. In FSW, the joining takes place by extrusion and forging of the metal
at high strain rates. Jata and Semiatin estimated a typical deformation strain rate of 10 s−1 by
measuring grain-size and using a correlation between grain-size and Zener-Holloman parameter
which is temperature compensated strain-rate [13]. Kokawa et al. estimated an effective strain
rates in the range 2–3 s−1 [14]. The plastic flow must clearly feature in any theory for the process,
and the behaviour of the metal at high strain rates, its dynamic recrystallization behaviour and
the effects of heating and cooling must also be considered.
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Figure 1: (a) Schematic illustration of the friction stir welding process. (b) An FSW weld between
aluminium sheets. (c) An actual tool, with a threaded-pin.

Figure 2: Schematic cross–section of a typical FSW weld showing four distinct zones: (A) base
metal, (B) heat–affected, (C) thermomechanically affected and (D) stirred (nugget) zone [9].

The role of welding parameters, tool design, the initial process modelling, and the microstructure
and properties of the FSW joints have been reviewed previously [15, 16]. It is nevertheless a
relatively new process and one which is evolving rapidly. As a result, a periodic critical assessment
of our understanding of the welding process as well as the structure and properties of the welded
materials is likely to be helpful. This is the aim of this paper.
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2 FSW Process

2.1 Heat generation

During FSW, heat is generated by friction between the tool and the work piece and via plastic
deformation. A fraction of the plastic deformation energy is stored within the thermomechanically
processed region in the form of increased defect densities. In the weld, a mixture of recovery
and recrystallization phenomena occur simultaneously [17]. Deformation not only increases the
dislocation density but also the amount of grain surface and grain edge per unit volume [18] and
by cutting precipitates may force them to dissolve [19–24].

In FSW, the tool moves along the weld joint at a constant speed U , as it rotates about its axis with
speed ω. At any point on the tool workpiece interface, the tangential speed of the tool with respect
to the workpiece is given by vr = ωr − U sin θ where r is the radial distance from the tool-axis
and θ is the angle between radial vector, r, and the welding direction. The term U sin θ may be
neglected when ωr is much larger. Heat is generated due to friction and plastic deformation at the
tool-workpiece interface and due to plastic deformation in the TMAZ. The local interfacial heat
generation due to friction is the product of frictional force and the sliding velocity. The interfacial
deformation heat is the product of shear stress and the velocity of the workpiece material which
sticks to the tool as it moves.

The local heat generation rate due to friction, dėf , is approximately given by [15, 25–36]:

dėf = δ (ωr − U sin θ)µfp dA (1)

where δ is the extent of slip, µf is the friction coefficient and p is the local pressure applied by the tool
on the elemental area dA. When δ is 1, no material sticks to the tool and all the heat is generated
by friction. In contrast, when δ = 0, all the heat is generated by plastic deformation. Schmidt
et al. [33] provide a comprehensive discussion on the calculation of interfacial heat generation
rates during FSW. A problem in the calculations of heat generation is that the friction coefficient
cannot be determined from fundamental principles or it seems, by straightforward representative
experiments of relevance to the conditions of FSW.

When the work–piece material sticks to the tool, heat is generated at the tool–workpiece contact
due to shear deformation. The resulting heat generation, assuming 100% efficiency of conversion
of deformational work into heat, may be approximated as:

dės = (1 − δ) (ωr − U sin θ) τY dA (2)

where τY is the shear yield stress related to that in tension (σY ) by the von Mises criterion τY =
σY /

√
3. It is possible to use an effective τY , back calculated from the experimentally determined

average power input to the system, [37, 38], or estimated from the local shear stress using a
temperature and strain–rate dependent yield stress [39–41].

Plastic deformation also occurs away from the tool/work–piece interface and its effect on the local
heat generation rate may be estimated as dėp = βµφ dV , where β is the fraction of plastic deforma-
tion work which is dissipated as heat, µ is the non-Newtonian viscosity of the plasticized material
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and φ is given by [42]:

φ = 2

3∑

i=1

(
∂ui

∂xi

)2

+

(
∂u1

∂x2
+

∂u2

∂x1

)2

+

(
∂u1

∂x3
+

∂u3

∂x1

)2

+

(
∂u3

∂x2
+

∂u2

∂x3

)2

(3)

When materials are well mixed, the fraction of plastic deformation work which is converted to heat
ranges between 0.6 for low strain rate (1 s−1) and 0.8 for high strain rate (3000 s−1) for the FSW
of α-titanium [43, 44]. However, in FSW heat is generated by deformation and grain boundary
sliding. Bastier et al. [45] showed that the overall magnitude of the heat generation rate by viscous
dissipation is small, about 4.4% of total heat generation rate.

In practice, the errors in the calculation of heat generation rates can arise from a number of
sources. For example, the value of the friction coefficient can vary with temperature, relative
velocity and other factors. As the work–piece is heated, localised softening reduces friction and the
heat generation rate. Some investigators have considered this effect by adjusting the coefficient of
friction. However, there is no straightforward method to estimate the coefficient of friction or how
it changes with temperature or relative velocity. In the context of heating resulting from plastic
deformation, the decrease in the yield strength with increasing temperature leads to a reduction
in the heat generation rate by this mechanism. Since strain rates depend on velocity gradients,
which diminish rapidly away from the tool, most of the heat generation due to plasticity occurs
close to the tool/work–piece interface. Verification of the heat generation rate calculations has been
done indirectly either by measuring thermal cycles or by measuring mechanical energy expended
during FSW [38]. Su et al. performed calorimetric studies on friction stir spot welds of AA 6111
[46]. After welding, they transferred the workpiece into an insulated flask of oil and measured the
temperature increase of the oil thus determining the heat content by calorimetry [46].

Figure 3: Heat input at various welding speeds used to weld 6.35 mm thick AA 7075-T7351 plates
using MX-Triflute, MX-Trivex and Trivex tools [44].
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As Equations 1 and 2 indicate, the heat generation rate is influenced by the rotational speed but
not by the welding speed [40]. Surprisingly, for the same shoulder dimension, tool pin design does
not seem to have a significant effect on the total heat generation rate during FSW (Fig. 3) [44, 47].

2.2 Principles of heat transfer and material flow

Except for the initial and the final periods of welding, i.e., during tool–pin insertion and extraction,
the heat generation occurs at a constant rate if the tool rotates and moves forward at a constant
speed. This steady–state assumption is justified by the fact that the weld profile and properties
remain roughly constant during the welding phase. The temperature and velocity fields in pseudo-
steady state are commonly obtained by solving the generally available continuity, momentum and
energy equations for incompressible single–phase flow assuming steady state. The steady state
thermal energy conservation equation in index notation, for i = 1, 2 and 3, representing x, y and z
directions, respectively, is given by:

ρCp
∂(uiT )

∂xi
= −ρCpU

∂T

∂x1
+

∂

∂xi

(

k
∂T

∂xi

)

+ Sb (4)

where ρ is the density, ui is the material velocity in i–direction, T is the temperature, xi is i–
coordinate, Cp is the specific heat capacity at constant pressure, k is the thermal conductivity of
the work piece and Sb = dėp/dV = βµφ is the heat generation rate per unit volume, due to plastic
deformation in the work–piece away from the interface.

Of the heat generated at the shoulder/work–piece interface, some of it is transported into the tool
material while the rest enters the work–piece. The total heat generated at the shoulder/work–piece
interface can been partitioned between the work piece (JW ) and the tool (JT ), based on their
thermophysical properties [48]:

f =
JW

JT
=

(kρCP )
1/2
W

(kρCP )
1/2
T

(5)

Equation 5 assumes steady–state, one–dimensional heat flow from the interface of dissimilar metal
joints [49]. At 1000 K, the estimated heat flux into the work piece is calculated to be 43% of total
heat generated in 1018 Mn steel welded using tungsten tool. This relation has been examined
experimentally by Lienert et al. [48] and found to be reliable.

The extent of slip can be estimated by curve fitting the measured values at various relative velocities
[50]:

δ = 0.2 + 0.8

(

1 − exp

(

−δ0
ωr

ω0RS

))

(6)

where δ0 is an adjustable parameter, RS is the radius of the tool shoulder, ω0 is the normalising
rotational velocity which can be taken as the mid-point of the range of rotational speeds.

Values of friction coefficient can be estimated considering the relative velocity between the tool
and the work–piece according to previous work in the context of friction [51]. The relative velocity
increases from zero at the axis of rotation to ωRS at the periphery of the tool shoulder. The
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available data can be fitted in the following form [51] µf = µ0 exp(−δ ωr
ω0RS

), where µ0 is a fitting
constant.

The boundary condition for heat exchange between the top surface of the work piece and the
surroundings beyond the shoulder involves consideration of both convective and radiative heat
transfer as

−k
∂T

∂z

∣
∣
∣
∣
top

= σǫ(T 4 − T 4
a ) + h(T − Ta) (7)

where σ is the Stefan-Boltzmann constant (5.67 × 10−12 J K−4cm−2s−1) , ǫ is the emissivity, Ta is
the ambient temperature and h is the heat transfer coefficient at the top surface

At the bottom surface, the heat transfer into the backing plate is modelled by an enhanced heat
transfer coefficient [38]:

k
∂T

∂z

∣
∣
∣
∣
bottom

= hb(T − Ta) (8)

where hb is the heat transfer coefficient at the bottom surface. Several investigators [37, 38, 49,
52] have examined the important role played by the boundary conditions at the bottom surface.
Khandkar et al. [38] reported that for FSW of AA6061-T651 plates, an overall convective heat
transfer coefficient of 1000W m−2K−1 might be appropriate for the bottom surface of the work–
piece if the backing plate is not considered. However, they observed that when a stainless steel
backing plate is taken into account, a variable gap conductance would be appropriate for the
work–piece/backing–plate interface, and recommended an average gap conductance somewhat less
than 5000W m−2K−1. They suggested that significant variations in the heat transfer rates can
occur depending on the specific experimental conditions and recommended determining the rate
experimentally. Since the accuracy of the computed temperature field depends on the value of
the heat transfer coefficent, the uncertainty in the heat transfer coefficient can significantly affect
the reliability of the computed temeprature field. Significant improvement in the reliability of
the model predictions can be achieved by determining the uncertain parameters, such as the heat
transfer coefficient using a limited volume of experimental data. This approcah has been tested for
FSW of dissimilar aluminum alloys [53] and for fusion welding [54–57].

In recent years there has been a growing recognition of the importance of materials flow in the
calculations of heat transfer during friction stir welding. These calculations have adapted two
approaches in the modelling of flow. In many calculations, the plasticised material was treated as
a high viscosity fluid and the flow field was obtained using computational fluid dynamics. In some
other cases the plastic deformation was modelled from the principles of solid mechanics using the
finite volume method to solve for displacements.

The continuity equation for incompressible flow is given by:

∂ui

∂xi
= 0 (9)

The momentum conservation equations with reference to a co-ordinate system with origin at the
tool–axis and moving with the tool at a constant speed U along the x–axis are:

ρ
∂uiuj

∂xi
= −

∂P

∂xi
+

∂

∂xi

(

µ
∂uj

∂xi
+ µ

∂ui

∂xj

)

− ρU
∂uj

∂x1
(10)
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where P is the pressure. Notice that in contrast to equation 1 where p is the pressure applied by
the tool on the work–piece, P is a relative pressure which drives flow.

The speeds with which material moves at the tool–pin periphery, u, v and w, along the welding
direction, the normal to the welding direction in the plane of the plate being welded, and normal
to the plane of the plate respectively, are given by:

u = (1 − δ)(ωr sin θ − U1) v = (1 − δ)ωr cos θ w = Ψω (11)

where Ψ is the pitch of the threads on the cylindrical tool. At the shoulder w = 0

The non–Newtonian viscosity µ must be estimated as a function of strain rate and temperature
using experimentally determined constitutive equations for the material of interest. According to
Perzyna, µ can be expressed in terms of effective flow stress σe (i.e. deviatoric stress) and effective
strain rate ǫ̇ (i.e. deviatoric strain rate) [58],

µ =
σe

3ǫ̇
where ǫ̇ =

(
2

3
ǫ̇ij ǫ̇ij

) 1

2

and ǫ̇ij =
1

2

(
∂ui

∂xj
+

∂uj

∂xi

)

(12)

The strain rate is found to correlate with the flow stress and temperature as follows [59]:

ǫ̇ = A(sinh ασe)
n exp

(

−
Q

RT

)

(13)

where the material constants A, n, α and the apparent activation energy Q are derived by fitting
the equation to experimental data, and are all independent of temperature. On rearranging this
equation [60, 61],

σe =
1

α
sinh−1

[(
Z

A

) 1

n
]

(14)

where Z = ǫ̇ exp(Q/RT ) is known as the Zener–Holloman temperature–compensated strain rate
[62]. Sheppard and Jackson determined the fitting constants for a number of aluminium alloys [63].
Bruschi et al. [64] studied hot workability of Ti-6Al-4V alloys and estimated values of the constants
in the constitutive equation for this alloy. Material constants could be determined for other alloys
from hot working literature.

The computed variation of viscosity as a function of strain rate and temperature has been reported
for several materials: 6061 aluminium alloys [39], 304 stainless steel [40] and 1018 C–Mn steel [41].
Fig. 4 shows that the viscosity decreases significantly with both strain rate and temperature with
the former being the dominant factor for the conditions typical of FSW.

It should be emphasised that in equation 13, the parameters A, n and α are strictly functions
of strain in a work–hardening solid. However, they should become independent of strain once a
steady–state is reached during deformation in which the work–hardening is balanced by recovery–
softening. Generally this state is reached before strain drops to a low value, ǫ = 1, and since
the strains involved in FSW are much larger, it may be assumed that a single set of material
constants corresponding to steady–state deformation can be utilised with the assumption that they
are independent of strain.
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Figure 4: Computed contours of log10(viscosity in Pa s) [41] as a function of temperature and strain
rate for (a) AA 6061–T6. (b) 1018 C–Mn steel.

Most of the recent studies have considered the temperature dependent thermal conductivity, specific
heat and yield stress for the work-piece [39–41, 65–67]. The tool material commonly used for the
FSW of aluminium alloys, steels and Ti–6Al–4V are tool steel and tungsten, respectively. Table 1
presents the thermophysical properties for these alloys.

The solid mechanics approach solves for displacements instead of velocities. Ulysse [65] used a solid
mechanics approach assuming a rigid visco–plastic material where the flow stress depended on
strain rate and temperature. The heat generation rate was expressed as the product of the effective
stress and the effective strain rate. Temperature profiles were determined for the work–piece and
the tool, using a three-dimensional finite analysis code.

Schmidt et al. [36] used adaptive boundary conditions to determine conditions for void-free welds
using finite element analysis and flow stress determined according to the Johnson-Cook law. Buffa
et al. [68] developed a thermomechanically coupled, rigid-visco-plastic, three–dimensional finite–
element model to study the effect of tool geometry and welding velocity on material flow pattern
and the grain size distribution in the welded joints.

In the finite element method, the mechanical response on an element is obtained using force balance:

ρü + cu̇ + ku = p (15)

where ρ is the density, c the damping coefficient, k the stiffness coefficient, p the body force, u
is the displacement vector, u̇ is the velocity vector and u̇ is the acceleration. In a finite–element
framework, the equation can be written as:

Mü + Cu̇ + Ku = P (16)

where M is the discrete mass matrix, C the viscous damping matrix, K the stiffness matrix, P the
vector of external discrete forces, which include body forces, surface forces and concentrated loads

10
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Table 1: Temperature dependent thermophysical properties of various work-piece and tool materi-
als.

304L

Stainless

Steel

AA 6061-

T6

1018 Mild 

Steel
Property Ti-6Al-4V M2 Tool Tungsten

Steel

Temperature range, K 300 - 750 293 - 1073 298 - 1273 273 - 1150 293 - 948 293 - 2500 

Density, kg/ m
3

2700 7800 7860 4420 8100 19400

C0 9.29 x 10
2

2.76 x 10
2

4.68 x 10
2

6.22 x 10
2

3.89 x 10
2

1.58 x 10
2

C1 -6.27 x 10
-1

8.51 x 10
-1

-8.49 x 10
-2

-3.67 x 10
-1

2.08 x 10
-1

1.06 x 10
-1

Specific heat 

capacity, J/kg-K 

C2 1.48 x 10
-3

-8.51 x 10
-4

3.03 x 10
-4

5.45 x 10
-4

0 -1.63 x 10
-5

3

3

2

2

1o

TCTC

TCC 

-8
C3 -4.33 x 10 3.00 x 10

-7
1.82 x 10

-7
2.39 x 10

-8
0 0

C0 2.52 x 10
1

1.43 x 10
1

3.77 x 10
2

1.92 x 10
1

1.57 x 10
1

3.67 x 10
-1

C1 3.98 x 10
-1

-9.02 x 10
-3

9.24 x 10
-2

1.89 x 10
-2

1.74 x 10
-2

-2.29 x 10
-4

C2 7.36 x 10
-6

4.52 x 10
-5

-1.79 x 10
-4

-1.53 x 10
-5

-3.83 x 10
-6

1.25 x 10
-7

Thermal 

conductivity,

W/m-K 

3

3

2

2

1o

TCTC

TCC 

-7 -8
C3 -2.52 x 10 -2.49 x 10 7.81 x 10

-8 -8
-1.41 x 10 0 0

C0 1.16 x 10
3

7.96 x 10
2

1.11 x 10
2

9.09 x 10
2

- -

C1 -8.88 x 10
0

-1.60 x 10
0

1.11 x 10
0

1.11 x 10
0

- -

Yield strength, 

MPa

C2 2.97 x 10
-2

2.25 x 10
-3

-1.90 x 10
-3

-3.05 x 10
-3

- -
3

3

2

2

1o

TCTC

TCC 

-5 -6
C3 -3.32 x 10 -1.30 x 10 7.51 x 10

-7
1.26 x 10

-6
- -

Solidus temperature, K 855 1697 1600 1933 - 3683

acting on the system, and u, u̇ and ü are the nodal displacement, velocity and acceleration vectors,
respectively. The thermal response is governed by an energy balance:

ρCpṪ =
d

dxi
(k

dT

dxi
) + ηsij ˙ǫij

pl (17)

where Cp is the specific heat capacity at constant pressure, Ṫ is the rate of change of temperature
with time, k the thermal conductivity, η the fraction of plastic energy dissipation, sij the deviatoric
stress tensor and ˙ǫij

pl is the plastic strain rate tensor. In FE framework,we obtain

CṪ + BT = S (18)

where C is the discrete capacity matrix, B the conductivity matrix, S the source vector accounting
for all thermal sources and T and Ṫ are the nodal temperature and temperature rate vectors,
respectively.

Since FSW involves large plastic deformation analogous to ballistic impact, an Eulerian finite-
difference code that simulates shock–wave in 3D by solving time–dependent continuum mechanics
equations has also been used to model friction stir welding in aluminium [69, 70]. This code is well
suited for modelling very large deformations at high strain rate.

In polycrystalline materials, large plastic deformation alters microstructure and changes properties.
Boyce et al. [71] suggested that to adequately model the deformation of a polycrystalline material,

11
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it is necessary to understand the interaction of the material on two length scales. Multi-scale
modelling of deformation in FSW has been performed with one length scale of the order of the
dimension of the work–piece (in cm), and the other of the order of the grain–diameter (in µm).
Temperature and velocity fields were calculated and the texture evolution was predicted using the
velocity gradients along streamlines of the flow field together with a model for polycrystal plasticity.
Large variation in textures was obtained suggesting strong variation in mechanical properties across
the weld zone.

2.3 Material flow and mechanism of joining

Recent experimental and compuational works have provided significant insight about several inter-
esting features of materials flow in FSW and the joining process. Most of the material flow occurs
through the retreating side and the transport of the plasticized material behind the tool forms the
welded joint. Three types of flow affects the overall transport of plasticized materals during FSW.
First, near the tool, a slug of plasticized material rotates around the tool. This motion is driven
by the rotation of the tool and the resulting friction between the tool and the workpiece. Second,
rotational motion of the threaded pin tends to push material downward close to the the pin which
drives an upward motion of an equivalent amount of material somewhat farther away. Finally,
there is a relative motion between the tool and the workpiece. The overall motion of the plasticized
material and the formation of the joint results from the simulataneous interaction of these three
effects.

The plastic flow models for FSW have been used to predict velocities around the tool pin. The
velocities have also been estimated from strain rates which, in turn, were obtained from the corre-
lation between grain-size and strain-rate [13]. Comparsion of the shape of the TMAZ predicted by
flow models with macrostructural observation has shown satisfactory match [39]. Good agreement
between the torque values obtained using dynamometers and the computed values from the flow
models for 304L stainlesss steel [40], 1018 Mn steel[41] and Ti–6Al–4V alloy[72] indicates the use-
fulness of the models to understand the FSW process. Since torque is a measure of the shear stress
on the tool and since the shear stress on the workpiece is responsible for both heat generation [38]
and plastic flow, validation of the model predictions by experiments indicates that it is appropriate
to use the models for the estimation of several important parameters. Though numerical modellig
of plastic flow can aid tool design and the optimisation of weld quality, there does not appear to
have been an application of models towards the prediction of practical processing maps. [73].

The computed stream traces on horizontal planes around the tool pin at three different elevations
are shown in Fig. 5. The stream lines indicate the presence of rotational zone, which clearly shows
the recirculating flow of a plug of material around the tool pin. The thickness of the recirculating
material flow region is affected by material properties, welding parameters and rate of heat transfer
into the tool. This zone occupies larger areas at higher elevation planes due to greater momentum
transport from the rotating shoulder. The streamlines indicate that beyond the region of recircu-
lating plastic flow, i.e. in the transition zone, material transfer occurs mainly on the retreating side.
Figure 5 also shows a flow reversal in the advancing side close to the pin, leading to a relatively
stagnant zone, which forms closer to the pin at lower elevations. An important consequence of the
lack of adequate material flow on the advancing side has been related to the formation of “worm-
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Figure 5: Stream traces on different horizontal planes (a) 0.35 mm, (b) 1.59 mm and (c) 2.28 mm
below the top surface for a 304 stainless steel plate of thickness 3.18 mm. Welding speed 4 mm s−1

with tool rotation at 300 rpm [40].

hole” defects [74]. The streamlines show that beyond the rotational zone the material transport
occurs mainly along the retreating side. Flow visualisation using tracers also indicates the presence
of a zone where the material rotates and advances with the tool and transitional zone where the
materials move on the retreating side [75–77].

The maximum velocity is attained near the edge of the shoulder at the top surface of the work–piece
followed by a rapid decrease away from this region [39–41], as shown in Fig. 6. At planes near the
bottom of the work piece, the peaks in velocity were attained near the tool surface. The computed
viscosity contours at different horizontal planes (Fig. 6) show that the viscosity lies in the range
of 105 to 5 × 106 Pa s for FSW of aluminium alloys. It is also seen that no significant flow occurs
when the viscosity is higher than about 5 × 106 Pa s and that the region of plastic flow decreases
with depth. It was observed that plastic flow ceases beyond a certain critical value of viscosity.
This cut–off viscosity surface defines the geometry of the thermomechanically affected zone [39].

The flow during FSW differs in character from material flow in the liquid state during conventional
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Figure 6: Spatial variation of viscosity and velocity in AA 6061-T6 [39] at planes corresponding to
z = 1.27, 4.67, 8.07 and 11.47 mm for a plate thickness of 12.7 mm. Distances in x and y direction
were equivalent, but that in the z-direction was increased eight fold to enhance clarity. The welding
velocity was 1.59 mm s−1 and the rotational speed was 637 rpm.

Figure 7: Concentration profiles of Fe and Ni at a location in stir region for FSW of pure Fe and
Ni. Points represent data obtained by atomic emission spectroscopy and the solid lines indicate
computed results. [78]

fusion welding. This is evident from studies of the welding of dissimilar metals. During fusion
welding, the weld pool becomes compositionally homogenous after solidification. However, during
FSW of dissimilar metals, mixing does not occur in atomic scale, and it is possible to find larger
concentration differences in the weld metal and the region is far from homogenous. For example
Fig. 7 shows a diffusion couple formation between Fe and Ni at a certain location in stir region,
when pure Fe and Ni plates are joined together using FSW. The diffusion couple has a length scale
of only 2–3 µm. Such diffusion couples would not exist had melting and homogenisation of weld
metal occurred.
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During FSW, the material near the top of the work–piece is stirred under the action of the shoulder
and vertical component of motion occurrs mainly due to threading on the tool-pin. The stirred
material from the top is carried down by the threads and deposited in the weld nugget. The vertical
mixing becomes prominent at low weld pitch, which is the ratio of welding speed to rotational speed.
One way to understand material flow experimentally is to use inert markers before starting the weld
[77], and then determine their final positions using serial sectioning parallel to the top surface. The
tracer technique does not reveal the actual flow path of the material but it shows the final position of
the tracer. Schmidt et al. [75] estimated the average velocity of material flow through shear layers
during FSW of aluminium alloy based on experimental investigation of tracer flow. They estimated
the average velocity to be approximately 0.1 to 0.3 times the shoulder rotational speed. The order
of magnitude of the material velocity is comparable with the reported values from computational
flow models [39].

Figure 8: Analogy between chip morphology in machining and material flow in FSW [79]. Mid-
plane horizontal sections of AA 7075-T6 show the re-distribution of copper about the center-line
after welding when copper foil is placed between the plates to be welded. Tool was made of C40
Steel, with shoulder diameter of 12 mm. The cylindrical pin had a dimeter of 3.0 mm while the
conical pin had a major diameter equal to 5.00 mm and minor diameter of 1.90 mm and both were
2.70 mm in height (for the conical pin, this corresponds to cone angle 30◦).

An interesting experiment involved the introduction of copper markers parallel and perpendicular
to the weld–centreline, in both real experiments and computational models during FSW of AA
7075-T6 [79]. The positions of the markers after welding were then compared for the two cases,
enabling some qualitative conclusions to be made about the material flow as a function of position,
and on the nature of the material bonding that takes place in the advancing side. It was concluded
that the weld pitch (welding velocity/rotational speed) and the tool pin shape determined whether
the flow was simple or complex in nature. When pitch was small, markers were continuous rather
than dispersed, indicating better welds [80]. A conical tool pin led to more effective material
flow with fewer defects. This is analogous to chip formation in the machining processes – just as
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chip formation morphology changes from discontinuous to segmented to wavy to continuous with
increase in cutting speed, the flow pattern in FSW also changes with weld pitch [79] as shown in
Fig. 8.

Figure 9: Optical image showing the macroscopic features [81] in a transverse section of a friction
stir welded 2195-T81 Al-Li-Cu alloy. Note the onion ring and the adjacent large upward movement
of material.

Steel balls have been used to trace flow in butt welds of 6061 and 7075 aluminium alloys [82], their
positions after welding being determined using radiography. Several initial configurations of balls
were investigated and the “stop action technique” was used by suddenly interrupting the forward
motion of the pin which is then quickly unscrewed from the work–piece, leaving the threading in
the keyhole intact. When the trailing edge of the keyhole was examined using metallography, it
showed microstructural banding of the extruded material. The bottom portion indicated vertical
striations whereas horizontal striations were observed close to the shoulder indicating downward
and rotational flows, respectively.

Some idea about the flow of materials can be obtained when microscopic observations are combined
with knowledge of the crystallographic texture and microtexture [83]. Far from the tool, the
undeformed grains have low-angle boundaries while near the tool, elongated subgrains form because
of the rotation induced by the tool. These subgrains eventually develop high-angle(≥15◦) grain
boundaries. [84]. Orientation Imaging Microscopy can provide shear texture maps which, in turn,
gives an idea of the strength of flow.

Macrostructural observations of transverse cross-sections of FS-welded aluminium alloy specimens
reveals “onion–ring” shaped structures of the type illustrated in Fig. 9. These have been linked
to the nature of material flow during FSW [81, 85, 86], but the detailed mechanism of pattern
formation is not completely understood. The pattern has been attributed to the geometry of the
extrusion of cylindrical sheets of material during each rotation of the tool [86]. Measurement of
the spacing of the markings has been found to be equal to the weld pitch, i.e., the length the tool
moves forward in one rotation. Electron back scattered diffraction studies indicate that the bands
have different densities of second–phase particles, rather than any significant difference in the local
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grain structure or texture [87, 88]. This is confirmed by studies of crack propagation in FS-welds
[89], where it is observed that cracks deflect around the onion ring structure, consistent with local
variations in hardness. In AA 2024-T351 rolled sheet, segregated banded microstructure consisting
of alternating hard particle-rich and hard particle-poor regions form with the crack path tending
to follow regions of high particle density [90].

In FSW of dissimilar aluminium alloys of cast A356 and wrought 6061, onion ring patterns consist
of lamellar mixture of the two alloys of equal width [91]. When AA 2024 and AA 6061 are welded,
the intercalated flow pattern can be visualized by differential etching of the AA 2024 producing
contrast relative to AA 6061 [92–94]. Apart from welding parameters, the base metal microstructure
also affects the rings. For example, direct-chill casting of AA 5182 produces a dense and uniformly
distributed intermetallic particle structure while during strip casting intermetallics are broken-up
during hot rolling and distributed along the primary grain boundaries [95]. Strip-cast base material,
with intermetallic particles present in bands, show a definite onion–ring structure in the weld. In
contrast, the diffuse rings appear in the weld when the starting material is homogeneous [96].

As a result of recent research, several important features of material flow during FSW are now well
understood. The flow path of the plasticized materials across both the advancing and the retreating
sides of the tool and the process of joining is now better understood. However, recent research has
also uncovered several complexities and special features of the material flow in FSW such as the
lack of mixing of the plasticized materials in atomic scale and the formation of certain interesting
patterns that still require further work.

2.4 Temperature fields and cooling rates

The welding variables and the material properties affect the temperature profiles, cooling rates,
microstructure and the resulting properties of the welded joint. The temperature fields in FSW
exhibit certain special features. The peak temperatures are significantly lower than those attained
in conventional fusion welding processes. Furthermore, diffuse heat source in the FSW process and
relatively low welding speed often results in low cooling rate in FSW.

Thermal cycles in FSW can be measured using thermocouples (Fig. 10) [97] and in situ neutron–
diffraction (Fig. 11) [98] where measured lattice-distortion is related to change in temperature.
When experimental data are not available, a recourse is to estimate the temperature profiles and
the cooling rates using a computational model after the model has been properly validated with
experiments.

Asymmetry in the temperature field is also a special feature of FSW. For example, in welds per-
formed on 304L stainless steel, the experimental and the computed peak temperatures were about
100 K higher on the advancing side than the retreating side, as shown in Fig. 12 [4]. This large
temperature difference in the two sides is higher than the values typically observed in the FSW
of other materials under most welding conditions. However, the asymmetry in temperature can
be appreciated owing to very low thermal conductivity of stainless steel compared to most other
alloys.
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Figure 10: 3D plot of thermal cycles at the bottom surface along the weld centerline of AA 6061-T6
[97]. The thermal cycle at the front is for the location where tool pin is inserted into the workpiece
while other thermal cyles correspond to locations along the weld centreline in the direction of tool
movement.

Figure 11: Instantaneous temperature distribution, mesured using neutron-diffraction, on the top
surface along the weld centerline behind the the tool pin, for FSW of AA 6061-T6 [98].

Some of the early work on heat transfer during FSW was based on simple analytical or numerical
heat conduction models that neglected convective heat transfer due to motion of the plasticised
material. Models which neglect convective heat transfer are limited to materials with high thermal
conductivity (aluminum alloys) or low Péclet number, Pe, the latter defined as:

Pe =
ρCP ucL

k
(19)

where uc is the characteristic velocity, and L is the characteristic length. The Péclet number
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Figure 12: Peak temperature distribution along the intersection of horizontal midplane and trans-
verse plane through the tool axis, for the FSW of 304L stainless steel using a tool rotational speed
of 600 rpm and a welding speed of 10.2 mm/min. The tool shoulder and tool pin diameters were
25.4 and 5.6 mm, respectively. [4].

indicates the relative importance of heat transfer by convection to that by conduction. When Pe

is much lower than one, heat is transported mainly by conduction. Under these conditions, the
errors in the calculation of temperature fields would not be significant if convection were ignored.
Let us consider a typical FSW of an aluminium alloy. Considering approximate values of ρ, CP

and k as 2700 kg m−3, 3.77 J kg−1 K−1 and 7.02 J m−1s−1K−1, respectively, and assuming L to be
the average length of stir–zone (6 mm) and u ≃ 150mm s−1, the Péclet number is 12. Therefore,
even for a high thermal conductivity material such as aluminium, convective heat transfer is an
important mechanism for heat transfer near the tool during FSW. The typical order of magnitude
of the Péclet number for steel is 100. For such high values of Pe, the temperature profiles cannot be
accurately calculated ignoring convective heat transfer. When convective heat transfer is ignored,
the peak temperature and the size of the deformation zone are overestimated and the flow stress
and the tool force are underestimated [43, 65]. Furthermore, since the two dimensional models
[74, 99] do not consider vertical mixing during FSW, their application in high Péclet systems can
lead to overprediction of local temperature.

Plastic flow in FSW is quite complex due to an interplay of variation in strain-rates and flow stress
leading to variation in viscosity which affects the flow. However, comprehensive three–dimensional
heat transfer and material flow calculations considering spatially variable thermophysical properties
and non–Newtonian viscosity have been reported for the FSW of aluminium alloys, steels and Ti-
6Al-4V [39–41]. It was found that the typical peak strain rate during FSW reaches about 100 s−1

at locations where the velocity gradient is highest, such as near the shoulder edge at the work–piece
surface and at the pin surface at lower elevations. The strain rate drops sharply to about 30 s−1

a few mm below the top surface. The strain rate decreases rapidly with depth due to a significant
decrease in velocities through viscous dissipation. The computed strain rates were comparable with
the 20 s−1 value estimated based on measured grain size and calculated peak temperature from a
thermal model reported by Frigaard et al. [9].

The computed temperature profiles along the longitudinal and transverse sections through tool axis
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(a) (b)

(c)

Figure 13: Computed temperature profiles (K) in (a) xz-plane, (b) yz-plane and (c) z-plane i.e top
surface of 7.2 mm thick workpiece of Ti-6Al-4V alloy welded with translational speed of 1.6 mm/s
and rotational speed of 275 rpm. [72].

and at the top surface of Ti-6Al-4V work piece are shown in Fig. 13(a), (b) and (c), respectively.
The temperature profiles on the longitudinal mid-section (Fig. 13(a)) and on the top surface of the
work piece (Fig. 13(c)) are compressed in front of the tool and expanded behind it. The computed
results are consistent with the fact that heat is supplied rapidly to the cold region of the work piece
ahead of the tool while heat is transported at a slower rate to material already preheated behind
the tool.

Peak temperatures in the work piece are attained close to the edge of the tool shoulder and signif-
icant spatial gradients of temperature exist in the vicinity of the tool surfaces. Measurements of
temperatures close to a rotating tool are difficult for two reasons. The material transport caused by
the motion of the tool makes it difficult to focus on a single location; any embedded thermocouple
may be displaced due to plastic flow. The strong temperature gradient near the tool means that a
small error in thermocouple location can lead to a large error in temperature.

Thermal cycles affect the structure and properties of welded materials. For example, in precipitation
strengthened aluminum alloys, the hardness profile depends greatly on the precipitate distribution
and only slightly on the grain size [100, 101]. If a peak temperature greater than 675 K is attained
at any location, complete dissolution and re–precipitation takes place there. The dissolution and
growth of the precipitates during the welding thermal cycle may lead to softening. Even when the
peak temperature is lower than 675 K, the density of the strengthening precipitate reduces as the
peak temperature gets closer to 675 K [100].

Dimensional analysis, a useful tool for understanding a complex situation, can be used to estimate
peak temperature in the workpiece using available numerically computed and experimentally mea-
sured thermal cycles for different alloys [102]. The non-dimensional peak temperature, T ∗, and
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Figure 14: Variation of dimensionless peak temperature [102] with non-dimensional heat input.

heat input, Q∗, are given by:

T ∗ =
TP − Tin

TS − Tin
and Q∗ =

fσ8AωCP

kU2
(20)

where Tin, and TS are the peak, initial and solidus temperatures of the work–piece, respectively,
f represents the fraction of heat that is transported into the work–piece, σ8 is the yield strength
value at a temperature which is 0.8 times the solidus temperature and A is the surface area of the
shoulder. The thermal properties at the mean temperature, defined as (TS +Ta)/2, are used in the
calculations. Note that the non–dimensional heat input, Q∗, is similar to a recovery factor, or the
ratio of actual to theoretical temperature recovery [103] for surface of a body undergoing adiabatic
viscous heating.

Q∗ =
fσ8AωA

kAB
︸ ︷︷ ︸

actual

/
U2

Cp
︸︷︷︸

theoretical

(21)

A correlation between dimensionless peak temperature, T ∗, and dimensionless heat input, Q∗,
valid for a range of Q∗ between 5x103 and 5x105, is obtained from experimentally measured and
computed results (Fig. 14):

T ∗ = 0.131 log(Q∗) + 0.196 (22)

In principle, the yield stress of the material drops dramatically as the solidus temperature is ap-
proached. If the yield stress decreases, so does the rate of heat generation, reaching zero in the
limiting case of melting. The decrease in temperature allows the material to recover it strength, thus
permitting a steady temperature to be established below the solidus [104]. However, in practice it
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is possible that localised melting can occur under non-steady conditions. The unsteady condition is
possible because heat generation is instantaneous while heat transfer takes time. Incipient melting
has been reported in the nugget zone at high travel speeds in an aluminium alloy (AA 7100) [105],
and locally melted films were observed during the FSW of cast magnesium alloy AZ91 [106].

Cooling rate determines the precipitation sequence in age hardenable alloys. It also affects the
grain size. In fact, friction stir processing, combined with large cooling rates obtained at higher
rotational speed, has been found to be useful for grain refinement and has been suggested as a
technique for producing bulk nano–crystalline materials [107].

In high carbon steels, for example S70C (0.72 wt.% C), FSW can result in martensite formation
[108]. To keep the volume fraction of martensite low, either the peak temperature should be lower
than A1 critical temperature or the cooling rate should be slower than the critical cooling rate. The
peak temperature decreases with increase in welding speed or decrease in rotational speed. The
cooling rate decreases with decrease in welding speed and with decrease in peak temperature. Low
welding speed combined with low rotational speed produce slow cooling rate and prevent martensite
formation [109].

2.5 Welding variables

The welding speed, the tool rotational speed, the vertical pressure on the tool, the tilt angle of
the tool and the tool design are the main independent variables that are used to control the FSW
process. The heat generation rate, temperature field, cooling rate, x-direction force, torque, and
the power depend on these variables. The effects of several of the independent variables on the
peak temperature have been discussed in the previous section. In short, peak temperature increases
with incresing rotational speed and decreases slightly with welding speed. Peak temperature also
increses with increase in the axial pressure. Fig. 15 shows significant increase in peak temperature
with increase in rotational speed.

Figure 15: Relationship between rotational speed and peak temperature in FS–welds of AA 6063
[110]

During FSW, the torque depends on several variables such as the applied vertical pressure, tool
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design, the tilt angle, local shear stress at the tool material interface, the friction coefficient and
the extent of slip between the tool and the material. Measured torque values can provide some
idea about the average flow stress near the tool and the extent of slip between the tool and the
workpiece for certain conditions of welding, when other variables are kept constant.

Figure 16: Variation of torque on the tool with weld pitch [111].

The torque decreases with increase in the tool rotation speed due to increase in the heat generation
rate and temperature when other variables are kept constant. It becomes easier for the material
to flow at high temperatures and strain rates. However, torque is not significantly affected by
the change in welding speed as shown in Fig. 16. The relative velocity between the tool and
the material is influenced mainly by the rotational speed. Therefore, the heat generation rate is
not significantly affected by the welding speed. High traverse speeds tend to reduce heat input
and temperatures. The torque increases only slightly with the increase in traverse speed because
material flow becomes somewhat more difficult at slightly lower temperatures. The torque on the
tool can be used to calculate the power required from P = ωM , where M is the total torque on
the tool.

Excessive x-direction force can be an important indicator of potential for tool erosion and, in
extreme cases, tool breakage. Axial pressure also affects the quality of the weld. Very high pressures
lead to overheating and thinning of the joint while very low pressures lead to insufficient heating
and voids. Power requirement also increases with the increase in axial pressure.

2.6 Tool Design

Tool design influences heat generation, plastic flow, the power required, and the uniformity of the
welded joint. The shoulder generates most of the heat and prevents the plasticized material from
escaping from the work–piece, while both the shoulder and the tool–pin affect the material flow.
In recent years several new features have been introduced in the design of tools. Several tools
designed at TWI are shown in Table 2. The Whorl and MX-Triflute have smaller pin volumes than
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the tools with cylindrical pins [112, 113]. The tapered threads in the whorl design induce a vertical
component of velocity that facilitates plastic flow. The flute in the MX-Triflute also increases
the interfacial area between tool and the work–piece, leading to increased heat generation rates,
softening and flow of material. Consequently, more intense stirring reduces both the traversing
force for the forward tool motion and the welding torque [112, 113].

Although cylindrical, Whorl and Triflute designs are suitable for butt welding, they are not useful
for lap welding, where excessive thinning of the upper plate can occur together with the trapping of
adherent oxide between the overlapping surfaces. Flared-Triflute and A-skew tools were developed
to ensure fragmentation of the interfacial oxide layer and a wider weld than is usual for butt welding
[114]. The Flared-Triflute tool is similar to MX-Triflute with an expanded flute, while A-skewTM

tool is a threaded tapered tool with its axis inclined to that of the machine spindle. Both of these
tools increase the swept volume relative to that of the pin, thus expanding the stir region and
resulting in a wider weld and successful lap joints.

Table 2: A selection of tools designed at TWI [16, 112].

Tool Cylindrical  Whorl
TM MX

triflute
TM

Flared

triflute
TM A-skew

TM
Re-stir

TM

Schematics

Tool pin shape Cylindrical 

with threads 

Tapered

with threads 

Threaded,

tapered with 

three flutes 

Tri-flute with 

flute ends 

flared out 

Inclined

cylindrical 

with threads  

Tapered with 

threads

Ratio of pin volume to 

cylindrical pin volume 
1 0.4 0.3 0.3 1 0.4 

Swept volume to pin 

volume ratio 
1.1 1.8 2.6 2.6 

depends on 

pin angle 
1.8

Rotary reversal No No No No No Yes 

Application Butt 

welding;

fails in lap 

welding

Butt welding 

with lower 

welding

torque

Butt welding 

with further 

lower

welding

torque

Lap welding 

with lower 

thinning of 

upper plate

Lap welding 

with lower 

thinning of 

upper plate

When

minimum 

asymmetry 

in weld 

property is 

desired

Motion due to rotation and translation of the tool induces asymmetry in the material flow and
heating across the tool pin. It has been demonstrated that during FSW, material flows primarily
on the retreating side [40, 41, 49, 74, 77]. To overcome this problem, TWI devised a new tool,
Re-stir, which applies periodic reversal of tool rotation. This reversal of rotation eliminates most
problems associated with inherent asymmetry of conventional FSW.

With the exception of FSW with Re-stir tool, material flow is essentially asymmetric about joint
interface. Understanding the asymmetry in material flow is important for optimal tool design. Cole-
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Figure 17: Streamlines for isothermal model [47] that used a limiting shear stress of 40 MPa: a)
Triflute tool, b) single streamline for Triflute tool showing vertical movement and c) Trivex tool.
Tool rotation 457 rpm and translation at 457 mm min−1.

grove and Shercliff [44, 47] calculated material flow for the FSW of AA 7075 using computational
fluid dynamics. They compared the mechanical efficiency of a triangular tool with convex surfaces
(Trivex) with that of a conventional tool (Triflute) by examining the streamlines around these
tools. They suggested that the Triflute tool produced a strong auguring action, thus increasing the
downward force (Fig. 17).

Zhao et al. [115] studied the effect of tool pin design on the weldability and mechanical properties
of welded 2014 Al plates. Cylindrical and tapered tool pins did not ensure effective mixing in the
vertical direction leading to wormholes at the base of the TMAZ. However, when tapered tools
with threads were used, defect free welds were obtained. Other studies have also confirmed that
tools with screw threads generate more heat and improve flow of the softer material by exerting a
downward force. Since the material flows mainly on the retreating side, insufficient plasticity and
material flow results in a “wormhole” on the advancing side [36, 76]. This effect becomes more
prominent at low temperatures due to sluggish flow of materials. The choice of pin angle, which is
the angle between the conical surface of the pin and its axis, is another important parameter which
influences the FSW process; increasing the angle leads to a more uniform temperature distribution
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along the vertical direction, which helps in reducing distortion [68]. An angle of ≃40◦ is thought
to be optimum for 7xxx aluminium alloys [68].

Design of tools based on a quantitative understanding of mterial flow is just begining. Colegrove
and Shercliff [44, 47] used a thermal model based on FLUENT to design a tool to minimise the
traversing force during FSW of aluminium alloy. They examined several tool geometries including
Trivex, which is triangular in shape with convex surfaces, and MX-Trivex which had similar shape
with threads. They observed that the traversing force and downward forces were considerably
lower for the Trivex tools relative to those for Triflute, especially at lower applied shear stress
where considerable slip occurs between the tool and the work–piece. They suggested that Trivex

with its convex surfaces avoids sticking to the material that reduces the shear force at the tool–
metal interface and consequently reduces the traversing force. Triflute, on the other hand, has
features that impede flow and the tool sticks to the material even at low applied shear stress. The
entrapped material in the tool leads to a large shearing effect causing correspondingly greater tool
forces. Interestingly, they [44, 47] observed no change in terms of heat input or power requirement
by different tool design.

The quantitative prediction of the forces that the tool experiences is particularly useful in designing
tools for hard materials such as steel. Such predictions should ideally include a consideration of
plastic flow in the thermal model [39–41]. The errors resulting from ignoring plastic flow for high
thermal conductivity alloys are smaller than for low thermal conductivity materials such as steel.
The errors are greatest near the tool where an accurate knowledge of temperature is important for
the smooth operation of the FSW process.

Tool wear is an important concern for the FSW process, particularly for high temperature harder
alloys. Titanium, which has a melting point of 1941 K, has been successfully friction stir welded
using sintered TiC welding tools, which require a water cooling arrangement to extract excessive
heat from the tool. Mandal et al. [116] proposed a technique to reduce tool wear. Heat sources
were introduced in front of the tool to preheat the work–piece, creating a hot channel for the tool
to move in, thus reducing the tool wear. The model was tested using a modified Rosenthal equation
for a combination of three heat sources, one corresponding to the tool and two for the pre-heat
ahead of the tool. Though the concept is novel, the computational modelling ignored material flow,
the wear on the tool was not quantified and the conclusion about reduction in wear was intuitive.
There is a need for the development of reliable models for the wear of the FSW tools.

2.7 Defects

Common defects in friction stir welds include porosity and surface defects. At a constant rotational
speed, an increase in the travel speed leads to wormhole initiation near the bottom of the weld.
Furthermore, the size of the wormholes increases with the travel speed [117] because of inadequate
material flow towards the bottom of the weld. There are indications that the travel speed to
rotational speed ratio is an important variable in the formation of the wormhole defect [118]. For
the same material and tool geometry, a high ratio tends to favour the formation of wormhole defects
[119].
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Most of the heat generation occurs at the interface between the tool shoulder and the work–piece.
Significant heterogeneity in heat generation at that interface can lead to defect formation in the
form of excess flash due to surface overheating [117, 120].

The propensity for cracks or voids increases with the welding speed although there is an alloy–
dependence [121]. For example, defects dominated in AA 5083-O and AA 2024-T3 but not in AA
6063-T6 in which there is a significant drop in hardness within the TMAZ. The defects tend to
occur on the advancing side where an abrupt microstructural transition occurs from the highly
refined nugget zone to the TMAZ while the transition was gradual on the relatively defect-free
retreating side.

Cast Al–12Si wt% alloys contain coarse particles of silicon which can be used to reveal the flow and
defect evolution during FSW [122]. Insufficient heating causes the brittle Si particles to crumble so
that the observation of fine Si particles after FSW is indicative of defect formation due to limited
material flow. Therefore, it is not surprising that finer particles were detected on the advancing
side near the bottom of the tool pin where inadequate flow is associated with void formation.

It has been suggested that the force on the tool in the x-direction, which can be measured using
a dynamometer, could be used to predict defect formation in FSW on the assumption that large
forces indicate sluggish flow [123]. Maps showing the fraction of stirred material which is at a
given flow stress and temperature, with superimposed strain rate contours, (Figure 18) can also
indicate the tendency for defect generation [124]. Referring to Figure 18, at 80 rpm a greater
amount of material is being deformed at a higher strain rate with both the Triflat and Trivex tools
than with the Cylindrical tool. At 200 rpm, greater amount of material was deformed at moderate
temperatures (725–735K) and strain rates (1-50 s−1) with the Trivex tool which shows largest
deformation domain. It was concluded [124] that optimum welds correspond to maps with large
regions of moderate to high strain rates and temperatures 30–50 K below the solidus temperature.
Higher temperatures will lead to softening of the material and reduce the size of the deformation
region.

Tool design and welding variables affect materials flow patterns. However, no specific character
of the material flow has been related with the porosity formation and no unified mechanism of
porosity formation exists.

Elangovan et al. [125] examined the effects of rotational speed and tool pin design on defect
formation in friction stir processing of AA 2219. Five pin profiles (straight cylindrical, tapered
cylindrical, threaded cylindrical, triangular and square) were used to fabricate joints at various
tool rotational speeds. The square tool pin profile produced the least defect content in the weld as
the flat faces produced a pulasting action which led to more effective stirring. Also, a square tool
has higher eccentricity which is defined as the ratio of the dynamic volume swept by the tool to the
static volume of the tool. For example, a square tool has eccentricity of πd2/4 : d2/2 = π/2 ≈ 1.57
where d is the diagonal of the square.

In FSW lap joints of AA5083 and SS400, the size of the voids formed along the weld interface
increases with increase in diameter of the tool pin and tool tilt angle [126]. Large diameter pin
produces (> 5mm) more heat and forms intermetallic compound FeAl3 and Fe2Al5 instead of
FeAl formed at lower temperature. Aluminum rich FeAl3 and Fe2Al5 are harder and more brittle
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Figure 18: Material condition maps for a) Triflat, b) Trivex and c) Cylindrical tool pin at 80 and
200 rpm [124].

than FeAl and they reduce joint shear strength. Increasing the tool tilt angle (> 1◦) also increases
the heat generation rate, forms aluminum rich precipitates and decreases joint strength [126].

One advantage of the FEM model [36] is its ability to predict void formation because the arbitrary–
Langrangian–Eulerian formulation allows for large material deformation and for the grid to track
the material so that separation can occur between the work–piece and tool. Figure 19 shows void
formation at the lower advancing side, near the trailing edge of the pin/work–piece interface, due
to incomplete deposition of plastic material.

2.8 Residual Stress

The presence of residual stress in a weld plate affects its distortion behaviour and ability to sustain
applied loads while maintaining structural integrity [127–129]. While compressive stresses can
in some circumstances be beneficial [130], tensile stresses can cause crack initiation and aid its
propagation leading to catastrophic failure.
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Figure 19: Void formation at the lower advancing side due to incomplete filling [36] modeled using
ALE formulation of FEM. Temperature contours are shown in ◦C.

Residual stresses in the weld can be measured by using: 1) diffraction studies using X-ray or neutron
sources without destroying the weld and 2) destructive hole-drilling methods [127, 128, 131]. Since
diffraction is expensive and conventional hole-drilling is only suited to uniform plane stress around
the hole, Ya et al. [132] used Moiré interferometry incremental-hole drilling method to assess
residual stress in a friction stir weld. Synchrotron diffraction has also been used to measure residual
stress in such welds in the context of fatigue behaviour [133].

Using neutron diffraction, Peel et al. [134] showed that longitudnal stress increases as traverse
speed increses due to steeper thermal gradients and reduced time for stress-relaxation. Figure 20
shows that transverse stresses do not display a direct dependence on the rotational speed. It also
shows that the weld zone is under tension and the workpiece material is under compression.

As in ordinary welds, residual stresses develop in constrained assemblies during FSW due to expan-
sion during heating and contraction during cooling; a feature unique to FSW is the additional stress
caused by the rotational and translational components of the tool so that the welding parameters
of FSW must affect the final state of stress [135]. The stirring action of the tool is believed to
relieve some of the stresses within the thermomechanically affected zone [136]. A finite element
analysis of clamped FS–welded AA 6061 samples has shown that lateral and longitudinal residual
stresses decrease with an increase in the rotational speed [135]. A higher welding speed enhances
the longitudinal residual stress but reduces it along the lateral direction. The analysis also showed
that the maximum temperature gradients in the sample are located just beyond the edge of the
tool-shoulder. As might be expected, the residual stress distribution is dramatically altered on
unclamping the samples after friction stir welding and this must be taken into account in any
modeling effort.

The role of plasticity during the friction stir welding process is known to be important in the
calculation of residual stress; a large overestimation of the magnitudes of the residual stress [136]
can result when this effect is ignored. Nevertheless, the outcome that the longitudinal stress along
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Figure 20: Measured (a) longitudinal x-direction and (b) the lateral y-direction stresses in AA5083
welds at different welding speeds across a transverse section [134].

the weld centreline is tensile and larger than all the other component stresses is believed to be
correct [138]. Figure 21 shows some detail at a point where the FSW tool is half way along the
length [137]; the longitudinal stress is lower in front of the tool (marked by A) as it has not been
affected by thermal stress or by structural loading. Behind the tool, marked by D, compressive
stresses exist. Transverse stress shows similar trend though it is spread over a very larger area
behind the tool compared to that in longitudinal stress as the end of work–piece right behind the
tool is not constrained leading to free thermal expansion. The stress in the vertical direction is
negligible along the edges of the work–piece (region B) while it is compressive in the remaining
regions.

Tensile stresses present in FS–welded samples lead to poor mechanical properties. Applying external
tensioning during welding [139] induces compressive stresses which have the benefit of inhibiting
crack-propagation. Models predict that increasing tensioning levels to values higher than 50% of
the room temperature yield stress in AA2024 aluminium alloys, leads to tension in the weld being
replaced by desirable compressive stresses [140]. This is an important finding and can be used by
welders as a guiding principle to produce high–quality welds. Not surprisingly, crack propagation
rates are known to correlate strongly with the state of stress [141].

There has been systematic work on the resistance to fatigue of friction stir welds in aluminium
and titanium alloys [142], which demonstrates the key role of residual stresses in controlling crack
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Figure 21: Normal stresses in MPa in (a) the longitudinal x-direction, (b) the lateral y-direction
and (c) the vertical z-direction when the tool is mid-way between the two ends of AA 6061 weld
plates [137].

growth within the HAZ along the welding direction [143]. Although the levels of residual stress can
be smaller than in conventional welding scenarios, they have a large effect on near–threshold crack
propagation rates. In AA 7050-T7451, fatigue-crack propagation in the weld-nugget is inferior,
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while it is superior to that of base alloy in the HAZ [143]. In HAZ, compressive residual stresses
dominate crack growth [144]. For the weld-nugget region, microstructure and intergranular failure
mechanism dominate crack growth. In precipitation–hardened aluminium alloys the particles in
the HAZ are much coarser and less coherent than the base material. This should in general reduce
the fatigue crack growth rate in the HAZ relative to the base material, but only if tensile residual
stresses are not present within the HAZ [142]. Postweld solution heat-treatment and aging also
restores the strengths of the nugget to the same level as the base material [83]. In AA 7050 grain
boundaries are sensitized during FSW [145], leading to intergranular fracture when fatigued in a
3.5% NaCl solution.

3 Microstructure and properties of Friction–Stir Welded Alloys

3.1 Aluminium alloys

Many aluminium alloys are strong by virtue of precipitation hardening through natural or artificial
ageing from the solution–treated condition. The heat associated with welding changes the micro-
structure of the material. In Fig. 22, HVmin and HVmax represent the hardness in the solution–
treated and precipitation hardened states. The effect of welding is to cause a drop in hardness
from HVmax towards HVmin as the peak temperature experienced increases, curve (a), Fig. 22.
This is because precipitates will coarsen and reduce in number density in regions remote from the
heat source, and will re–enter solution when the peak temperature is sufficiently high [100]. Some
re–precipitation may occur during the cooling part of the thermal cycle, resulting in a hardness
value beyond HVmin, curve (b), Fig. 22. The ultimate result is the continuous line with a minimum
in hardness somewhere in the heat–affected zone, due to the competing effects of dissolution and
re–precipitation [146]. But in contrast to age hardenable AA 6082, where a minimum hardness
occurs in the HAZ, FSW of non-hardenable AA 5082 results in uniform hardness across the weld
[147].

This general scenario may be complicated by the effects of deformation in FSW as described for
the specific example of AA 2219. AA 2219 is a copper precipitation–strengthened alloy containing
about 6.3 wt% Cu, which because of its strength and toughness at low temperatures, is used for
containing liquified gases for rockets of various kinds. It is frequently supplied in the T87 condition,
meaning that it has been solution treated, cold–worked (10% reduction in rolling) and artificially
aged. It can be welded using arc processes but this results in a reduction in the cross–weld strength
because the proof strength of the fusion zone decreases to about 140 MPa compared with the
370 MPa of the plate [148]. The former can be increased to between 220–275 MPa using pulsed
GTAW or pulsed electron beam welding techniques because this promotes finer grains in the fusion
zone [148].

Friction stir welding does not seem to have an advantage over arc welding with respect to the
strength of the fusion zone, as illustrated in Fig. 23. Notice that the TMAZ is somewhat softer
than the fusion zone because the latter dynamically recrystallises into a fine grain structure. It is
the coarsening of the Al2Cu precipitates in the TMAZ that is partly responsible for its softening
[150]. Some transmission electron micrographs across the weld are illustrated in Fig. 24; these show
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Figure 22: A schematic diagram showing dissolution and re-precipitation in age-hardenable alu-
minium alloys. HV denotes the Vickers hardness number. Adapted from [146].

Figure 23: Open circles are data
from friction stir weld, plotted rel-
ative to the centreline of the FSW
for alloy AA2219 [149]; similar
data have been reported by [150].
Filled circles from a variety of arc
and electron–beam welds [148]. In
the latter case all values are plot-
ted at zero on the horizontal axis
to represent the fusion zone.

clearly the huge changes due to the heat from the process. The formation of coarse precipitates at
the grain boundaries, and their associated precipitate–free zones, are common detrimental features
in the microstructure.

The fact that FSW welds in precipitation hardened alloys lead to a weak zone is not surprising
given that the majority of strengthening in most strong alloys comes from precipitates [151]. There
is some evidence that manipulation of pin profiles and FSW parameters may help improve slightly,
the hardness in the central region [125] or indeed, in the HAZ [152]. Theoretical work has also been
done to see if cryogenic cooling after the tool pass can help retain alloying elements in solution
after the peak temperature is experienced, so that the alloy can then naturally age and not develop
the coarsened microstructures typical of slow cooling from the peak temperature [153]. However,
computations indicate that the advantage in so doing is likely to be minimal [153].
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(a) (b)

(c)

Figure 24: Microstructure variations across aluminium alloy AA2219 joined using friction stir
welding. (a) Unaffected parent material in the precipitation hardened condition. (b) The nugget
(c) The heat–affected zone. Micrographs courtesy of Dr Christian Paglia.

Fig. 25(a) shows that the grain size increases with with increase in peak temperature caused by
increase in rotational speed. Here grain size is related to peak temperature by assuming static
grain-growth of dynamically recrystallised grains, during the cooling of the thermal cycle [110]:

D2 = D2
0 + Ate(−Q/RTp) (23)

where D0 and D are the initial and recrystallized grain size, A is a constant, t is the time to cool
to 448 K, Q is the activation energy for grain-growth, Tp is the peak temperature. Assumption
of isothermal condition leads to over–prediction of grain–sizes [110]. Precipitate free zones form
near the grain boundaries because grain boundaries act as sinks for nearby dislocations, reducing
nucleation sites for precipitates and also as precipitation sites, effectively reducing the solute content
around them. As grain size increase, assuming constant width of PFZs, their volume fraction
decreases with increase peak temperature as shown in Fig. 25(b) [110].

Not all alloys of aluminium are precipitation hardened. In the 2000 series alloys, the strength
depends more on grain size (d), which has been expressed in terms of the Zener-Holloman parameter
[154]:

log d = a + b log Z (24)

where a and b are empirical constants based on data from extrusion experiments [155] and the
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Figure 25: Relationship between (a) peak temperature and grain size in AA 6063 [110] and (b)
grain size and volume fraction of PFZs.

hardness is then related to d using a form typical of the Hall–Petch type equation:

HV = HV0 + c/
√

d (25)

where c is a constant.

In the cast Al–Si alloys, friction stir welding breaks up the large silicon particles in the nugget and
the TMAZ, Fig. 26; as a consequence, the fracture is located in the base plate during cross-weld
tensile tests because in this case, it is the coarse silicon particles which control failure [5, 156]. FSW
can also heal casting defects such as porosity [157].

Corrosion studies indicate that the weld zones produced by friction stir welding have comparable
environmentally assisted cracking susceptibility as the unaffected parent [150].

3.2 Magnesium alloys

Magnesium alloys, normally produced by casting, may find significant applications in the automo-
tive and aerospace industries with rapid growth particularly in die–cast vehicle components because
of their better mass–equivalent properties [158–161]. They are used for light–weight parts which
operate at high speeds. The motivation for using FSW for magnesium alloys is that arc welding
results in large volumes of non–toxic fumes [162]. On the other hand, solid-state FSW does not
result in solute loss by evaporation or segregation during solidification, resulting in homogeneous
distribution of solutes in the weld [163]. Also, many magnesium alloys in the cast condition contain
porosity which can be healed during FSW.

The hardness and strength can be retained after friction stir welding [164]. There is no significant
precipitation hardening in the alloy studied (AZ31, ≃Mg–3Al–1Zn wt% wrought) and the net
variation in hardness over the entire joint was within the range 45–65 HV, with the lower value
corresponding to the base plate [164–166]. In the same system, a higher starting hardness of
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(a)

(b–d)

(b–d)

Figure 26: (a) A section through a friction stir weld made in an Al-Si casting alloy. There are
pores indicated in the base metal (BM). HAZ represents the heat affected zone, TMAZ the ther-
momechanically affected zone, and SN the stir nugget. (b–d) Optical micrographs showing the
microstructure in (b) the base metal; (c) heat-affected zone; (d) the thermomechanically affected
zone, where considerable refinement of the silicon has occurred. (e–g) Optical micrographs of
regions (e), (f) and (g) of the stir nugget as identified in macroscopic section presented above.
Micrographs courtesy of Professor H. Fujii.
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70 HV leads to a substantially lower hardness in the nugget (50–60 HV); the variations in hardness
appear to be consistent with measured variations in grain size in accordance with the form of the
Hall–Petch relationship [165, 167]. The grains in both the nugget and TMAZ tend to be in a
recrystallised form, and tend to be finer when the net heat input is smaller (for example at higher
welding speeds).

In Mg–Zr alloys with Zr–containing particles, FSW leads to a considerable refinement of the grain
structure and sound welds can be produced in thin sheets over a wide range of welding conditions;
for sheets thicker than about 3 mm, the welds contained defects associated with an inability to
supply sufficient heat during welding [168]. There are, however, contradictory results [169] showing
successful welds in 6 mm thick Mg–Zn–Y–Zr plates so it is unlikely that these results are generic
to magnesium alloys.

3.3 Copper alloys

Copper which has much higher thermal diffusivity than steel cannot easily be welded by conven-
tional fusion welding techniques. Heat input required for copper is much higher than conventional
FSW because of the greater dissipation of heat through the work–piece. Recently, FSW has been
successfully used to weld 50 mm thick copper canisters for containment of nuclear waste [170].

FSW in copper alloys have all the typical zones found in other materials: the nugget, TMAZ, HAZ
and base structure. The nugget has equiaxed recrystallised small grains and its hardness may be
higher or lower than than the base material depending on the grain-size of the base metal. When 4
mm thick copper plates with average grain size of 210 µm were welded at high rpm (1250) and low
welding speed (1.01 mm/s) [171], nugget had lower hardness (60–90 HV), compared to base metal
(105–110 HV). Even though grain size decreased from 210 to 100 µm, hardness decreased slightly
due to reduction in dislocation density relative to base metal [171]. Similar decrease in dislocation
density in the nugget zone compared to parent metal has been observed for AA 7075 [11] and AA
6061 [12].

On the other hand, when 2 mm thick copper plates with average grain size of 30 µm were welded
at 1000 rpm and 0.5 mm/s low welding speed, nugget (128–136 HV) was harder than the base
metal (106–111 HV) due to reduction in average grain size to 11 µm [172]. Flores et al. have also
shown that as-cast AA 7073 showed that weld nugget was harder than base metal while the 50 %
cold-rolled alloy showed reduced hardness in the nugget [173].

3.4 Titanium alloys

By far the most dominant of titanium alloys is Ti–6Al–4V, which in its commercial condition has
a mixed microstructure consisting of hexagonal–close packed α and body–centred cubic β phases,
which is the stable phase at high temperatures. The usual microstructure is produced by cooling
from the α phase field to produce Widmanstätten β with about 50% of the α being retained in
the microstructure. This alloy, which accounts for about half of all the titanium that is produced,
is popular because of its strength (1100 MPa), creep resistance at 300◦C, fatigue resistance and
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castability.

Friction stir welding must clearly disrupt the base microstructure both through the thermal and
deformation components of the process [174] but the consequences of this on performance during
fabrication and service need investigation. General investigations on fatigue performance indicate
that the crack growth rate in the HAZ can be higher or lower than the base material depending on
specimen geometry, microstructure and residual stress levels [142].

Experiments have also been conducted on a fully β–titanium alloy in thin sheet form, primarily to
prove that the crystallographic texture observed corresponds to one generated by shear deformation
[175], consistent with similar observations in aluminium alloys.

Pure titanium in its hexagonal close–packed α–form is interesting because there is also a tendency
for deformation by mechanical twinning during friction stir welding [6]. The nugget region of an
FSW joint is found to contain a large density of dislocations and mechanical twins, with transmis-
sion microscopy showing an elongated fine–structure, but the overall grain shape seem to remain
equiaxed on the scale of optical microscopy. It is speculated that recrystallisation must have oc-
curred during welding but was followed by a small amount of plastic deformation. The HAZ simply
revealed grain growth, a consequential lower hardness, and hence was the location of fracture in
cross–weld tests. There was no clearly defined TMAZ as is typical in aluminium FS–welds.

3.5 Steels

The friction–stir welding of steels has not progressed as rapidly as for aluminium for important
reasons. First, the material from which the tool is made has to survive much more strenuous con-
ditions because of the strength of steel. Second, there are also numerous ways in which steel can be
satisfactorily and reliably welded. Third, the consequences of phase transformations accompanying
FSW have not been studied in sufficient depth. Finally, the variety of steels available is much
larger than for any other alloy system, requiring considerable experiments to optimise the weld
for a required set of properties. Early optimism [176, 177] that FSW will become a commercially
attractive method for the fabrication of ships, pipes, trucks, railway wagons and hot plate has not
yet come to fruition. That the application of FSW to steels is premature is emphasised by the fact
that with few exceptions, only elementary mechanical properties have been characterised; most
reports are limited to simple bend, tensile and hardness tests. For serious structural applications
of the type proposed above it would be necessary to assess fracture toughness and other complex
properties in greater depth. There are indications that elongation suffers following FSW [178].

A typical temperature profile behind a friction–stir weld on steel is illustrated in Fig. 27 [176]. The
maximum temperature reached is less than 1200◦C [48, 176] and the time ∆t8−5 taken to cool over
the range 800–500◦C is about 11 s. This is comparable to for example, ∆t8−5 for a manual metal
arc weld with a heat input of about 1.3 kJ mm−1. Therefore, the metallurgical transformations
expected on the basis of cooling rates alone are not expected to be remarkably different from
ordinary welds.

However, there are certain major qualifications to this statement. Since the peak temperatures
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Figure 27: Temperature as a function of distance behind a tool after 250 mm of welding with the
tool advancing at 3mm s−1 (after [176], for alloy 1 in Table 3).

reached are much lower than in arc welds, the part of the HAZ which becomes fully austenitic will
be smaller in dimension and with a finer austenite grain size. The latter helps avoid detrimental
transformations, for example to untempered martensite, by reducing the hardenability of the steel.
It should therefore be possible to weld high carbon–equivalent steels using FSW than would be
possible for arc welding processes. Indeed, examination of the data for the mild steel designated
Alloy 2 in Table 3 shows that the hardness of the HAZ is well below that expected for a fully
martensitic microstructure in this alloy, estimated at about 335◦C using the method described in
reference [179].

The TMAZ should become fully austenitic at some stage of its thermomechanical history. It is likely
that the severe deformation in this zone causes the austenite to recrystallise, perhaps repeatedly,
prior to its transformation during subsequent cooling. This can result in a finer and consequently
somewhat harder microstructure than the HAZ, consistent with the hardness behaviour listed for
Alloy 2 in Table 3.

The situation for the FSW ferritic stainless steel (Alloy 1, Table 3) is different, in that the heat–
affected zone is harder than the TMAZ. The reason for this is not clear from the limited microstruc-
tural evidence presented in [176].

3.5.1 Role of Thermomechanical Processing

The microstructure of the thermomechanically processed zone shows trends which are similar to
those observed in the control–rolling of steels in which the austenite recrystallises prior to trans-
formation, Fig. 28. That the austenite recrystallises is obvious to see from the equiaxed prior
austenite grain structures seen in the TMAZ [48]. In these circumstances, the only manifestation
of the deformation component of the processing is in the recrystallised austenite grain size, which
may be finer in those regions which experienced greater strains and strain rates [48]. However, the
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Table 3: Compositions of steels (wt%) that have been studied using FSW. The Vickers hardness val-
ues represent approximate mean values within the zone concerned; more detail can be found in the
original references. Peak hardness values are reported in brackets. In some cases the compositions
are assumed from the published specification range.

Alloy C Si Mn Ni Mo Cr V Others Hardness /HV Ref.

Plate HAZ TMAZ

1 0.01 0.38 1.09 0.55 0.03 11.2 0.01 Nb 0.27 158 280 230 [176]

2 0.10 0.16 0.69 0.08 0.01 0.06 – 131 149 158 [176]

3 0.002 0.10 Ti 0.04 90 100 130 [108, 122, 180]

4 0.12 0.29 110 130 (160) [108, 180]

5 0.21 0.24 0.50 125 230 (500) [108]

6 0.34 0.21 0.69 Cu 0.01 155 280 (360) [108, 180]

7 0.50 0.20 0.70 Cu 0.01 200 360 (520) [108]

8 0.18 0.82 135 165 [48]

9 0.10 0.20 1.4 Cu 0.22 180 200 [181]

10 0.18 0.30 1.25 0.08 0.35 175 320 [123]

11 0.14 0.02 0.64 0.08 0.35 280–460 150 [182]

12 0.13 0.26 1.52 0.03 0.17 0.03 0.06 200 300 [183]

13 0.32 0.35 1.20 0.20 0.65 1.30 0.05 B 0.0025 250 360 [183]

14 0.32 0.35 1.20 0.20 0.65 1.30 0.05 B 0.0025 250 450 [183]

differences in the sizes of these grains are not very large. As far as the authors are aware, there have
been no reports of a ‘pancaked’ austenite grain structure of the type typical in many control–rolled
steels [184].

There would be two significant consequences if the austenite was left in its deformed state prior
to transformation. Deformation leads to a large increase in the amount of austenite grain surface
and grain edge per unit volume [18, 185–191]. This would lead to a corresponding large increase
in the grain boundary nucleation rate of allotriomorphic ferrite. The austenite grain boundaries
also become rough during deformation and this adds to their potency as heterogeneous nucleation
sites; shear bands are introduced which are additional locations for ferrite formation. In summary,
the formation of ferrite should be greatly accelerated by transformation from deformed austenite.
At the same time, displacive transformation such as Widmanstätten ferrite [192], acicular ferrite
[193] bainite [194] and martensite [195] should be retarded by a phenomenon known as mechanical
stabilisation [196]. This is because these transformations are propagated by the displacement of
glissile interfaces which are hindered by the presence of deformation debris in the parent austenite.

The consequence of both these effects is to promote diffusional transformations (allotriomorphic fer-
rite, pearlite) over and above the displacive products. It would be interesting to conduct systematic
experiments to reveal such effects.
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(a) (b)

(c) (d)

Figure 28: Typical microstructure of an FSW weld in a C–Mn steel (micrographs courtesy of
P. Threadgill [177]). (a) Parent steel, with bands of allotriomorphic ferrite and pearlite. (b)
Intercritically heated region of HAZ. (c) TMAZ (fine–grained region near stir zone). (d) Stir zone.

The recrystallised austenite grains in the stir zone typically tend to transform into coarse mi-
crostructures such as allotriomorphic ferrite and Widmanstätten ferrite, resulting in Charpy impact–
toughness values which are reasonable for some requirements, but not impressive [181]. Fig. 29
shows toughness data for the stir zone of the weld, all of which meet a minimum requirement of
27 J at -18◦C [181]; a later study revealed larger values of toughness but those data are on half–size
Charpy specimens and hence not suitable for direct comparison [197–199]. The Charpy test itself
is recognised to be an empirical measure of toughness, of use in quality control but not as an aid
to design. The mechanism of fracture is sensitive to sample dimensions – the effects of plastic
constraints are well–documented. Data generated from identical specimens might however be use-
ful in making comparisons between different welding scenarios; thus, Konkol and Mruczek, using
sub–sized Charpy specimens have demonstrated that the toughness obtained from FSW welds on
a particular steel is similar to that from submerged–arc welds [200]. However, the particular sub-
merged arc weld data are not representative of the strength and flux used; typical all–weld metal
values for full sized Charpy samples tested at −30◦C using SAW would be in the range 70–130 J
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depending on the choice of wire and required weld metal strength. There have been reports of
significant scatter in Charpy test data, the cause of which is not yet established [177, 201]. What is
also lacking, is a clear indication of major advantages associated with friction–stir welding of steel
compared with conventional processing, which would give the FSW process a lead in the context
of steels.

Figure 29: Charpy impact toughness of the stir zone of friction stir weld in HSLA65 steel [181].

3.5.2 Corrosion

Given that the TMAZ of steel welds does not contain a grossly deformed microstructure, there
should be no detrimental corrosion property associated with friction stir welding. There may even
be an advantage since the chemical composition of the weld region is identical to that of the plates,
i.e. a homogeneous electrochemical potential. For example, salt spray corrosion tests showed no
significant differences in weight loss or the tendency to pit between the weld and plate in friction
stir joined HSLA65 [181]. The problem is relatively severe with precipitation–hardened aluminium
alloys where sensitisation of the heat–affected zone following friction stir welding increases corrosion
susceptibility [202]. Also, corrosion pits may form, [203] shortening the fatigue crack initiation life
and decreasing the fatigue crack initiation threshold, with fatigue cracks always intitating from
these pits.

3.5.3 FSW of Martensite in Mild Steel

Friction stir welding has been done on mild steels with an untempered martensitic microstructure,
and with the latter following a 35% cold–rolling deformation (Alloy 11, Table 3, [182]), using a
variety of tool rotation speeds.
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In all cases, FSW causes a large reduction in hardness within the stir zone Fig. 30. A slower tool
rotation speed leads to a lesser reduction and a narrower weld. Furthermore, the final grain size in
the stir zone is always coarser and more isotropic than that in the ultrafine starting microstructure.

(a) (b)

(c)

Figure 30: Hardness as a function of the distance from the FSW weld centreline; the horizontal line
indicates the starting hardness. The upper limit of the shaded region corresponds to the slowest
rotation speed and vice–versa. (a) Welded in the as–quenched martensitic state. (b) Welded after
rolling the martensite to a 35% cold reduction. (c) Changes in the grain size within the stir zone.
Adapted from [182].

The research discussed above is in the context of initial microstructures which are experimental
(as–quenched martensite and rolled martensite). Of interest is the friction stir welding of classical
quenched and tempered martensitic steels. These show the same general behaviour, i.e. softening
in the HAZ and stir zone relative to the initial hard state [204, 205]. The microstructure illustrated
in Fig. 31 correlates with the hardness data; considerable softening occurs in the HAZ, presumably
because the cooling rate is not sufficient to reproduce a fully martensitic microstructure. The
hardness within the stir zone is strongly varies violently because of the presence of bands which
are predominantly martensitic and others which are not. Neither the impact toughness nor the
ductility obtained was adequate.
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(a) (b)

(c) (d)

Figure 31: Typical microstructure of an FSW weld in a C–Mn steel (micrographs courtesy of P.
Konkol [181]). (a) Tempered martensite in parent steel. (b) Mixed microstructure in the fine–
grained HAZ. (c) Stir zone. (d) Hardness distribution.

3.5.4 FSW of Steels at T < Ac1

Not all steels undergo austenitisation during FSW. Alloys which are lean in carbon tend to have a
high Ac1

1 temperature. Furthermore, because they tend to be mechanically weak, the temperatures
reached during friction stir welding are not particularly high.

Experiments on interstitial–free steels (Alloy 3, Table 3) friction–stir welded in the ferritic condition
show that the scale of the final microstructure in the TMAZ depends on that of the starting
microstructure. Originally coarse grains become much finer in the TMAZ. However, ultrafine
grains in a strong initial microstructure become coarser following FSW; this is because the heat
generated is greater when a stronger substrate is welded [122]. This can be verified from the model,
as both τ and p , in equation 2 are larger for harder work–piece material. This is illustrated in

1
Ac1 represents the lowest temperature at which austenite begins to form during heating at a specific rate – the

corresponding equilibrium temperature is designated Ae1
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Table 4; the results show that FSW will not be useful in the welding of materials with a grain size
of less than ≃ 1µm, if the objective is to preserve or refine the scale of the microstructure. Some of
the fine–grained structures for which FSW has been attempted show grain coarsening in the HAZ
with a loss of properties [206, 207].

Table 4: Changes in grain size and hardness following the friction stir welding of steel [122].

Base Metal TMAZ
Grain size / µ m Hardness / HV Grain size / µ m Hardness / HV

24.2 91 5.3 120

1.8 163 2.0 125

0.7 222 3.1 125

3.5.5 Hardness of Stir Zone

The data on the hardness of the stir zone as listed in Table 3, have been analysed here as a function
of the IIW carbon–equivalent of the steel, where the latter is defined as

CE = C +
Mn + Si

6
+

Ni + Cu

15
+

Cr + Mo + V

5
(26)

where the element symbols refer to their concentrations in weight percent. Fig. 32 shows that there
is a strong correlation of hardness versus the calculated carbon–equivalent. The stainless steel
(Alloy 1, Table 3) is the red point, but with the Cr concentration set to zero. This is because the
IIW equation is not appropriate for stainless steels; it is remarkable that when the Cr is neglected,
the hardness falls on the same trend as the mild steels.

The highest of hardness values correspond to microstructures which contain substantial quantities
of martensite and bainite in carbon–containing steels (see for example, [183]).

4 Outlook and Remarks

Friction stir welding technology has been a major boon to industry advanced since its inception. In
spite of its short history, it has found widespread applications in diverse industries. Hard materials
such as steel and other important engineering alloys can now be welded efficiently using this process.
Significant progress has also been made in the fundamental understanding of both the welding
process and the structure and properties of the welded joints. The understanding has been useful
in reducing defects and improving uniformity of weld properties and, at the same time, expanding
the applicability of FSW to new engineering alloys. With better quantitative understanding of the
underlying principles of heat transfer, material flow, tool-work–piece contact conditions and effects
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Figure 32: The Vickers hardness of the TMAZ as a function of the IIW carbon equivalent of the
steel. The > 2.5 value of carbon equivalent corresponds to Alloy 1, Table 3.

of various process parameters, efficient tools have been devised. At the current pace of development,
FSW is likely to be more widely applied in the future.

Several important key problems and issues remain to be addressed. First, the fundamental knowl-
edge of the FSW process and the knowledge of the evolution of the structure and properties needs
to be combined to build intelligent process control models with a goal to achieve, defect free, struc-
turally sound and reliable welds. Tailoring weld structure and properties based on fundamental
knowledge still remains an important milestone in FSW. Attainment of this important goal would
require new, more reliable and efficient process sub-models and reliable sub-models to describe the
evolution of structure and properties of the welded joints. Current FSW process sub-models are
complex, time consuming, and cannot be used in real time. Furthermore they all suffer from lack of
reliability of the predicted results because the underlying physics is highly complex and the current
phenomenological models do not contain any model component designed to ensure compliance with
experimental results. Recent work in the fusion welding suggests that the lack of reliability of the
phenomenological models may be contributed, at least to a large extent, by the uncertainty in
several input parameters. In FSW, these uncertain parameters include the friction coefficient, the
extent of slip between the tool and the work–piece, the heat transfer coefficient at several work–
piece surfaces, partitioning of the heat between the work–piece and the tool at the tool-work piece
interface, and the computed values of non-Newtonian viscosity based on the available constitutive
models. Current phenomenological models of FSW do not have any built in mechanism to ad-
dress these uncertainties. This problem can be solved by combining a rigourous phenomenological
process sub-model with an appropriate multivariable optimisation scheme to determine optimised
values of the uncertain variables from a limited volume of experimental data. Such an approach
would result in agreement between the phenomenological models and the experimental results with
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greater degree of certainty [54–57].

However, the lack of reliability is not the only obstacle for tailoring weld attributes based on
fundamental scientific principles. An important difficulty is that the existing process models are
unidirectional. In other words, the process sub-models require as input welding parameters, ther-
mophysical properties, tool and work–piece geometry and provide, as output, the temperature and
velocity fields and the cooling rates at various locations. In contrast, engineers should be able to
specify cooling rates, the geometry of the stir zone and/or other attributes of the FSW as input
and obtain as output several alternative sets of welding parameters involving combinations of the
welding speed, rotational speed, tool dimensions and other variables as output. Unless the models
have a reliability component built into them and are bi–directional in nature, their use is likely to
be restricted to researchers with only limited use in manufacturing and process control. Since the
quantitative knowledge base in FSW is embodied in process, structure and property sub-models,
these sub-models must be made more useful to manufacturing. Previous work in fusion welding
show that such restructuring of the process, structure and property sub-models is both necessary
and achievable [57, 208, 209]. Success of such an undertaking will ensure availability of practically
the entire quantitative knowledge base of FSW to the whole FSW community for the purpose of
tailoring FSW weld attributes and fabricating defect free, structurally sound, and reliable welds.
Attainment of this milestone is well within the reach of the welding community within the next ten
years.
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deformation modeling applied to friction stir welded steel. Computational Materials Science,
38:158–175, 2006.

[72] R. Nandan, T. J. Lienert, and T. DebRoy. Toward reliable calculations of heat and plastic flow
during friction stir welding of Ti-6Al-4V alloy. Internatioal Journal of Materials Research,
99:434–444, 2008.

[73] H. K. D. H. Bhadeshia. Mathematical models in materials science. Materials Science and

Technology, 24:128–135, 2008.

[74] T. U. Seidel and A. P. Reynolds. Two-dimensional friction stir welding process model based
on fluid mechanics. Science and Technology of Welding and Joining, 8:175–183, 2003.

[75] H. Schmidt, T. L. Dickerson, and J. Hattel. Material flow in butt friction stir welds in
AA2024-T3. Acta Materialia, 54:1199–1209, 2006.

[76] M. Guerra, C. Schmidt, J. C. McClure, L. E. Murr, and A. C. Nunes. Flow patterns during
friction stir welding. Materials Characterisation, 49:95–101, 2002.

[77] T. U. Seidel and A. P. Reynolds. Visualization of the material flow in AA2195 friction-stir
welds using a marker insert technique. Metallurgical & Materials Transactions A, 32(2879–
2884), 2001.

[78] R. Ayer, H.W. Jin, R.R. Mueller, S. Ling, and S. Ford. Interface structure in a Fe-Ni friction
stir welded joint. Scripta Materialia, 53:1383–1387, 2005.

[79] L. Fratini, G. Buffa, D. Palmeri, J. Hua, and R. Shivpuri. Material flow in FSW of AA7075-
T6 butt joints: Numerical simulations and experimental verifications. Science and Technology

of Welding and Joining, 11:412–421, 2006.

52



Progress in Materials Science 53 (2008) 980–1023

[80] A. P. Reynolds. Visualisation of material flow in autogenous friction stir welds. Science &

Technology of Welding & Joining, 5(2):120–124, 2000.

[81] J. A. Schneider and A. C. Nunes. Characterization of plastic flow and resulting microtextures
in a friction stir weld. Metallurgical & Materials Transactions B, 35:777–783, 2004.

[82] K. Colligan. Material flow behavior during friction stir welding of aluminum. Welding Journal,

Research Supplement, 78:229s–237s, 1999.

[83] Y. S. Sato, H. Kokawa, K. Ikeda, M. Enomoto, S. Jogan, and T. Hashimoto. Microtexture
in the friction-stir weld of an aluminum alloy. Metallurgical & Materials Transactions A,
32:941–948, 2001.

[84] R. W. Fonda, K. E. Knipling, and J. F. Bingert. Microstructural evolution ahead of the tool
in aluminium friction stir welds. Scripta Materialia, 58:343–348, 2008.

[85] G. Baillas and C. D. Donne. Characterisazion of friction stir welded joints of the aluminium
alloy AA 2024-T3 by laser extensometry. Materialprufung, 42:236–239, 2000.

[86] K. N. Krishnan. On the formation of onion rings in friction stir welds. Materials Science &

Engineering A, 327:246–251, 2002.

[87] A. F. Norman, T. Brough, and P. B. Pragnell. High resolution EBSD analysis of the grain
structure in an AA2024 friction sir weld. In Aluminium alloys 2000: their physical and

mechanical properties, parts 1–3, volume 331–3, 2000.

[88] B. C. Yang, J. H. Yan, M. A. Sutton, and A. P. Reynolds. Banded microstructure in AA2024-
T351 and AA2524-T351 aluminum friction stir welds - part I. metallurgical studies. Materials

Science & Engineering A, 364(1-2):55–65, 2004.

[89] D. Booth and I. Sinclair. Aluminium alloys 2002: their physical and mechanical properties,
parts 1–3. volume 396–4, pages 1671–1676, 2002.

[90] M.A. Sutton, B. Yang, A.P. Reynolds, and R. Taylor. Microstructural studies of friction stir
welds in 2024-T3 aluminum. Materials Science & Engineering A, 323(1-2):160 – 166, 2002.

[91] W. B. lee, Y. M. Yeon, and S. B. Jung. The joint properties of dissimilar formed Al alloys by
friction stir welding according to the fixed location of materials. Scripta Materialia, 49:423–
428, 2003.

[92] Ying Li, L. E. Murr, and J. C. McClure. Flow visualization and residual microstructures
associated with the friction-stir welding of 2024 aluminum to 6061 aluminum. Materials

Science & Engineering A, 271(1-2):213–223, 1999.

[93] Y. Li, L. E. Murr, and J. C. McClure. Flow visualization and residual microstructures
associated with the friction-stir welding of 2024 aluminum to 6061 aluminum. Materials

Science & Engineering A, 271(1-2):213–223, 1999.

[94] L. E. Murr, Y. Li, R. D. Flores, E. A. Trillo, and J. C. McClure. Intercalation vortices and
related microstructural features in the friction-stir welding of dissimilar metals. Materials

Research Innovations, 2(3):150–163, 1998.

53



Progress in Materials Science 53 (2008) 980–1023

[95] Y.L. Liu, Y. Liu, and J.G. Morris. Comparison of the evolution of microstructure and texture
in DC cast and strip cast aluminum alloy AA5182 hot bands. Proceedings of the TMS Fall

Meeting, pages 61 – 71, 1998.

[96] M. M. Attallah, C. L. Davis, and M. Strangwood. Influence of base metal microstructure
on microstructural development in aluminium based alloy friction stir welds. Science and

Technology of Welding and Joining, 12:361–369, 2007.

[97] Douglas C. Hofmann and Kenneth S. Vecchio. Thermal history analysis of friction stir pro-
cessed and submerged friction stir processed aluminum. Materials Science & Engineering A,
465(1-2):165–175, 2007.

[98] W. Woo, Z. Feng, X.-L. Wang, D. W. Brown, B. Clausen, K. An, H. Choo, C. R. Hubbard,
and S. A. David. In situ neutron diffraction measurements of temperature and stresses during
friction stir welding of 6061-T6 aluminium alloy. Science & Technology of Welding & Joining,
12(4):298–303, 2007.

[99] P. A. Colegrove and H. R. Shercliff. Two-dimensional CFD modelling of flow round profiled
FSW tooling. Science and Technology of Welding and Joining, 9:483–492, 2004.

[100] Yutaka S. Sato, Hiroyuki Kokawa, Masatoshi Enomoto, and Shigetoshi Jogan. Microstruc-
tural evolution of 6063 aluminum during friction-stir welding. Metallurgical & Materials

Transactions A, 30(9):2429 – 2437, 1999.

[101] Y. Sato, S. H. C. Park, and H. Kokawa. Microstructural factors governing hardness in friction-
stir welds of solid-solution-hardened al alloys. Metallurgical & Materials Transactions A,
32(12):3033–3042, 2001. 1073-5623.

[102] G. G. Roy, R. Nandan, and T. DebRoy. Dimensionless correlation to estimate peak tempera-
ture during friction stir welding. Science and Technology of Welding and Joining, 11:606–608,
2006.

[103] B. Sunden. Viscous heating in forced convective heat-transfer across a circular cylinder at low
reynolds number. International Journal for Numerical Methods in Engineering, 35(4):729–
736, 1992.

[104] H. B. Schmidt and J. H. Hattel. Thermal modelling of friction stir welding. Scripta Materialia,
58:332–337, 2008.

[105] K. A. A. Hassan, P. B. Pragnell, A. F. Norman, D. A. Price, and S. W. Williams. effect of
welding parameters on nugget zone microstructure and properties in high–strength aluminium
alloy friction stir welds. Science and Technology of Welding and Joining, 8:257–268, 2003.

[106] P. Su, A. Gerlich, M. Yamamoto, and T. H. North. Formation and retention of local melting
films in AZ91 friction stir spot welds. Journal of Material Science, 42:9954–9965, 2007.

[107] J-Q. Su, T. W. Nelson, and C. J. Sterling. A new route to bulk nanocrystalline materials.
Journal of Materials Research, 18(8):1757–1760, 2003. 0884-2914.

54



Progress in Materials Science 53 (2008) 980–1023

[108] H. Fujii L. Cui, N. Tsuji, K. Nataka, K. Nogi, R. Ikeda, and M. Matsushita. Transformation in
stir zone of friction stir welded carbon steels with different carbon contents. ISIJ International,
47:299–306, 2007.

[109] Ling Cui, Hidetoshi Fujii, Nobuhiro Tsuji, and Kiyoshi Nogi. Friction stir welding of a high
carbon steel. Scripta Materialia, 56(7):637–640, 2007.

[110] Y. Sato, M. Urata, and H. Kokawa. Parameters controlling microstructure and hardness
during friction-stir welding of precipitation-hardenable aluminum alloy 6063. Metallurgical &

Materials Transactions A, 33(3):625–635, 2002.

[111] M. J. Peel, A. Steuwer, P. J. Withers, T. Dickerson, Q. Shi, and H. Shercliff. Dissimilar
friction stir welds in AA5083-AA6082. part i: Process parameter effects on thermal history
and weld properties. Metallurgical and Materials Transactions A, 37A(7):2183–2193, 2006.

[112] W. M. Thomas, K. I. Johnson, and C. S. Wiesner. Friction stir welding-recent developments
in tool and process technologies. Advanced Engineering Materials, 5:485–490, 2003.

[113] W. M. Thomas. Friction stir welding - recent developments. Materials Science Forum, 426–
4:229–236, 2003.

[114] W. M. Thomas, D. G. Staines, and K. I. Johnsonand P. Evans. Com-stir - compound motion
for friction stir welding and machining. Advanced Engineering Materials, 5:273–274, 2003.

[115] Y. H. Zhao, S. B. Lin, F. Qu, and L. Wu. Influence of pin geometry on material flow in
friction stir welding process. Materials Science and Technology, 22:45–50, 2006.

[116] A. Mandal and P. Roy. Modeling the compressive strength of molasses–cement sand system
using design of experiments and back propagation neural networks. Journal of Materials

Processing Technology, 180:167–173, 2006.

[117] R. Crawford, G. E. Cook, A. M. Strauss, D. A. Hartman, and M. A. Stremler. Experimental
defect analysis and force prediction simulation of high weld pitch friction stir welding. Science

and Technology of Welding and Joining, 11:657–665, 2006.

[118] H. J. Liu, H. Fujii, M. Maeda, and K. Nogi. Tensile fracture location characterisation of
friction stir welded joints of differen aluminium alloys. Journal of Materials Science and

Technology, 20:103–105, 2004.

[119] X. Long and S. K. Khanna. Modelling of electrically enhanced friction stir welding process
using finite element method. Science and Technology of Welding and Joining, 10:482–487,
2005.

[120] Y. G. Kima nd H. Fujii, T. Tsumura, T. Komazaki, and K. Nakata. Three defect types in
friction stir welding of aluminium die casting alloys. Materials Science & Engineering A,
415:250–254, 2006.

[121] R. Leal and A. Loureiro. Defect formation in friction stir welding of aluminium alloys.
Advanced Materials Forum II, 455–456:299–302, 2004.

55



Progress in Materials Science 53 (2008) 980–1023

[122] H. Fujii, R. Ueji, Y. Takada, H. Kitahara, N. Tsuji, K. Nakata, and K. Nogi. Friction stir
welding of ultrafine grained interstitial free steels. Materials Transactions JIM, 47:239–242,
2006.

[123] A. P. Reynolds, W. Tang, M. Posada, and J. Deloach. Friction stir welding of dh36 steel.
Science and Technology of Welding and Joining, 8:455–460, 2003.

[124] P. A. Colegrove and H. R. Shercliff. CFD modelling of friction stir welding of thick plate
7449 aluminium alloy. Science and Technology of Welding and Joining, 11:429–441, 2006.

[125] K. Elangovan and V. Balasubramanian. Influences of pin profile and rotational speed of the
tool on the formation of friction stir processing zone in AA2219 aluminium alloy. Materials

Science & Engineering A, 459:7–18, 2007.

[126] K. Kimapong and T. Watanabe. Effect of welding process parameters on mechanicl properties
of FSW lap joint between aluminium alloy and steel. Materials Transactions, 46(2211–2217),
2005.

[127] P. J. Withers and H. K. D. H. Bhadeshia. Residual stress part 1 - measurement techniques.
Materials Science and Technology, 17:355–365, 2001.

[128] P. J. Withers and H. K. D. H. Bhadeshia. Residual stress part 2 - nature and origins. Materials

Science and Technology, 17:366–375, 2001.

[129] J. A. Francis, H. J. Stone, S. Kundu, R. B. Rogge, H. K. D. H. Bhadeshia, P. J. Withers,
and L. Karlsson. Transformation temperatures and welding residual stresses in ferritic steels.
In Proceedings of PVP2007, ASME Pressure Vessels and Piping Division Conference, pages
1–8, San Antonio, Texas, 2007. American Society of Mechanical Engineers, ASME.

[130] A. Ohta, N. Suzuki, Y. Maeda, K. Hiraoka, and T. Nakamura. Superior fatigue crack growth
properties in newly developed weld metal. International Journal of Fatigue, 21:S113–S118,
1999.

[131] D. Stefanescu, C. E. Truman, D. J. Smith, and P. S. Whitehead. Improvements in residual
stress measurement by the incremental centre hole drilling technique. Experimental Mechan-

ics, 46:417–427, 2006.

[132] M. Ya, F. L. Dai, and J. Lu. Study of nonuniform in–plane and in–depth residual stress of
friction stir welding. Journal of Pressure Vessel Technology – Transactions of the ASME,
125:201–208, 2003.

[133] M. N. James, D. G. Hattingh, D. J. Huges, L. W. Wei, E. A. Patterson, and J. Q. Da Fonseca.
Synchrotron diffraction investigation of the distribution and influence of residual stresses in
fatigue. Fatigue and Fracture of Engineering Materials and Structures, 27:609–622, 2004.

[134] M. Peel, A. Steuwer, M. Preuss, and P. J. Withers. Microstructure, mechanical properties
and residual stresses as a function of welding speed in aluminium AA5083 friction stir welds.
Acta Materialia, 51(16):4791–4801, 2003.

[135] C. M. Chen and R. Kovacevic. Parametric finite element analysis of stress evolution during
friction stir welding. Journal of Engineering Manufacture, 220:1359–1371, 2006.

56



Progress in Materials Science 53 (2008) 980–1023

[136] M. Z. H. Khandkar, J. A. Khan, A. P. Reynolds, and M. A. Sutton. Predicting residual
thermal stresses in friction stir welded metals. Journal of Materials Processing Technology,
174:195–203, 2006.

[137] V. Soundararajan, S. Zekovic, and R. Kovacevic. Thermo–mechanical model with adaptive
boundary conditions for friction stir welding of Al 6061. International Journal of Machine

Tools & Manufacture, 45:1577–1587, 2005.

[138] A. P. Reynolds, Wei Tang, T. Gnaupel-Herold, and H. Prask. Structure, properties, and
residual stress of 304L stainless steel friction stir welds. Scripta Materialia, 48(9):1289–1294,
2003.

[139] P. Staron, M. Kocak, and S. Williams. Residual stresses in friction stir welded al sheets.
Applied Physics A – Materials Science and processing, 74:S1161–S1162, 2002.

[140] D. G. Richards, P. B. Pragnell, P. J. Withers, S. W. Williams, A. Wescott, and E. C. Oliver.
Geometry effects when controlling residual stresses in friction stir welds by mechanical ten-
sioning. Residual Stress VII, 524–525:71–76, 2006.

[141] M. A. Sutton. Limited weld residual stress measurements in fatigue crack propagation: Part
II. FEM–based fatigue crack propagation with complete residual stress fields. Fatigue and

Fracture of Engineering Materials and Structures, 29:537–545, 2006.

[142] R. John, K. V. Jata, and K. Sadananda. Residual stress effects on near-threshold fatigue crack
growth in friction stir welds in aerospace alloys. International Journal of Fatigue, 25:939–948,
2003.

[143] K.V. Jata, K.K. Sankaran, and J.J. Ruschau. Friction-stir welding effects on microstruc-
ture and fatigue of aluminum alloy 7050-T7451. Metallurgical & Materials Transactions A,
31(9):2181 – 2192, 2000.

[144] G. Bussu and P. E. Irving. The role of residual stress and heat affected zone properties on
fatigue crack propagation in friction stir welded 2024-T351 aluminium joints. International

Journal of Fatigue, 25(1):77–88, 2003. 0142-1123.

[145] P. S. Pao, S. J. Gill, C. R. Feng, and K. K. Sankaran. Corrosion-fatigue crack growth in
friction stir welded Al 7050. Scripta Materialia, 45(5):605–612, 2001.

[146] Ø. Grong. Metallurgical Modelling of Welding. Maney, London, second edition, 1997.

[147] L. E. Svensson, L. Karlsson, H. Larsson, B. Karlsson, M. Fazzini, and J. Karlsson. Microstruc-
ture and mechanical properties of friction stir welded aluminium alloys with special reference
to AA 5083 and AA 6082. Science & Technology of Welding & Joining, 5(5):285–296, 2000.
1362-1718.

[148] S. B. Nair, G. Pahanikumar, P. Rao, and P. P. Sinah. Improvement of mechanical properties
of gas tungsten arc and electron beam welded AA2219 alloy. Science and Technology of

Welding and Joining, 12:579–585, 2007.

57



Progress in Materials Science 53 (2008) 980–1023

[149] R. K. Gupta, S. Biju, B. R. Ghosh, and P. P. Sinha. Microstructural evolution and properties
of friction stir welded aluminium alloy AA2219. Australasian Welding Journal, 52:35–39,
2007.

[150] C. S. Paglia and R. G. Buchheit. Microstructure, microchemistry and environmental crack-
ing susceptibility of friction stir welded AA2219-T87. Materials Science & Engineering A,
429:107–114, 2006.

[151] M. J. Starink, A. Seschamps, and S. C. Wang. The strength of friction stir welded and friction
stir processed aluminium alloys. Scripta Materialia, 58:377–382, 2008.

[152] H. Okuyucu, A. Kurt, and E. Arcaklloglu. Artificial neural network application to the friction
stir welding of aluminum plates. Materials & Design, 28:78–84, 2007.

[153] N. Kamp, A. Sullivan, R. Thomasl, and J. D. Robson. Modelling of heterogeneous precipitate
distribution evolution during friction stir welding process. Acta Materialia, 54:2003–2014,
2006.

[154] Y. H. Zhao, S. B. Lin, Z. Q. He, and L. Wu. Microhardness prediction in frictrion stir weling
of 2014 aluminium alloy. Science and Technology of Welding and Joining, 11:178–182, 2006.

[155] C. I. Chang, C. J. Lee, and J. C. Huang. Relationship between grain size and Zener–Holloman
parameter during friction stir processing in AZ31 Mg alloys. Scripta Materialia, 51:509–514,
2004.

[156] H. J. Liu, H. Fujii, and K. Nogi. Microstructure and mechanical properties of friction stir
welded joints of AC4A cast aluminium alloy. Materials Science and Technology, 20:399–402,
2004.

[157] Z. Y. Ma, A. L. Pilchak, M. C. Juhas, and J. C. Williams. Microstructural refinement and
property enhancement of cast light alloys via friction stir processing. Scripta Materialia,
58:361–366, 2008.

[158] H. G. Warrington. Developments in magnesium alloys. Progress in Metal Physics, 2:121–148,
1958.

[159] F. H. Froes. Advanced metals for aerospace and automotive use. Materials Science & Engi-

neering A, 184:119–133, 1994.

[160] M. Forrest and C. Burstow. Magnesium – is the die cast? Materials World, January:10–11,
2004.

[161] J. F. King. Magnesium: commodity or exotic? Materials Science and Technology, 23:1–14,
2007.

[162] H. Herold. Recent advances in arc welding of magnesium alloys. Australasian Welding

Journal, 48:18–21, 2003.

[163] Seung Hwan C. Park, Yutaka S. Sato, and Hiroyuki Kokawa. Effect of micro-texture on
fracture location in friction stir weld of Mg alloy AZ61 during tensile test. Scripta Materialia,
49(2):161–166, 2003.

58



Progress in Materials Science 53 (2008) 980–1023

[164] J. A. Esparza, W. C. Davis, E. A. Trillo, and L. E. Murr. Firction–stir welding of magnesium
alloy AZ31B. Journal of Materials Science Letters, 21:917–920, 2002.

[165] M. Fairman, N. Afrin, D. L. Chen, X. Cao, and M. Jahazi. Microstructural evaluation
of friction stir processed AZ31B-H24 magnesium alloy. Canadian Metallurgical Quarterly,
46:425–432, 2007.

[166] W. B. Lee, J. W. Kim, Y. M. Yeon, and S. B. Jung. The joint characteristics of friction stir
welded AZ91D magnesium alloy. Materials Transactions, 44(5):917–923, 2003.

[167] N. Afrin, D. L. Chen, and M. Jahazi. Microstructure and tensile properties of friction stir
welded az31b magnesium alloy. Materials Science & Engineering A, 472:179–186, 2008.

[168] S. Mironov, Y. Motohashi, T. Ito, A. Goloborodko, K. Funami, and R. Kaibyshev. Feasibility
of friction stir welding for joining and microstructure refinement in a ZK60 magnesium alloy.
Materials Transactions JIM, 48:3140–3148, 2007.

[169] G. M. Xie, Z. Y. Ma, L. Geng, and R. S. Chen. Microstructural evolution and mechanical
properties of friction stir welded Mg-Zn-Y-Zr alloy. Materials Science & Engineering A,
471:63–68, 2007.

[170] L. Cederqvist. A weld that lasts for 100,000 years: Friction stir welding of copper canisters.
volume 807, pages 477 – 482, 2004.

[171] W. B. Lee and S. B. Jung. The joint properties of copper by friction stir welding. Materials

Letters, 58:1041–1046, 2004.

[172] T. Sakthivel and J. Mukhopadhyay. Microstructure and mechanical properties of friction stir
welded copper. Journal of Materials Science, 42:8126–8129, 2007.

[173] O. V. Flores, C. Kennedy, L.E. Murr, D. Brown, S. Pappu, B. M. Nowak, and J.C. McClure.
Microstructural issues in a friction-stir-welded aluminum alloy. Scripta Materialia, 38(5):703
– 708, 1998.

[174] A. J. Ramirez and M. C. Juhas. Microstructural evolution in Ti-6Al-4V friction stir welds.
Materials Science Forum, 426–432:2999–3004, 2003.

[175] A. P. Reynolds, E. Hood, and W. Tang. Texture in friction stir welds of timetal 21s. Scripta

Materialia, 52:491–494, 2005.

[176] W. M. Thomas, P. L. Threadgill, and E. D. Nicholas. Feasibility of friction stir welding steel.
Science and Technology of Welding and Joining, 4:365–372, 1999.

[177] P. L. Threadgill and R. Johnson. Progress in friction stir welding of steels. Technical Report
815/2004, TWI (The Welding Institute), Great Abington, Cambridge, U.K., 2004.

[178] D. G. Sanders, M. Ramulu, E. J. Klock-McCook, P. D. Edwards, A. P. Reynolds, and
T. Trapp. Characterization of superplastically formed friction stir weld in titanium 6Al-4V:
Preliminary results. 17:187–192, Journal of Materials Engineering and Performance.

59



Progress in Materials Science 53 (2008) 980–1023

[179] Ph. Maynier, B. Jungmann, and J. Dollet. Creusot–Loire system for the prediction of the
mechanical properties of low alloy steel products. In D. V. Doane and J. S. Kirkaldy, editors,
Hardenability concepts with applications to steels, pages 518–545, Materials Park, Ohio, USA,
1978. TMS–AIME.

[180] H. Fujii, L. Cui, N. Tsuji, M. Maeda, K. Nakata, and K. Nogi. Friction stir welding of carbon
steels. Materials Science & Engineering A, A429:50–57, 2006.

[181] P. J. Konkol, J. A. Mathers, R. Johnson, and J. R. Pickens. Friction stir welding of HSLA-65
steel for shipbuilding. Journal of Ship Production, 19:159–164, 2003.

[182] R. Ueji, H. Fujii, L. Cui, A. Nishioka, K. Kunishige, and K. Nogi. Friction stir welding of
ultrafine grained plain low-carbon steel formed by the martensite process. Materials Science

& Engineering A, A423:324–330, 2006.

[183] A. Ozekcin, H. W. Jin, J. Y. Koo, N. V. Bangaru, R. Ayer, G. Vaughn, R. Steel, and S. Packer.
A microstructural study of friction stir welded joints of carbon steels. International Journal

of Offshore and Polar Engineering, 14:284–288, 2004.

[184] G. R. Speich, L. J. Cuddy, C. R. Gordon, and A. J. DeArdo. Formation of ferrite from
control–rolled austenite. In A. R. Marder and J. I. Goldstein, editors, Phase Transformations

in Ferrous Alloys, pages 341–389, Warrendale, Pennsylvania, USA, 1984. TMS–AIME.

[185] E. E. Underwood. Quantitative Stereology. Addison–Wesley Publication Company, 1970.

[186] I. Czinege and T. Reti. Determination of local deformation in cold formed products by a
measurement of the geometric characteristics of the crystallites. In Eighteenth International

Machine Tool Design and Research Conference, Forming, volume 1, pages 159–163, 1977.

[187] Y. van Leeuwen, S. Vooijs, J. Sietsma, and S. Van der Zwaag. Effect of geometrical assump-
tions in modelling solid state kinetics. Metallurgical & Materials Transactions A, 29:2925–
2931, 1998.

[188] S. B. Singh and H. K. D. H. Bhadeshia. Topology of grain deformation. Materials Science

and Technology, 15:832–834, 1998.

[189] K. Matsuura and Y. Itoh. Estimation of three-dimensional grain size distribution in poly-
crystalline material. Materials Transactions JIM, 32:1042–1047, 1991.

[190] Y. Takayama, N. Furushiro, T. Tozawa, H. Kato, and S. Hori. A significant method for
estimation of the grain size of polycrystalline materials. Materials Transactions JIM, 32:214–
221, 1991.

[191] P. Bate and W. B. Hutchinson. Grain boundary area and deformation. Scripta Materialia,
52:199–203, 2005.

[192] J. R. Yang and L. C. Chang. Effect of stress on the widmanstatten ferrite transformation.
Materials Science & Engineering A, A223:158–167, 1997.

[193] S. S. Babu and H. K. D. H. Bhadeshia. Stress and the acicular ferrite transformations.
Materials Science and Engineering A, A156:1–9, 1992.

60



Progress in Materials Science 53 (2008) 980–1023

[194] P. H. Shipway and H. K. D. H. Bhadeshia. Mechanical stabilisation of bainite. Materials

Science & Engineering A, 11:1116–1128, 1995.

[195] M. J. Carr J. R. Strife and G. S. Ansell. Effect of austenite prestrain above the Md temperature
on the Ms temperature in Fe-Ni-Cr-C alloys. Metallurgical Transactions A, 8A:1471–1484,
1977.

[196] S. Chatterjee, H. S. Wang, J. R. Yang, and H. K. D. H. Bhadeshia. Mechanical stabilisation
of austenite. Materials Science and Technology, 22:641–644, 2006.

[197] H. Kurishita, H. Kayano, M. Narui, M. Yamazaki, Y. Kano, and I. Shibahara. Effects of
V-notch dimensions on charpy impact test-results for differently sized miniature specimens
of ferritic steel. Materials Transactions JIM, 34:1042–1052, 1993.

[198] H. K. D. H. Bhadeshia, A. Strang, and D. J. Gooch. Ferritic power plant steels: Remanent
life assessment and the approach to equilibrium. International Materials Reviews, 43:45–69,
1998.

[199] A. Shekhter, E. V. Pereloma, and S. P. Ringer. Effect of temper embrittlement and specimen
size on charpy impact testing of a cr mo v rotor steel. Materials Science and Technology,
17:141–147, 2001.

[200] P. J. Konkol and M. F. Murczek. Comparison of friction stir weldments and submerged arc
weldments in hsla-65 steel. Welding Journal, Research Supplement, 86:187s–195s, 2007.

[201] M. Posada, J. J. DeLoach, A. P. Reynolds, R. W. Fonda, and J. P. Halpin. Evaluation of
friction stir welded hsla–65. In 4th International Friction Stir Welding Symposium, page
Issued as a compact disc., Abington, U.K., 2003. TWI.

[202] C. S. Paglia and R. G. Buchhelt. A look in the corrosion of aluminium alloy friction stir
welds. Scripta Materialia, 58:383–387, 2008.

[203] P. S. Pao, S. J. Gill, and C. R. Feng. On fatigue crack initiation from corrosion pits in
7075-T7351 aluminum alloy. Scripta Materialia, 43(5):391–396, 2000.

[204] P. J. Konkol. Characterisation of friction stir weldments in 500 brinell hardness quenched
and tempered steel. In 4th International Friction Stir Welding Symposium, page Issued as a
compact disc, Abington, U.K., 2003. TWI.

[205] C. J. Sterling, T. W. Nelson, C. D. Sorensen, R. J. Steel, and S. M. Packer. Friction stir
welding of quenched and tempered C–Mn steel. In K .V. Jata, M. W. mahoney, R. S. Mishra,
S. L. Semiatin, and T. Lienert, editors, Friction Stir welding and processing II, pages 165–171,
Materials Park, Ohio, USA, 2003. TMS–AIME.

[206] H. Fujii, Y. Takada, N. Tsuji, and K. Nogi. Friction stir welding of ultrafine grained materials.
In 5th International Symposium on Friction Stir Welding, pages 1–7, Cambridge, U. K., 2004.
TWI.

[207] H. Fujii, L. Cui, N. Tsuji, R. Ueji, K. Nakata, and K. Nogi. Mechanical properties of friction
stir welds of ultrafine grained steel and other materials. In International Offshore and Polar

Engineering Conference, pages 22–26, Seoul, 2005. International Society of Offshore and Polar
Engineers.

61



Progress in Materials Science 53 (2008) 980–1023

[208] S. Mishra and T. DebRoy. A heat transfer and fluid flow based model to obtain a specific
weld geometry using various combinations of welding variables. Journal of Applied Physics,
98 (4):article number 044902, 2005.

[209] R. Rai and T. DebRoy. Tailoring weld geometry during keyhole mode laser welding using
a genetic algorithm and a heat transfer model. Journal of Physics D – Applied Physics,
39:1257–1266, 2006.

62


