
Full Terms & Conditions of access and use can be found at
http://www.tandfonline.com/action/journalInformation?journalCode=bsms20

Download by: [University of Connecticut] Date: 19 September 2017, At: 03:45

Critical Reviews in Solid State and Materials Sciences

ISSN: 1040-8436 (Print) 1547-6561 (Online) Journal homepage: http://www.tandfonline.com/loi/bsms20

Recent Advances in Friction Stir Welding/
Processing of Aluminum Alloys: Microstructural
Evolution and Mechanical Properties

Z. Y. Ma, A. H. Feng, D. L. Chen & J. Shen

To cite this article: Z. Y. Ma, A. H. Feng, D. L. Chen & J. Shen (2017): Recent Advances
in Friction Stir Welding/Processing of Aluminum Alloys: Microstructural Evolution and
Mechanical Properties, Critical Reviews in Solid State and Materials Sciences, DOI:
10.1080/10408436.2017.1358145

To link to this article:  http://dx.doi.org/10.1080/10408436.2017.1358145

Published online: 18 Sep 2017.

Submit your article to this journal 

View related articles 

View Crossmark data

http://www.tandfonline.com/action/journalInformation?journalCode=bsms20
http://www.tandfonline.com/loi/bsms20
http://www.tandfonline.com/action/showCitFormats?doi=10.1080/10408436.2017.1358145
http://dx.doi.org/10.1080/10408436.2017.1358145
http://www.tandfonline.com/action/authorSubmission?journalCode=bsms20&show=instructions
http://www.tandfonline.com/action/authorSubmission?journalCode=bsms20&show=instructions
http://www.tandfonline.com/doi/mlt/10.1080/10408436.2017.1358145
http://www.tandfonline.com/doi/mlt/10.1080/10408436.2017.1358145
http://crossmark.crossref.org/dialog/?doi=10.1080/10408436.2017.1358145&domain=pdf&date_stamp=2017-09-18
http://crossmark.crossref.org/dialog/?doi=10.1080/10408436.2017.1358145&domain=pdf&date_stamp=2017-09-18


Recent Advances in Friction Stir Welding/Processing of Aluminum Alloys:
Microstructural Evolution and Mechanical Properties

Z. Y. Maa, A. H. Fengb, D. L. Chenc, and J. Shenb

aShenyang National Laboratory for Materials Science, Institute of Metal Research, Chinese Academy of Sciences, Shenyang, China; bSchool of
Materials Science and Engineering, Tongji University, Shanghai, China; cDepartment of Mechanical and Industrial Engineering, Ryerson
University, Toronto, Ontario, Canada

ABSTRACT
Friction stir welding (FSW), a highly efficient solid-state joining technique, has been termed as
“green” technology due to its energy efficiency and environment friendliness. It is an enabling
technology for joining metallic materials, in particular lightweight high-strength aluminum and
magnesium alloys which were classified as unweldable by traditional fusion welding. It is thus
considered to be the most significant development in the area of material joining over the past two
decades. Friction stir processing (FSP) was later developed based on the basic principles of FSW. FSP
has been proven to be an effective and versatile metal-working technique for modifying and
fabricating metallic materials. FSW/FSP of aluminum alloys has prompted considerable scientific
and technological interest since it has a potential for revolutionizing the manufacturing process in
the aerospace, defense, marine, automotive, and railway industries. To promote widespread
applications of FSW/FSP technology and ensure the structural integrity, safety and durability of the
FSW/FSP components, it is essential to optimize the process parameters, and to evaluate thoroughly
the microstructural changes and mechanical properties of the welded/processed samples. This
review article is thus aimed at summarizing recent advances in the microstructural evolution and
mechanical properties of FSW/FSP aluminum alloys. Particular attention is paid to recrystallization
mechanism, grain boundary characteristics, phase transformation, texture evolution, characteristic
microstructures, and the effect of these factors on the hardness, tensile and fatigue properties as
well as superplastic behavior of FSW/FSP aluminum alloys.
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1. Introduction

Friction stir welding (FSW), invented by Thomas and his
colleagues at The Welding Institute (TWI, Cambridge,
United Kingdom) in 1991,1 is a rapidly maturing solid-
state joining technique, involving frictional and adiabatic
heating, plastic deformation (a combination of extrusion,
forging, and shearing) and solid-state diffusion. Friction
stir processing (FSP) was later developed by Mishra and
his co-workers2 based on the basic principles of FSW. FSP
has been proven to be an effective and versatile metal-
working technique for generating fine-grained microstruc-
tures and surface composites, e.g., for modifying the
microstructures of Al-based alloys and Ni-Al bronze.3 The
advances in FSW/FSP area over the past two decades or so
have been critically documented in several excellent and

classic review articles by Mishra and Ma in 2005,4 Nandan
et al. in 2008,5 Ma in 2008,6 Threadgill et al. in 2009,7

Gan et al. in 2010,8 Cam in 2011,9 Simar et al. in 2012,10

He et al. in 2014,11 and Mehta and Badheka in 2016.12

The basic concept of FSW is remarkably simple. As
shown schematically in Figure 1, a specially designed
rotating tool (consisting of a shoulder and a pin) is first
inserted into the adjoining edges of two sheets to be
welded and then moved all along the joint line. During
FSW, the material flows in a complex pattern around the
tool from the advancing side (AS) to the retreating side
(RS),13 where the AS indicates the side at which the rota-
tional direction and the welding direction are the same,
while the RS denotes the side at which the rotational
direction is reverse to the welding direction. The heat

2 Z. Y. MA ET AL.
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generated by a rotating tool changes the material in the
vicinity of the tool from a hard solid state into a soft
“plastic-like” state. The material undergoes extensive
plastic deformation following quite complex paths
around the tool, depending on the tool geometry, process
parameters, and material to be welded. The maximum
temperature could approach »0.8 Tm,

14 or even 0.95
Tm

15 in aluminum alloys (where Tm is the melting tem-
perature in Kelvin), depending on the material, tool
design, and operating conditions.13 The material experi-
ences severe plastic deformation (SPD) and thermal
exposure, which normally leads to the formation of a
fine recrystallized grain structure with more or less pre-
ferred orientation (or texture) in the nugget zone (NZ).16

The scientific and technical activities in the field of
FSW/FSP have reached a critical juncture in terms of the
number of researchers and the number of publica-
tions,17* In 2008, a Viewpoint Set no. 43 “Friction stir
processing” organized by Mishra in Scripta Materialia,17

gives a timely overview of FSW/FSP process. A total of
11 papers have been included in the Viewpoint Set writ-
ten by some of the leading researchers in this area, for
example, “the nature of fully coupled thermomechanical
process during FSP” by Colligan and Mishra18; “thermal
modeling” by Schmidt and Hattel,19 Reynolds,20 and
Arbegast;21 “microstructual evolution ahead of the tool”
by Fonda et al.;22 “recrystallization mechanisms” by
McNelley et al.,13 and Masaki et al.;23 “microstructural
refinement and property enhancement of cast light
alloys” by Ma et al.;24 “abnormal grain growth (AGG)”
by Charit and Mishra;25 “the strength of friction stir
welded and friction stir processed aluminum alloys” by
Starink et al.;26 and “corrosion of aluminum alloy friction
stir welds” by Paglia and Buchheit.27

FSW is a promising solid-state joining technique ini-
tially developed for aluminum alloys, as it offers many
advantages over the conventional fusion welding, in par-
ticular the elimination of solidification and liquation
cracking, and shrinkage porosity. Recently, FSW/FSP has
attracted a special attention of the aerospace and automo-
tive industries, due to the potential weight reduction and
cost saving, along with the favorable retention of proper-
ties. This technique can be used to produce a variety of
forms of welds, including butt, lap, corner, T, spot, fillet,
and hem joints as well as to weld hollow objects, such as
tanks and tubes/pipes. Recently, near-net shape
manufacturing of large titanium parts has been accom-
plished by combining FSW with superplastic forming
(SPF).28–30 This innovative and enabling joining technique
has thus been proven to be a good alternative especially for
the aerospace materials, i.e., 2xxx-, 4xxx-, 5xxx-, 6xxx-,
and 7xxx-series aluminum alloys, where the welds also
involve different series or dissimilar materials. The weld-
able materials via FSW include:
(1) aluminum and its alloys;16,31–59

(2) copper and its alloys;60–71

(3) magnesium and its alloys;3,72–103

(4) titanium and its alloys;104–119

(5) iron and steels;120–133

(6) nickel and its alloys;134–140

(7) metal matrix composites (MMCs);141–159

(8) dissimilar metals and alloys; and12,160–171

(9) dissimilar bulk metallic glasses (BMG) and
metals.172,173

This article will be limited to the FSW/FSP of alumi-
num and its alloys with main focus on the microstruc-
tural evolution and mechanical properties. From 1991
until May 2017, over 4,352 papers on the FSW/FSP of
aluminum alloys have been published, as shown in
Figure 2. In particular, over the past 10 years or so there
is a linear increase in the number of publications per
year in this area. FSW has already been used in routine
as well as critical applications for the joining of structural
components made of aluminum and its alloys. It shows a
great potential in manufacturing sectors, particularly in
the aerospace, defense, marine, aircraft, automotive and
railway industries. FSW has been applied for welding the
fuselage, structural parts, and cryogenic tanks in the
aerospace industry.174 Joining of panels and large
extruded profiles is also an interesting application for
FSW, and it is now used in ship, bridge, and wagon
building and in offshore industry.174

FSW of aluminum alloys has prompted considerable
scientific and technological interest because of the difficul-
ties and challenges of ensuring the reliability and struc-
tural integrity of joints of such lightweight alloys using
traditional fusion welding processes. Extensive research in

Figure 1. Schematic illustration of FSW.

�A search from a few authoritative databases using a key word of “friction stir”
on May 7, 2017 showed: 6,113 publications from the Web of Science; 7,699
publications from the Engineering Village (Compendex only); 22,124 publi-
cations from ScienceDirect of Elsevier; or about 49,500 publications from
Google Scholar so far.
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the FSW of aluminum alloys has been undertaken involv-
ing welding parameter optimization,50,55,175,176 tool
design,177–182 material flow pattern,20,21,183–189 tempera-
ture field distribution,137,186,190–195 microstructural charac-
terization,31,35,38,42,54,196–199 texture,16,39,49,200,201 residual
stress,45,202–206 mechanical response,43,51,53,57,207–213 and
thermomechanical quantities.10,186 An integrated model-
ing framework devoted to the FSW of 6xxx-series alumi-
num alloys has been established and well documented in
Simar et al.10 in order to present routes for the optimiza-
tion of the FSW process using both experiments and mod-
els. The suite of models involves an in-process
temperature evolution model, a microstructure evolution
model with an extension to heterogeneous precipitation, a
microstructure based strength and strain hardening
model, and a micro-mechanics based damage model.10,214

To advance FSW/FSP from the research stage into the
direct applications, performance and property data are
needed, which are often the bottleneck of limiting the
widespread applications of FSW/FSP. Despite the potential
benefits, a vast amount of research and development activ-
ities are still needed to better understand the microstruc-
ture associated with FSW/FSP. This article is therefore
aimed at briefly outlining the recent research and develop-
ment in the field of FSW/FSP so as to provide up-to-date
information with the intention that further light-weight
and cost-effective use of FSW/FSP will be facilitated.

2. Process characteristics

2.1. Severe plastic deformation

SPD is a generic term describing any metalworking tech-
niques imparting a complex stress state, high strain typi-
cally with true strains �10,215 and/or high shear, results in
a very high dislocation density and exceptional grain refine-

ment, producing equiaxed ultrafine grain (UFG)
size (<1 mm) or even nanocrystalline structure
(<100 nm).216,217 A number of SPD processing routes have
been developed to produce a bulk UFGmaterials, including
equal channel angular pressing (ECAP),218,219 high-pres-
sure torsion,220 multi-directional forging,221 cyclic-extru-
sion-compression,222 and accumulative roll-bonding.223,224

Because FSW/FSP generates heavy deformation at
high temperatures,225 it is now well recognized that
FSW/FSP can be regarded as a type of high-temperature
SPD, involving transients and steep gradients in strain,
strain rate and temperature.13,16,225 Different from con-
ventional SPD techniques that result in the formation of
highly deformed microstructures, FSW/FSP is able to
create fine and equiaxed fully recrystallized grains rang-
ing from nano-scale to micro-scale.

2.2. Heat generation and material flow

The mechanisms of FSW are highly coupled physical
phenomena, i.e., the heat generation is related to material
flow and frictional/contact conditions and vice versa.11,19

Heat generation has two components: friction generated
heat and bulk plasticity generated heat.10,124,186 The heat
transfer has itself two contributions: diffusion and con-
vection via material flow.10

The material flow during FSW is quite complex
depending on the tool geometry, process parameters,
and material to be welded.4 The flow of material around
the welding tool during FSW is closely linked to many
key issues related to the process.20,226 Understanding of
the flow is critical to determination of accurate thermo-
mechanical processing conditions during FSW.20

Recent experimental and computational works have
provided significant insight about several interesting fea-
tures of materials flow in FSW and the joining process.5

A number of approaches, such as tracer technique by
markers,185,227–230 welding of dissimilar alloys/metals,231

and numerical simulations,11,186 have been used to visu-
alize material flow pattern in FSW.4 Huang et al.232

reported that material flow behavior during FSW of
6082Al-T6 alloy was visualized by marker insert tech-
nique, e.g., Cu foil fragments. Murr and co-workers231

investigated the solid-state flow visualization in FSW of
2024Al to 6061Al alloys. Schmidt et al.183 reported the
material flow by traditional metallography as well as
X-ray and computer tomography (CT). The 2D and 3D
CT images were used in parallel with micrographs for
visualization of the flow field.183 Nandan et al.124

calculated the non-Newtonian viscosity for the metal
flow considering temperature and strain rate-dependent
flow stress. Morisada et al.233 investigated the material
flow during the FSP by means of the dispersion of the

Figure 2. Number of publications per year on FSW/FSP of alumi-
num alloys since 1991 up to May 7, 2017, searched from the
Compendex-Engineering Village database.

4 Z. Y. MA ET AL.
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fullerence. Morisada et al.229 reported that the material
flow could be 3D visualized by X-ray radiography using
a tiny spherical tungsten tracer. Figure 3 proposed a 3D
representation of the material flow pattern.188

Apart from experimental approaches, a number of
studies have been carried out to model the material flow
during FSW/FSP.11,202,234 A 3D finite element method
(FEM) model has been used to show the distribution of
the most important field variables, namely temperature,
strain and strain rate.184 These attempts were aimed at
understanding the basic physics of the material flow
occurring during FSW/FSP.

Strain, strain rate, temperature, and their distribution
during FSW/FSP are the primary factors determining
how microstructures evolve. These microstructural evo-
lutions inherently affect the mechanical properties and
hence the performances of the final product.10 It would
be of interest and challenging to study the relationships
among the microstructural evolution and strain, strain
rate, as well as temperature. Unfortunately, it is very dif-
ficult to measure quantitatively the strain, strain rate and
temperature undergone by the material during FSW/FSP
due to the complicated dynamic changes.

If the flow field represented by Figure 4a and 4b is sub-
stantially correct, then under conditions wherein material
passes around the tool only once, the approximate strain
experienced by material along a streamline which inter-
sects the tool pin can be expressed as Eq. (1):20

eD ln
l

APR

� �
C
�����ln

APR
l

� ������; (1)

where APR is the tool advance per revolution and l can
be expressed as:20

lD 2r cos¡ 1 r¡ x
r

� �
: (2)

In Eq. (2), r is the pin diameter and x is the distance,
perpendicular to the welding direction, from the retreat-
ing side of the tool to the streamline in question.20

Based on Eqs. (1) and (2), the strain as a function of
position along the pin is plotted in Figure 4c for an
advance per revolution of 0.5 mm and a pin diameter of
10 mm.20

Direct measurements of the strain in the NZ are diffi-
cult due to the movement of material around the tool
during FSW. Equivalent strains in FSW were computed
by Buffa et al.235 based on thermo-mechanically coupled
rigid-viscoplastic 3D FEM, and by Schimdt and Hattel236

using solid mechanics. The maximum values of equiva-
lent strains varied from 6235 to 133.236 Arora et al.237

reported that the computed strains were in the ranges
¡10 to 5 during FSW of 2524Al alloy from a 3D coupled
viscoplastic flow and heat transfer model.238

Similarly, the strain rate could not be directly esti-
mated because it is difficult to observe the material
movement during FSW.23 Conventional hot working
processes, such as rolling, extrusion and forging, gener-
ally involve strain rates in the range 100–102 s¡1 at tem-
peratures above 0.5 Tm, but in the absence of the
transients and gradients in strain, strain rate, and tem-
perature that characterize FSW/FSP.13 A simulation
investigation of nugget grain structures in 7010Al alloy

Figure 3. 3D view of the weld’s AS (light microscopy) (a) and 3D representation of the global weld (b).188 (© Springer. Reprinted with
permission from Fenoel et al.188 Permission to reuse has been obtained from the rightsholder.)
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was performed by Hassan et al.239 using high-strain
torsion testing. Although they deformed the samples
to very large strains (»20) at a strain rate of 0.005
s¡1, it is still very difficult to simulate the process of
FSW/FSP. During FSW/FSP, the material that flows
around the tool undergoes extreme levels of plastic
deformation, reaching effective strains in excess of 40
at very high strain rates (»10 s¡1), as well as a com-
plex stress-strain state.240

Some researchers have attempted to estimate the
strain rate during FSW/FSP.240,241 Jata and Semiatin35

suggested that the strain rate was in the order of 10 s¡1

during FSW of Al-Li-Cu alloy using the shear strain
extrapolated from that measured in the thermomechani-
cally affected zone (TMAZ) and the deformation time
in the NZ. Additionally, in the majority of cases, grain
growth in the cooling stage of FSW was not taken into
consideration.35,242 Frigaard et al.37 estimated the strain
rate during FSW of 6082Al alloy and 7108Al alloy to
be between 1.6 and 17.3 s¡1. The effective strain rate
during FSW of 1050Al alloy was estimated

experimentally to be about 2–3 s¡1 by simulating the
recrystallized grains of the NZ through a combination
of the plane-strain compression at various strain rates
and subsequent cooling tracing the cooling cycle of
FSW by Masaki et al.23

Reliable strain rate values can be estimated using the
Zener-Hollomon relation provided that the peak temper-
ature and average grain size in a specific location can be
accurately determined.191,192 The results indicated that
the grain size of the pure aluminum in the NZ estimated
by the Z parameter using the obtained strain rate shows
good agreement with that observed by electron backscat-
ter diffraction (EBSD) mapping.243

Morisada et al.243 reported that the strain rate in
FSW could be determined by 3D visualization of
material flow using X-ray radiography. Figure 5
shows the 3D image of the material flow and calcula-
tion method for strain and strain rate.243 The velocity
of the tungsten tracer (V) can be directly calculated
by the change in the coordinate for 0.002 s on the
welding direction- (WD) transverse direction (TD)

Figure 4. (a) schematic illustration of required material transfer per tool revolution, (b) streamlines from simulated pin-rounding flow
field and and approximate limits of shear zone, (c) distribution of strain within the probe diameter based on Eqs. (1) and (2), an APR D
0.5 and 10 mm diameter probe. (© Elsevier. Reprinted with permission from Reynolds.20 Permission to reuse has been obtained from
the rightsholder.)
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plane, as shown in Figure 5c using Eq. (3):243

V D L6 T; (3)

where L is the distance between the 2 plots and T is the
transit time from one plot to the other plot.243

The strain rate can be easily calculated if the direction
of the material flow is only tangential to the rotating
tool, as shown in Figure 5d using Eq. (4):243

_eD lnC 1 ¡ ln
ln

6 t; (4)

where ln is the distance between the 2 plots and m is
the velocity of the tracer between the 2 plots and t is
the deformation time. ln can be calculated using
Eq. (5):243

ln D vmC 1¡ vm
Dt

(5)

2.3. Temperature field distribution

In recent years, significant progresses have been made in
the understanding of physical processes that take place
during FSW of aluminum alloys.37 The hardness distri-
bution of the FSW heat-treatable aluminum alloys is
mainly governed by the distribution of precipitates,

which is strongly influenced by the thermal hysteresis.34

The heat input plays a key role in determining the micro-
structural evolution and their mechanical properties, and
is very sensitive to the welding parameters during
FSW.244

The thermal cycles in FSW could be estimated from
the microstructures or measured using thermocou-
ples,5,245–248 and in situ neutron-diffraction where the
measured lattice-distortion is related to the change in
temperature.193

Thermal hysteresis curves during FSW at several rota-
tional rates are shown in Figure 6.15 Thermal cycle were
measured in the NZ using an alumel-chromel thermo-
couple having a diameter of about 1 mm.15 Although it
is hard to accurately measure the peak temperatures in
FSW, it has been reported that the maximum tempera-
tures could reach 0.8 Tm,

14 or even 0.95 Tm
15 in the FSW

of aluminum alloys. The peak temperature increases
with increasing rotational rate. As with most welding
processes, there is a steep thermal gradient from the
weld centerline to the surrounding base metal (BM).14

As a result, the microstructure (including grain sizes,
vacancies, solutes, and precipitates) across the various
regions of a FSW joint varied as a function of the local
peak temperature and the duration above a given critical
temperature.14

Frigaard et al.37 reported that in the heat-affected
zone (HAZ), the dissolution of the primary strengthen-
ing phase (i.e., b00 or h 0 in 6082Al and 7108Al alloy,
respectively) contributed to the development of a perma-
nent soft zone, while the growth of the nonhardening
phase (b 0 or h) occurred during the cooling process of
the thermal cycle (Figure 7).37 Liu and Ma175 indicated
that in the FSW of 6061Al-T651 alloy, the thermal cycles
experienced by the HAZ had approximately the same

Figure 5. Locus of the tracer observed by the X-ray transmission
real-time imaging systems: (a) 3D image, (b) 2D image on TD-WD
plane, (c) schematic drawing of calculation method for strain,
and (d) schematic drawing of calculation method for strain rate.
(© Elsevier. Reprinted with permission from Morisada et al.243

Permission to reuse must be obtained from the rightsholder.)

Figure 6. Thermal histories during FSW at several rotational
speeds of 6063Al alloy. (© Springer. Reprinted with permission
from Sato et al.15 Permission to reuse must be obtained from the
rightsholder.)
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peak temperature of 360–370�C with varied durations
that were governed by the welding speed. Kang et al.249

measured the peak temperature of different positions in
an FSW joint of 2219Al-T8 alloy, as shown in Figure 8.
The results indicated that temperature was not a sym-
metric distribution to the center position of the NZ, and
it was about 5–10�C lower on the RS than that on the
AS.249

In view of the difficulty in experimentally measuring
temperature history in the FSW, several models were
developed to predict the temperature distribution and
history during FSW.37,124,175,190,202,247,250,251 These mod-
els can be categorized into two basic types: the models of
the first type assume that all the heat generation is caused
by the friction work,37,190 while the models of the second
type assume that the heat generation is caused by both
the friction work and the plastic energy dissipation.124,202

For both types of models, the accuracy of the pre-
dicted temperature is mainly determined by the heat
generation for the friction work. In the early stage of

FSW investigation, the heat generation model for the
friction work is simply based on the Coulomb friction
law and using a constant friction coefficient.37,252 Such
a simplified model will lead to an unreasonable high
temperature. To get rid of the unreasonable high tem-
perature, a maximum temperature that is artificially
defined must be set in the model.37 Then in this model
the maximum temperature is independent of the
applied experimental conditions.37 Later, the heat gen-
eration model for the friction work that takes into
account both the sliding and sticking friction condi-
tions was developed.124,190 As shown in Figure 9, the
predicted temperature profiles agree well with the
experimentally determined weld shapes.238,253 How-
ever, for this type of model, it is difficult to evaluate
the relative speed between the tool and the work-piece
for estimating the fractions of sliding friction and
sticking friction. Up until now, an empirical equation
that was obtained from the rolling tests was applied to
estimate the relative speed between the tool and the
work-piece.124

In recent years, the inverse solution framework is
increasingly used to estimate the heat generation during
FSW. Zhang et al.250,251 proposed an equivalent friction
coefficient-based heat generation model for FSW thermal
modeling and simulation. The equivalent friction coeffi-
cient depends on temperature and is determined via an
inverse solution framework. Since the equivalent friction
coefficient is a function of temperature, the total heat
generation is not an explicit input parameter as in most
of other thermal models, but is implicitly determined
during the thermal modeling process. Using this model,
one does not have to manually specify a maximum

Figure 7. Schemactic diagrams showing details of microstructure evolution of age hardened aluminum alloys in HAZ during FSW:
(a) 6082Al-T6 alloy and (b) 7108Al-T6 alloy. (© Springer. Reprinted with permission from Frigaard et al.37 Permission to reuse must be
obtained from the rightsholder.)

Figure 8. Peak temperature of different positions of an 2219Al-T8
alloy FSW joint. Each division in the scale represents 1 mm.
(© Springer. Reprinted with permission from Kang et al.249

Permission to reuse must be obtained from the rightsholder.)
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temperature, which is actually determined automatically
from the model due to a self-consistency mechanism.
Zhang et al.250,251 showed that this model was robust and
the predicted maximum temperature agreed very

well with the reported experimental data15 and the
empirical Arbegast-Hartley model,254 as shown in
Figure 10.15,175,250,251,254 Meanwhile, the predicted tem-
perature histories agreed very well with the measured
data in various welding conditions.175,251 It is also shown
that the temperature contour moves away from the but-
ting surface with increasing rotational rate and shoulder
diameter, and decreasing welding speed.250,251 Besides,
this thermal model can also been used for predicting the
fracture locations of FSW 6061Al-T651 joints, as shown
in Figure 11.175,251

2.4. Residual stress

Residual stresses were inherently introduced into materi-
als through thermal or severe thermomechanical defor-
mation, such as welding, forming, coating, and heat
treatments.255 Excessive tensile residual stresses are
known to be detrimental to the integrity and perfor-
mance of components. Although FSW offers various
advantages for joining lightweight metals, significant
residual stresses are inevitable.120,159,256 The residual
stress of the weld negatively affects its fatigue proper-
ties45,202,203 and fracture toughness.

The residual stresses across the FSW joints have been
studied by the hole-drilling-method,206,257,258 X-ray dif-
fraction (i.e., sin2c method),202,259 neutron diffrac-
tion,163,204,205,255,256,260,261 high-energy synchrotron

Figure 10. Comparison between (a)–(c) the predicted and measured thermal histories,251 (d) the predicted maximum temperature near the
bottom of the welding butt face and the reported experimental results,250 and (e) the predicted maximum temperature and the empirical
Arbegast-Hartley model.254 (© Springer. Reprinted with permission from Zhang et al.251 Permission to reuse has been obtained from the
rightsholder.) (© Springer. Reprinted with permission from Zhang et al.250 Permission to reuse has been obtained from the rightsholder.)
(© ASM International. Reprinted with permission from Arbegast & Hartley.254 Permission to reuse has been obtained from the rightsholder.)

Figure 9. Comparison of predicted temperature (K) and velocity
profiles with experimental weld shapes at a welding speed of
127 mm/min with varied rotational rate: (a) 150 rpm, (b)
480 rpm, and (c) 800 rpm. (© Elsevier. Reprinted with permission
from Arora et al.238 Permission to reuse must be obtained from
the rightsholder.)
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radiation,262,263 and the cut compliance technique.264

These investigations revealed the following findings.4

First, the residual stresses in all the FSW joints were quite
low compared with those in fusion welded joints, due to
the relatively lower peak temperatures which do not
reach or exceed the melting point of materials that is
required in the fusion welding. Woo et al.261 indicated
that the predominant source of the residual stress is fric-
tional heating from the tool shoulder. Second, longitudi-
nal (parallel to welding direction) residual stresses were
generally tensile and transverse (normal to welding
direction) residual stresses were compressive. The low
residual stress in the NZ was attributed to the lower heat
input during FSW and recrystallization accommodation
of stresses. Third, both longitudinal and transverse resid-
ual stresses exhibited an “M”-like distribution across the
weld, as shown in Figure 12.265

2.5. Multi-pass FSP/FSW

Single-pass FSP resulted in a narrow-processed zone,
which might not be suitable for practical engineering appli-
cations. In this case, multi-pass FSP with a certain level of
overlap between the successive passes is a desirable consid-
eration for microstructure modification and mechanical
property improvement.266,267 Ma et al.266 studied five-pass
FSP, with 50% overlap, in FSP cast A356, as shown in
Figure 13. It was indicated that overlapping FSP did not
exert a significant effect on the size and distribution of the
Si particles.266 Meenia et al.267 reported that multi-pass
FSP of Al-Si alloy resulted in particle and grain refinement.

In some situations, such as repair or crossing weld
beads, it may be necessary to perform in-situ multi-pass
FSW.264 Brown et al.264 conducted in situ five-pass FSW
on 7050Al-T7451 alloys. It was indicated that the overall
reduction in the transverse tensile strength from pass
one to pass five was 7%.264 The strain map and fracture
path for FSW 7050Al-T7451 alloy joints with different
passes are shown in Figure 14.264 It was noted that with
increasing the FSW passes, the fracture locations moved
from the HAZ to the NZ.

Figure 11. Comparison between (a) predicted locations of low hardness zone with peak temperature of about 370�C and (b) experimen-
tal location of fractures. Note that in “24-8-1400-400” of (b), fracture on RS is artificially created by mirror imaging of real fracture on AS.
(© Springer. Reprinted with permission from Zhang et al.251 Permission to reuse has been obtained from the rightsholder.)
(© Springer. Reprinted with permission from Liu & Ma.175 Permission to reuse has been obtained from the rightsholder.)

Figure 12. Longitudinal residual stress distribution in FSW
6013Al-T4 alloy joints determined by different measurement
methods (tool rotational rate: 2500 rpm, traverse speed:
1,000 mm/min, tool shoulder diameter: 15 mm).265

Figure 13. Macrographs showing nugget and transitional zones
of five-pass FSP A356 alloy. (© Elsevier. Reprinted with permis-
sion from Ma et al.266 Permission to reuse has been obtained
from the rightsholder.)
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2.6. FSW of dissimilar alloys/metals

Conventional structural components are normally built
up using discrete components of various metals/alloys.163

The welding of dissimilar metals are necessary in appli-
cations that require different material properties within
the same component, e.g., dissimilar aluminum alloys,
and aluminum to other metals for weight reduction, elec-
tric connections, etc.268 However, FSW of dissimilar met-
als is very difficult due to the enormous differences in
mechanical and metallurgical properties.12,269 In the ear-
lier studies, FSW of dissimilar metals/alloys was used to
visualize solid-state material flow pattern.4,231

Recently, FSW has been successfully and increasingly
employed to join dissimilar alloys due to its technical and
economic advantages, such as aluminum to other alumi-
num alloys,270–277 to magnesium,161,278–280 to copper,12,281

to steel,162,169,170,282–292 to BMG,172 to titanium,293 or to
silver.164 Detailed studies on the material flow, interface
configurations,294 parameters, and mechanical properties
characteristics of dissimilar FSW joints are required
before implementation in structural applications.272,295

2.6.1. Dissimilar welding of different aluminum alloys
FSW offers a sufficiently feasible solutions in dissimi-
lar combinations among high strength, good formabil-
ity, and weldability, such as 2xxx to 5xxx-series

aluminum alloys,276 2xxx to 6xxx-series aluminum
alloys,231,272,296 2xxx to 7xxx-series aluminum
alloys,163,270,274,297,298 1xxx to 6xxx-series aluminum
alloys299 4xxx to 6xxx-series aluminum alloys,271,300

5xxx to 6xxx-series aluminum alloys,263,269,301–306

5xxx to 7xxx-series aluminum alloys,307–309 6xxx to
7xxx-series aluminum alloys.273,275,295,310–313

Peel et al.263,302 reported the so-called processing win-
dow and residual stress of the dissimilar FSW 5083Al-
6082Al alloys. Giraud et al.312 reported that the dissimi-
lar FSW of 7020Al-T651 to 6060Al-T6 alloys as shown
in Figure 15. Severely deformed grains were observed in
the TMAZ-HAZ in the AS.312 Li et al.231,296 provided
vivid images illustrating flow visualization and complex
flow patterns in dissimilar FSW of 2024Al to 6061Al
alloys. Post-weld heat treatment (PWHT) was used to
restore the mechanical properties of dissimilar FSW of
7075Al-O to 6061Al-O alloys.295

It should be emphasized that prediction of the
amount of heat generation, material flow, and mechani-
cal properties of the dissimilar FSW joints by means of
theoretical analysis is difficult.304 Zhang et al.314–316

developed valuable models for predicting heat genera-
tion, grain growth during FSW of 6xxx to 2xxx-series
aluminum alloys.

Zhong et al.317 reported that ultrasonic vibration
could improve material flow in dissimilar FSW of

Figure 14. Image correlation strain maps near fracture load and corresponding, fractured tensile specimens. (© Elsevier. Reprinted with
permission from Brown et al.264 Permission to reuse must be obtained from the rightsholder.)
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6061Al-T6 to 2024Al-T3 alloys. Miles et al.269 focused on
the formability of FSW joint of dissimilar 5xxx to 6xxx-
series aluminum alloys, which might be used in “tailored
blanks” considering the engineering requirements. So
far, FSW of dissimilar aluminum castings to wrought
plates has found increasingly applications in fabricating
airframe and missile components due to high design effi-
ciency and low processing cost.160,294,300

2.6.2. Dissimilar welding of aluminum to magnesium
Magnesium is the lightest structural metals with a
density two-thirds that of aluminum and one-quarter
that of steel.318 Dissimilar welding of aluminum and
magnesium alloys would achieve weight reduction by
a substitution of magnesium alloys for aluminum
alloys.161 However, it is known that a variety of
attempts to weld aluminum/magnesium alloys failed
by using arc welding, electron beams and laser beams,
due to the formation of coarse grains and large num-
bers of brittle intermetallic compounds in the weld
during welding.161,279

FSW has a high possibility of making high-quality dis-
similar welds of aluminum and magnesium alloys.161 It

was shown previously278,280 that dissimilar FSW of alu-
minum to magnesium led to dynamic recrystallization
(DRX) in the NZ with an intercalated, chaotic micro-
structure. Firouzdor et al.268 studied the effect of material
position, travel speed, and rotational rate on dissimilar
FSW of 6061Al alloy to AZ31 magnesium alloy. The
results indicated that the optimum FSW window was sig-
nificantly larger with magnesium on the AS and tool off-
set toward to the magnesium side.268 The heat input was
a key variable governing the effect of welding condition
on the joint strength.268

Dissimilar FSW of aluminum to magnesium resulted
in the formation of brittle intermetallic compounds,
leading to poor mechanical properties, especially the
fracture toughness.319,320 A large volume of intermetallic
compounds were identified as Al12Mg17 in a dissimilar
FSW of 1050Al alloy to AZ31 magnesium alloy,161

Al3Mg2 and Al12Mg17 in the dissimilar welding of
6061Al alloy to AZ31B magnesium alloy,320 and AZ31
magnesium alloy to 1060Al alloy279 Although FSW is
considered as a solid-state welding process, liquid forma-
tion is likely to occur in FSW of aluminum to magne-
sium in view of rather low eutectic temperatures of

Figure 15. (a) Optical micrograph (OM) of cross-section of BW7 (R ratio is 0.15 mm/rev); (b) details of cross-weld: I–transition between
TMAZ nugget on 7020Al alloy side, II–transition between TMAZ and nugget on 6060Al side, III–banded structure in the nugget on
7020Al alloy side, IV–both side of dissimilar nugget. (© Elsevier. Reprinted with permission from Giraud et al.312 Permission to reuse
must be obtained from the rightsholder.)
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437�C and 450�C in the binary Al-Mg phase diagram,320

resulting in easy formation of intermetallic compounds.

2.6.3. Dissimilar welding of aluminum to copper
Joints of dissimlar aluminum to copper, are extensively
used in various industries, such as electricity supply
systems and heat exchangers.12,294,321 However, it is
quite difficult to achieve defect-free FSW for a dissimi-
lar aluminum to copper system, due to different chem-
ical and physical characteristics. In addition to
conventional FSW parameters such as rotational rate,
welding speed, and plunge depth,322 tool offset param-
eter is the main factor for determing the welding qual-
ity in a dissimilar weld.281 Sound defect-free dissimilar
FSW joints of aluminum and copper could be obtained
under specific critical offset toward the aluminum
side.167,322,323 Sahu et al.322 showed the tool offset and
plunging depth scheme in Figure 16. Safi et al.324

found that preheating of aluminum to copper dissimi-
lar joints up to 125�C could improve the mechanical
properties of the welds.

It should be emphasized that brittle intermetallic
compounds with low melting point eutectics, such as
AlCu, Al2Cu and Al4Cu9, were easy to form in dissimilar
FSW aluminum to copper joints.12,165,325 Xue et al.325

pointed out that a thin layer of intermetallic compounds
(»1 mm) in the interface between aluminum and copper
was the key to obtain high-quality FSW Al-Cu joints and
such a intermetallic compound layer consisted of two
sub-layers Al2Cu and Al4Cu9, as shown in Figure 17.
Zhang et al.326 revealed that underwater friciton stir lap
welding (FSLW) of aluminum to copper could hinder
the development of intermetallic compounds.

2.6.4. Dissimilar welding of aluminum to steel
Desirable combination of aluminum and stainless steel is
promising to execute the sophisticated function and
structural designs in aerospace and automotive indus-
tries for superior fuel efficiency, increased fly range, low-

weight-products, and better air pollution control.287,327

However, FSW of aluminum and steel is always a global
challege due to their large difference of melting points,
and heat transfer.162,287 Hussein et al.327 presented a sys-
tematic review of the FSW of aluminum to steel.

Zheng et al.328 reported dissimilar FSW of 6061Al
alloy to 316 stainless steel using Zn as a filler metal. Fei
et al.288 used Ni and Zn as filling material during laser-
assisted FSW of Q235 steel to 6061Al-T6 alloy. Kannan
et al.329 reported that the influence of silver interlayer in
dissimilar 6061Al-T6 MMCs to 304 stainless steel.

Uzun et al.162 reported the dissimilar FSW of 6013Al-
T4 alloy to X5CrNi18-10 stainless steel. The results indi-
cated that the fatigue properties of dissimilar joints were
approximately 30% lower than that of the 6013Al-T6
alloy BM.162 Yazdipour et al.291 studied the effect of rota-
tional and traverse speeds on the dissimilar butt FSW of
5083Al-H321 alloy to 316L stainless steel. The results
indicated that with increasing the rotational speed, the

Figure 16. Dissimilar FSW of copper and aluminum alloys: (a) Tool offset and plunging depth scheme, (b) scheme of extraction of speci-
men from FSWed plate. (© Elsevier. Reprinted with permission from Sahu et al.322 Permission to reuse has been obtained from the
rightsholder.)

Figure 17. (a) OM of as-FSW aluminum to copper joint, micro-
structure of Al-Cu interface for (b) SEM back scattered electron
image (BSEI) and (c) TEM bright field image. (© Springer.
Reprinted with permis sion from Xue et al.325 Permission to reuse
has been obtained from the rightsholder.)
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tensile strength of the dissimilar joints increased up to a
maximum value and then decrease.291

For dissimilar FSW of aluminum to steel, a compli-
cated interfacial region formed due to the complex defor-
mation and the lack of diffusion time. Similar to
conventional fusion welding methods, the formation of
brittle iron-aluminum intermetallic compound layer rep-
resents the main issue in dissimilar FSW of aluminum to
steel.327 It was reported that the FSW interface of alumi-
num and stainless steel contained Fe2Al5, FeAl3, Fe3Al,
FeAl, and Al4Fe.

284,286,287,291,292,330 Lee et al.284 indicated
that the interfacial reaction layers in the FSW joints of
304 steel and 6056Al alloy consisted of UFG grains and
the Al4Fe intermetallic compounds.

Tanaka et al.285 reported the the joint strength in dis-
simlar FSW of 7075Al-T6 alloy to mild steel increased
with reduction in thickness of the inermetallic com-
pound at the weld interface. The sound joints between
dissimilar FSW of aluminum to steel enable the multi-
material design methodologies.286 So far, Honda devel-
oped a new robotic FSW machine for obtaining sound
FSW joints of aluminum to steel.327

2.7. Friction stir lap/spot welding

FSLW is of importance from the industrial application
point.331,332 Two sheets were lap combined with an over-
lap area and then FSWed along the center line of the
overlap area, as shown in Figure 18.333 Yue et al.333 found
that lap width of the joint using the reverse-threaded pin
was much bigger than that of the full-threaded pin in the
FSLWed alclad 2024Al alloy, as shown in Figure 19.

Chen et al.334 reported that a conversion zone existed
between the NZ and the lower sheet metal which con-
tained intermetallic compounds Al12Mg17, Al3Mg2, and
Mg2Si in FSLW of Al-Si alloy and AZ31 magnesium

alloy. Firouzdor et al.320 observed the formation of inter-
metallic compounds, which were identified as Al3Mg2
and Al12Mg17, in dissimilar FSLW of 6061Al alloy to
AZ31 magnesium alloy, as shown in Figure 20. A novel
self-riveting FSLW technique was developed by the pre-
fabricated holes to realize effective joining of 6082Al-T6
alloy to QSTE340TM steel, as shown in Figure 21.335

Friction stir spot welded (FSSW) joint is made by plung-
ing the rotating tool into and out of two overlapping sheets
at a single location.191,192 When the pin penetrates into the
contacting sheets, a NZ is formed comprising DRX mate-
rial and a keyhole region is left in the welded component
when the rotating tool is retracted.192 A low-magnification
overview of the cross-section of FSSW joint was shown in
Figure 22.336 D’Urso and Giardini337 reported how the
FSSW process parameters affected the thermal distribution

Figure 18. Schematic of friction stir lap welding (FSLW). (© Elsevier. Reprinted with permission from Yue et al.333 Permission to reuse
has been obtained from the rightsholder.)

Figure 19. Cross-section of FSLW joints using different tools: (a)
full-threaded pin; (b) reverse-threaded pin. (© Elsevier. Reprinted
with permission from Yue et al.333 Permission to reuse must be
obtained from the rightsholder.)
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in the welding region, the welding forces and mechanical
properties of the FSSW 7050Al alloys. Tozaki et al.338

reported a newly developed tool without probe for FSSW
of 6061Al-T4 alloy. Jedrasiak et al.339 successfully predicted
the thermal histories for a range of process conditions of
similar Al-Al and dissimilar Al-steel FSSW.

In order to solve the size limitation problem and to
extend the application field of BMGs, Shin et al.340,341

studied the characteristic of FSSW of Zr-based BMG
sheets and dissimilar FSSW of Zr-based BMG to 5xxx-
series aluminum alloys. The results indicated that the
tool geometry influenced the welding performance of the
BMG alloy to aluminum alloys at small tool plunge
depth and the extent of BMG particles penetrated onto
the aluminum alloy side.341

Lambiase et al.342 studied the effect of tool geometry
on loads developing in FSSW of polycarbonate sheets.
The transparency of polycarbonate was exploited to cap-
ture the material flow during FSSW process, as shown in
Figure 23.342

3. Microstructural characteristics

Murr et al.343 reported the adiabatic shear structures and
DRX in FSW/FSP, where the SPD and heat input

Figure 20. Transverse cross section of a lap weld: (a) OM, (b) and (c) SEM-BSE images of intermetallic compounds. (2.3 mm pin length,
1400 rpm-38 mm/min). (© Springer. Reprinted with permission from Firouzdor et al.320 Permission to reuse must be obtained from the
rightsholder.)

Figure 21. Optical macrograph of (a) joint cross-section and (b)
self-riveting structure of longitudinal-section; (c) flow model;
joint interface on (d) RS and (e) AS. (© Elsevier. Reprinted with
permission from Huang et al.335 Permission to reuse must be
obtained from the rightsholder.)
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produced fine equiaxed grains by DRX. The solid-state
nature and the gradient in the strain, strain rate, and
temperature in the FSW/FSP process resulted in a highly
characteristic microstructure, which can be divided into
the following zones, as shown in Figure 24.10,344

Figure 22. Pin-plunging step: low-magnification overview (a) and EBSD map with superimposed HAGBs (black lines) (b). (© Elsevier.
Reprinted with permission from Kooi et al.336 Permission to reuse has been obtained from the rightsholder.)

Figure 23 .Macrograph of material flow during FSSW of polycar-
bonate. (© Springer. Reprinted with permission from Lambiase
et al.342 Permission to reuse must be obtained from the
rightsholder.)

Figure 24. Schematic of the temperature distribution, strain dis-
tribution and macrograph showing the microstrcutral zones in a
FSW. (© Elsevier. Reprinted with permission from Simar et al.10

Permission to reuse must be obtained from the rightsholder.) (©
Springer. Reprinted with permission from Gallais et al.344 Permis-
sion to reuse must be obtained from the rightsholder.)
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(1) Nugget zone (NZ, also called stir zone (SZ))
The NZ, located in the center of the weld, is character-
ized by a fine and equiaxed recrystallized grain struc-
ture. For instance, the large, elongated, pancake-shaped
grains in the 6061Al-T651 alloy have been refined into
fine recrystallized grains (Figure 25).212 It is believed
that the NZ material experienced SPD at a high strain
rate of 100–102 s¡1 and a cumulative strain of up to
»4074,345 and peak temperatures in this region could
reach a range of 0.8–0.95 Tm, depending on the mate-
rial, tool design and operating conditions.15,31,346 Under
intense plastic deformation and high temperature expo-
sure, DRX occurred in the NZ, resulting in the forma-
tion of fine and equiaxed grains.

(2) Thermomechanically affected zone (TMAZ)
The TMAZ experiences a lesser extent of strains and
strain rates as well as a lower peak temperature. In
this region, DRX usually does not occur or only par-
tially occur. The characteristic elongated grains in the
TMAZ exhibit a flow pattern around the NZ.

(3) Heat-affected zone (HAZ)
The HAZ, which is adjacent to the TMAZ, experiences
only a thermal cycle, without undergoing any plastic
deformation. It is similar to the HAZ in other types of
welding.

(4) Base metal (BM)
The BM is the unaffected material, far from the weld
seam, which experiences neither the thermal cycles
nor plastic deformation.

3.1. Recrystallization mechanism

Recovery, recrystallization and grain growth are an
evolving and important topic in the area of FSW/FSP. It

remains a very active research area. During FSW/FSP,
the material that flows around the tool undergoes SPD at
elevated temperatures, thereby inducing the occurrence
of DRX. It is now well recognized that DRX results in
the generation of fine and equiaxed grains ranging from
nano-scale to micro-scale in the NZ of FSW/FSP alumi-
num alloys,42,225,347,348 magnesium alloys,3,74,79,86,91,349

copper alloys,62 steel,121,126 NiAl bronze,350 titanium
alloys,104,105,109,351,352 and MMCs.152,153 The DRX mech-
anisms during FSW/FSP have received a considerable
attention and have been widely investigated on the basis
of microstructural evolution and dislocation
processes:35,42,86,225,353

(1) Continuous DRX (CDRX):
CDRX involves the formation of arrays of low angle
boundaries (LAGBs) and a gradual increase in the
boundary misorientations during hot deformation,
finally leading to the development of new grains.

(2) Discontinuous DRX (DDRX):
DDRX occurs by nucleation and growth of new
grains.

(3) Geometric DRX (GDRX):
GDRX, resulting from the impingement of serrated
grain boundaries, can occur when grains are
extremely elongated by severe hot deformation.

(4) Twinning DRX (TDRX):
TDRX is an important mechanism for plastic defor-
mation in hexagonal close-packed (hcp) metals, e.g.,
magnesium alloys.86 TDRX mechanism involves the
three elementary process: nucleation, transformation
of twin boundaries into random boundaries, and
grain growth.354

(5) Particle-stimulated nucleation (PSN) of
recrystallization

Figure 25. Microstructure of 6061Al-T651 alloy: (a) EBSD orientation map of BM and (b) EBSD orientation map of NZ (our unpublished
data). (© Springer. Reprinted with permission from Feng et al.212 Permission to reuse must be obtained from the rightsholder.)
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PSN has been widely observed in many alloys,
including aluminum, iron, copper, nickel, and
MMCs.152,355,356

It should be emphasized that CDRX and DDRX were
attributed to a phenomenological categorization. CDRX
may occur uniformly, so that the microstructures evolve
gradually without identifiable nucleation and growth
stages. Alternatively, DDRX may occur heterogeneously
throughout the material, and they may be described in
terms of nucleation and growth stages.355 Interestingly,
these mechanisms can occur synchronously and their
respective contributions are difficult to be isolate on the
basis of experimental data.353 Furthermore, it is worth
mentioning that all the proposed recrystallization mech-
anisms during FSW/FSP have been based on the obser-
vations of the final structure.225

Static recovery and recrystallization can occur very rap-
idly at elevated temperatures, and there is a considerable
time lapse after the NZ material has been deformed until
the weld has cooled, which could easily confuse micro-
structural interpretation.200 In this case, some of the nuclei
probably increased their size by high-angle grain bound-
ary (HAGB) migration. The final grain size is generally
determined by the ratio of the rate of nucleation to the
rate of growth of the new grains.357 It was reported that
deformation efficiency for DRX depends on the composi-
tion, crystal structure, deformation history, and stacking-
fault energy (SFE) of an alloy.358 Table 1 lists the summary
of the SFE of some alloys.355,359–362

In an attempt to provide a better understanding of the
material flow and grain structure formation during FSW,
the so-called “stop-action” technique has been developed
by Colligan,363 and popularized by Prangnell and Heason200

and Suhuddin et al.364 Recently, in-situ time-resolved neu-
tron diffraction measurements were performed during
FSW of 6061Al-T6 alloy by Woo et al.199. The results indi-
cated that the subgrain size was about 160 nm and the dis-
location density was approximately 3.2 £ 1015 m¡2 during
FSW, which was 7 times higher than the initial dislocation
density of 4.5£ 1014 m¡2 in the BM.199

3.1.1. Continuous dynamic recrystallization
DRX, which occurs during straining, has long been con-
sidered to be restricted to low SFE metals, e.g., copper,
a-brass, g-iron, and austenitic steels. In the case of low

SFE metals, dislocation climb is difficult, and little recov-
ery of the dislocation structures normally occurs prior to
recrystallization.355 In the high SFE metals, e.g., alumi-
num, a-iron, ferritic steels, where the dislocation mobil-
ity was much larger, dynamic recovery (DRV) was
assumed to be the only operating mechanism.355,365

However, recent studies indicated the presence of fine
dynamically recrystallized grains in FSP 2024Al which
had predominant HAGBs.43

Restoration of aluminum alloys by DRV and DRX
has been well documented in Doherty et al.366 Several
mechanisms of CDRX by which subgrains rotate and
achieve a high misorientation have been proposed,
including lattice rotation associated with slip, lattice
rotation associated with boundary sliding, and subgrain
growth.355

A CDRX mechanism has been proposed to involve
the absorption of dislocations by subgrain boundaries,
under conditions where the subgrains are pinned by sec-
ond-phase particles preventing growth, which increase
the misorientation until they become HAGBs at the
extremely high strain levels seen in FSW.200 However,
high-strain torsion tests on aluminum alloys showed
that during hot deformation subgrain misorientations
generally reach a saturation state at a relatively low levels
of »3� and do not increase significantly with further
straining. The increase in the misorientation of a sub-
grain u in a homogeneously deformed crystal, due to dis-
location adsorption, has been estimated by Pantleon367

as a function of shear strain, g:

uD ffiffiffiffiffiffiffiffiffiffiffiffiffi
gb 6 d

p
(6)

where b is the Burgers vector and d is the cell size. This
relationship predicts that u increases very slowly even at
large strains. For example, for a typical value of b/d of
»10¡4, u is only 3.7� at gD 40, and a strain amount as
high as nearly 103 can merely bring in a misorientation
of 15� required to form a HAGB.200

The CDRX was proposed as an operative dynamic
nucleation mechanism during FSW of 6061Al-T6
alloy368 and Al-Li-Cu alloys.35 Jata and Semiatin35 sug-
gested a dislocation glide assisted subgrain rotation
model. In their model, dislocation glide gives rise to a
gradual relative rotation of adjacent subgrains. However,
it is important to note that many recrystallized grains in
the NZ are finer than the original subgrains. Thus. Su
et al.42 suggested a CDRX model on the basis of DRV.
Fratini and Buffa369 reported a model on CDRX in a
FSW 6082Al-T6 alloy by a neural-network-based
approach. Buffa et al.370 further developed two analytical
models aimed to determine the average grain size due to

Table 1. Characteristics of metallic materials based on Al, Mg, Cu,
Fe, and Ti.355,359–362

Al Mg Cu Fe Ni Ti

Melting temperature, �C 660 649 1085 1538 1455 1668
Room temperature E, GPa 72 45 115 215 200 103
Density, g/cm3 2.7 1.8 8.9 7.9 8.9 4.5
Stacking fault energy, mJm¡2 »170 60–78 »80 »20 128 310

18 Z. Y. MA ET AL.

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
C

on
ne

ct
ic

ut
] 

at
 0

3:
45

 1
9 

Se
pt

em
be

r 
20

17
 



CDRX phenomena in the FSW of 7075Al-T6 alloys,
which have been implemented in a 3D FEM model, and
numerical analyses of the welding processes have been
performed to verify their effectiveness.

3.1.2. Discontinuous dynamic recrystallization
Alternatively, DDRX has been recently proposed as an
operative mechanism for dynamic nucleation process in
FSW/FSP aluminum alloys.225,347,348 During CDRX new
grains develop via a gradual increase in misorientation
between subgrains.225 In contrast, during DDRX new
grains exhibiting HAGBs evolve, i.e., dynamic nucleation
followed by grain growth from the migration of HAGBs.
Su et al.225 reported that DDRX is the mechanism
responsible for the nanocrystalline creation in the FSW/
FSP aluminum alloys. It is apparent that the nanocrystal-
line structures are the result of DDRX under very large
strain and very high strain rate at elevated tempera-
tures.225 While the mechanism and kinetics of the pro-
cess are not clear, the formation of nano-grained
structure suggests a very high nucleation rate during
DRX.225 A condition for the initiation of DDRX may be
given by13:

r3m _e>
2gb

KLMGb5
(7)

where rm is the mobile dislocation density, _e is the
strain rate, gb is the grain boundary energy, K is a con-
stant fraction of the dislocation line energy that is
stored in the newly formed grains, L is the mean slip
distance of dislocations in these grains, M is the bound-
ary mobility, G is the shear modulus, and b is the Bur-
gers vector.

The inequality suggests a strong dependence of the
conditions for DDRX on the mobile dislocation den-
sity:13 a low SFE tends to suppress recovery, leading to
high values of rm. In contrast, for the materials of high
SFE, recovery reduces rm, thereby precluding DDRX,
especially at high strain rates.

3.1.3. Geometric dynamic recrystallization
GDRX occurs when grain boundaries start to impinge
during deformation because of the geometric require-
ments of strain.371 The onset of GDRX may be observed
as the strain increases during DRV when the separation
of prior boundaries approaches a subgrain size.13,355,366

Giles et al.372 reported that the persistence of a shear
type deformation texture in the NZ reflected DRV and
GDRX during FSP of 2099Al-T8 alloy. Robson et al.373

developed a new model for grain formation in the NZ
based on GDRX followed by the grain growth to predict
the grain size in a FSW 2524Al alloy.

GDRX mechanism requires a certain degree of
boundary mobility, which allows wavy boundaries to
develop and pinch off driven by the equilibration of
boundary tensions.200 If GDRX occurs when the bound-
ary spacing approaches one subgrain width, the strain
for the onset of GDRX in plane strain compression can
be predicted by the following equation:374

ecri D ln .Z16 mD0/CC; (8)

where Z is the Zener-Holloman parameter, which deter-
mines the subgrain size for a given temperature and
strain rate, D0 is the original grain size and m and C are
constants.

GDRX is thus more likely at high temperatures and
low strain rates.200 However, pinning particles will delay
GDRX to higher strains than predicted by Eq. (8), due to
their effect on reducing boundary mobility.374 The theo-
retical reduction of a homogeneously deformed grain in
a simple shear can be calculated from375

dD d0
.

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1C g2

p
/

(9)

where do is the initial grain width and d is the grain
width after a shear strain, g.

3.1.4. Twinning dynamic recrystallization
Twinning is an important deformation mode in face-
centered-cubic (fcc) metals with gSFE < 25 mJm¡ 2 (gSFE

is SFE of metals) and in all hcp metals.355 It may also
occur in fcc metals with high values of gSFE and in body-
centered-cubic (bcc) metals if deformation occurs at low
temperatures or high strain rates.355

Murr376 measured the energy of a coherent twin
boundary in a pure aluminum at 450�C to be 0.23 of the
energy of a HAGB. Humphreys and Ferry377 indicated
that annealing twins may be formed during PSN at large
second-phase particles in aluminum alloys.

The recrystallization is a nucleation and growth pro-
cess. Favored sites for the recrystallization nuclei
include grain boundaries, phase interfaces, twin bound-
aries, deformation bands, and the surface of the materi-
als, which are characterized as regions of heavy
distortion, high dislocation density, or strong orienta-
tion gradients.378 Nucleation with low to medium SFEs
can occur frequently by twinning.379,380 subgrain rota-
tion,381 and bulging.382,383 Generally, twinning takes
place at the early stage of plastic flow. Despite the lim-
ited contribution of twinning itself to the overall plastic-
ity, the abrupt change in the orientation due to
twinning would facilitate the reactivation of other slip
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systems.384 Such a “twin” DRX was associated with the
following processes.379

(1) The nucleation occurred either through the inter-
section of various systems or variants of twins or
the rearrangement of lattice dislocations within the
twin lamellae.

(2) The twin boundaries were changed into random
HAGBs at high strains due to their interaction
with mobile dislocations.

3.1.5. Particle-stimulated nucleation
of recrystallization
In MMCs, DRX nucleated in regions of very high dislo-
cation density in the vicinity of reinforcement par-
ticles.385 Inem386 reported that the SiC particles provided
more nucleation sites for the new recrystallized grains by
increasing local strain in the matrix and causing lattice
misorientation. The particles play an important role in
controlling the recrystallized grain size by PSN.152 If
each particle produces one recrystallized grain, the resul-
tant grain size D would be directly related to the volume
fraction Fv and the diameter of particles d by:

D � dFv
¡ 1 6 3 (10)

3.2. Grain structures

A grain boundary, characterized by five degrees of free-
dom,355 is defined as the surface between any two grains
that have the same composition and crystal structure but
different orientations. Based on the symmetry operation,
four types of grain boundaries can be specified:387 twist,
tilt, mixed, and twin. Grain size and the characteristics of
the grain boundaries play a key role in determining vari-
ous physical and mechanical properties.388

3.2.1. Grain size
Rhodes et al.348 reported that the initial sizes of newly
recrystallized grains are on the order of 25–100 nm in a
FSP 7050Al alloy by using a mixed coolant of dry ice
with isopropyl alcohol, which is significantly smaller
than the size of the pre-existing sub-grains, typically
12 mm.348 It is, therefore, postulated that the 2–5 mm
grains usually observed in the FSW/FSP aluminum alloys
arise as a result of nucleation and growth within a heavily
deformed structure.240

The nanocrystalline structures, produced using the
FSP technique combined with rapid cooling by Su
et al.,225,347 consisted of HAGBs and were free of disloca-
tion cell structures. However, dislocations and recovery
structures were observed in the large grains of samples at
slower cooling rates.225 Similarly, Gerlich and Shibaya-
nagi389 reported that the NZ in a friction stir spot welded

Al-4.3Cu-1.4Mg alloy contained random boundaries,
where grains with a dimension of <250 nm were free of
dislocations, and grains having an average dimension of
>500 nm possessed high dislocation densities. The intra-
granular strain during grain boundary sliding (GBS)
decreases with decreasing grain size and accounts for the
low frequency of dislocations within grains having a
diameter of <250 nm.389

Jata and Semiatin35 and Commin et al.85 tried to
explain the relationship between the processing parame-
ters and the resulting microstructure in FSW Al-Li-Cu
alloy and AZ31 magnesium alloys, respectively, via a
temperature-compensated strain rate Z:

ZD _e exp .Q6 RT/; (11)

where _e, Q, R, and T are the strain rate, activation energy,
gas constant, and absolute temperature, respectively.

It is well known that the size of dynamically recrystal-
lized grains is related to the Z value when the strain intro-
duced into the material is high. The Z is routinely used to
explain the development in the structure-property rela-
tionships of hot deformed metals. The relationship
between the NZ temperature and the processing parame-
ters (mainly rotational rate v and welding speed n) for
the aluminum alloys could be expressed as Eq. (12):85

T
Tm

DK
v2

n£ 104

� �a

(12)

where Tm is the melting point in Kelvin, K and a are two
constants, where the exponent a was reported to range
from 0.04–0.06, the constant K is between 0.65 and 0.75.

This means that _e and T during FSW are important
factors for understanding the microstructural evolution
of the NZ.

Sato et al.15 reported that the recrystallized grain size
of the NZ increased exponentially with increasing maxi-
mum temperature. The relationship between the grain
size and the maximum temperature followed the static
grain-growth equation:

D2¡D2
0 DA exp.¡Q 6 RT/t (13)

where in Eq. (13), D0 and D are the initial grain size and
residual recrystallized grain size, A is a constant, Q is the
appropriate activation energy for grain growth, R is the gas
constant, T is the absolute temperature, and t is the time.

The effect of strain rate on the grain size in FSW of
1050Al alloy is summarized in Figure 26.23 It is seen that
the grain size decreases exponentially with increasing
strain rate, where the strain rate during FSW was
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estimated to be between 1.7 and 2.7 s¡1, which was
hardly affected by the rotational rate.23

3.2.2. Characteristics of grain boundary
The grain boundary character is usually quantified using
the misorientation angle across grain boundaries.390 Gener-
ally, grain boundaries are divided into LAGBs, where the
misorientation is less than a certain angle, typically 10–15�,
and HAGBs where the misorientation is greater than
10–15�.355 It has long been recognized that the mobility of
LAGBs is significantly lower than that of HAGBs.355 Com-
pared with the LAGBs, the incoherent HAGBs exhibit a
higher surface energy, typically about 0.3–0.5 J/m2.

The HAGBs in the NZ were first reported in a FSP
7075Al alloy by Mishra and Mahoney,391 and later in a FSP
2024Al alloy by Charit and Mishra.43 (Figure 27). Similar
results have also been reported in other FSW/FSP aluminum

alloys,200,392 magnesium alloy,86 copper,63 and MMCs.153

The fraction of HAGBs in FSP aluminum alloys could reach
as high as 85–97%.392 This is significantly higher than that
obtained in conventional thermomechanically processed
aluminum alloys, with a typical ratio of 50–65%.393

The HAGBs are typically of non-equilibrium nature
in a high-energy state in the aluminum alloys produced
by ECAP.394,395 The physical width of a grain boundary
is determined by the degree of the non-equilibrium state
of grain boundary structure.395 The boundaries produced
through SPD are good sinks for dislocations.390 Kang
et al.396 reported that compared with the BM, the TMAZ
exhibits a high fraction of LAGBs which might be due to
the SPD without recrystallization.

It is interesting to note that the misorientation distri-
bution developed during FSW approaches a theoretical
distribution for random orientations of fully annealed
grains in cubic materials derived by Mackenzie,397 as
shown in Figure 28.398 Similar results have been observed
by Motohashi et al.399

3.2.3. Abnormal grain growth
AGG, sometimes called secondary recrystallization,355

frequently occurs in the NZ of FSW/FSP aluminum
alloys,25,44,52,400,401 magnesium alloys,78 composite,402,403

and steel,404 because the fine-grained structure was
inherently instable, which was explained by the theory of
cellular microstructure proposed by Humphreys.405

AGG has been recognized as a critical issue during the
post-processing heat treatment and superplastic forming
of FSW/FSP aluminum alloys.25,28,406,407 AGG would
deteriorate the strength of FSW/FSP heat-treatable high-
strength aluminum alloys406 and steel.404 The stability of
the fine-grained microstructure at high temperatures
should be an important consideration.

Figure 26. Relationship between grain size after thermomechani-
cal treatments and effective strain rate after FSW. The grain sizes
of NZ at three rotational speeds are shown with arrows on the
corresponding curves. (© Elsevier. Reprinted with permission
from Masaki et al.23 Permission to reuse must be obtained from
the rightsholder.)

Figure 27. Grain boundary misorientation distribution in FSP aluminum alloys: (a) 7075Al alloy and (b) 2024Al alloy, indicating formation
of a larger fraction of HAGBs. (© Elsevier. Reprinted with permission from Charit & Mishra.43 Permission to reuse must be obtained from
the rightsholder.)
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Figure 28. Microstructure of FSP Al-Mg-Sc alloy: (a) EBSD map and (b) grain boundary misorientation angle distribution. (© Elsevier.
Reprinted with permission from Liu et al.398 Permission to reuse must be obtained from the rightsholder.)

Figure 29. OMs showing the extent of AGG in a 7075Al alloy heat-treated at 490�C for 1 h. (© Elsevier. Reprinted with permission from
Charit & Mishra.25 Permission to reuse must be obtained from the rightsholder.)
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Figure 29 shows the optical micrographs of a heat-
treated FSP 7075Al alloy with AGG features.25 AGG was
also observed in all three FSW 6063Al, 6% B4C/6063Al,
and 10.5% B4C/6063Al joints, as shown in Figure 30.403

Mironov et al.78 reported that thermal stability in differ-
ent parts of the NZ was very different, grain growth was
fairly abnormal and directional and the shapes of devel-
oped grains resembled flow patterns inherent to the
FSW structure. They showed that all peculiarities of the
grain growth behavior could be explained in terms of
heterogeneous distribution of second phase particles
resulting from FSW/FSP.78 Grain coarsening often initi-
ated at the peripheral regions around the NZ of FSW
materials,44,406 and the size of abnormally coarse grains
can vary significantly across the NZ.44,46 Development of
these grains was heavily influenced by the onion ring
structure,28,44,46,406 and the growth front was macroscop-
ically uniform while it had some extent of fluctuation
from the microscopic view.44,406 The main factors that
can affect the onset of AGG are as follows:46

(1) anisotropy in grain boundary energy and mobility;
(2) reduction in pinning forces due to coarsening and/

or dissolution of particles; and
(3) thermodynamic driving forces due to grain size

distribution.
The temperature of microstructural instability in a

FSP Al-Zn-Mg-Sc alloy could be related to the dissolu-
tion of all the “metastable” Mg-Zn precipitates (shown
by an arrow in Figure 31) that started dissolving before
390�C, and finally disappeared at 440�C.46 A detailed

analysis of the influence of particle coarsening and disso-
lution on AGG has been conducted by Humphreys.408

The AGG was possible when the pining parameter, P, is
0.25<P<1 (PDaFvR 6 d, where a is a constant 3 or 6
depending on whether the particle is incoherent or
coherent with the matrix, respectively, Fv the total vol-
ume fraction of particles, R the average grain radius, and
d the particle diameter).355 Charit and Mishra46 indi-
cated that the dissolution of Mg-Zn precipitates at the
grain boundaries would gradually reduce the dimension-
less pinning parameter (P), and thus the evolving micro-
structure moved to the regime where AGG dominates.

Attallah et al.406 found that FSW parameters appreci-
ably affected the extent of AGG. Mironov et al.400

revealed that the dominated Brass {110}<112>, R
{124}<211>, and S {123}<634> texture components
were produced by AGG in FSW 1050Al alloy. Jana
et al.409 reported that single FSP pass runs showed some
extent of AGG, whereas multi-pass runs were more resis-
tant to AGG. Therefore, the microstructural uniformity
is one key aspect for avoiding AGG.25 FSW/FSP alumi-
num alloys often underwent AGG in the PWHT.406 In
order to inhibit AGG, careful attention must be given to
the PWHT processing routes for FSW/FSP aluminum
alloys.407,410,411

3.3. Dissolution and re-precipitation

Aluminum alloys are roughly classified into precipita-
tion-hardened alloys and solid-solution-hardened

Figure 30. AGG in NZ after T6 heat treatment. (© Elsevier. Reprinted with permission from Chen et al.403 Permission to reuse must be
obtained from the rightsholder.)
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alloys.40 FSW creates a softened region around the weld
center in the precipitation-hardened aluminum
alloys.40,412,413 FSW could be considered as a local hot-
working process. The resulting temperature gradient
produced a range of precipitates from the center of the
NZ to the BM.32 A solid-state type of phase transforma-
tion occurred during cooling of the weld.36 The precipi-
tate distribution was strongly influenced by the thermal
hysteresis.34,42 As mentioned earlier, the maximum tem-
perature could approach »0.8 Tm or even 0.95 Tm

15,31

which would well exceed the solvus temperature of many
precipitation-hardened aluminum alloys. As a result, the
microstructure across the weld would exhibit various
degrees of partial solution treatment.14

The aging precipitation sequences in precipitation-
hardened aluminum alloys begin with the formation
of intermediate phases, i.e., Guinier-Preston (GP)
zones and metastable phases.14 Two types of precipita-
tion occur in C curves in aluminum alloys
(Figure 32).414 One is the precipitation of copper,
magnesium, zinc atoms at lower temperatures (20–

400�C), contributing to the age hardening. The other
is the precipitation of zirconium, chrominum, manga-
nese atoms at higher temperatures (350–550�C), con-
tributing to inhibiting grain growth. Starink et al.26

reported that in FSW/FSP materials, the mechanisms

Figure 31. Bright field TEM images captured during in situ TEM heating experiment of a representative foil of FSP Al-Zn-Mg-Sc alloy
sample at (a) room temperature, (b) 230�C, (c) 310�C, (d) 390�C, (e) 410�C, and (f) 440�C. (© Elsevier. Reprinted with permission from
Charit & Mishra.46 Permission to reuse must be obtained from the rightsholder.)

Figure 32. C-curves for precipitation in aluminum alloys. (© Trans
Tech Publications. Reprinted with permission from Yoshida.414

Permission to reuse must be obtained from the rightsholder.)
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for increasing the critical resolved shear stress (CRSS)
of the slip systems are:

(a) precipitation strengthening;
(b) solid solution strengthening;
(c) dislocation strengthening;
(d) grain boundary strengthening; and
(e) crystallographic orientations of grains.
Each of these factors can have a substantial influence

on the strength. However, in heat-treatable alloys, the
strength is generally dominated by precipitation
strengthening.26 Many types of models are available for
modeling the precipitation evolution taking place during
non-isothermal processes in metallic alloys.10 These ana-
lytical models use the Johnson-Mehl, Avrami, Kolmo-
gorov (JMAK) formalism for the nucleation and growth
of the precipitates and the Whelan formalism for the dis-
solution process.10

3.3.1. 5xxx-series aluminum alloys
5xxx-series aluminum alloys, with magnesium as a
major constituent up to »5% in solid solution,415 are
non-heat-treatable and have high strength with good
ductility through cold working, together with excellent
corrosion resistance and weldability.416 Magnesium
atom is larger than the parent aluminum atom in a
solid solution, and this induces lattice distortion and
stress field, thus increasing work-hardening rate, yield,
and tensile strengths compared with commercially pure
aluminum.417

Generally, FSW does not result in softening in the
solid-solution hardened aluminum alloys.412 Svensson
et al.418 note that the hardness profile mainly depends on
the dislocation density, because the main hardening
mechanism is strain hardening in this series of alloys.
Since the solid-state FSP does not result in a loss of solute
atoms by evaporation and segregation via solidification,
solute atoms are even more homogeneously distributed
in the weld, producing the homogeneous hardness pro-
files in FSW 5xxx-series aluminum alloys.40

Unlike the age hardenable aluminum alloys, the
microstructure in 5xxx-series aluminum alloys is basi-
cally composed of the Al-Mg phase with small
amounts of Mg2Si, Al3Fe, and Al6(Mn,Fe).412,419,420

The dissolution of the iron intermetallic phases at
above 320�C and the re-precipitation below 300�C
suggest that the grain growth is limited either by iron
solute segregation at the grain boundaries or by the
Zener drag action if the solutes heterogeneously pre-
cipitate.421 The solvus temperatures of Al6(Fe,Mn)
and Mg2Si are reported to be approximately 635�C
and 637�C, respectively. These temperatures are
higher than the solidus temperature of 5083Al
(575�C).40 Thus, only a nucleation, growth, and

coarsening process could result in the formation of
Al6(Fe,Mn) precipitates during FSP.422

3.3.2. 2xxx-series aluminum alloys
2xxx-series Al-Cu-(Mg) aluminum alloys are precipita-
tion-hardened alloys with several metastable phases
formed in its phase-decomposition process.423 It is
widely accepted that the phase decomposition in the Al-
Cu-Mg alloys is as follows: SSS ! GP zone ! u

00!
u

0! u phase (Al2Cu)
362,424 and SSS ! GP zone ! S

0!
S phase (Al2CuMg),425 where SSS stands for the supersat-
urated solid solution. The hardening phase in the Al-Cu-
Mg alloys depends on the Cu-to-Mg ratio.198 Although,
the complete precipitation sequence is still under debate,
it is generally accepted that the microstructure of the Al-
Cu-Mg alloys in the T351 state consists of the GP or
Guinier-Preston-Bagaryatskii (GPB) zones.198

Genevois et al. 198 indicated that in the NZ of FSW
2024Al alloy, the high temperature results in a smaller frac-
tion of coarse S

0
.S/ and a high level of available solutes.

Consequently, the GPB zones could nucleate after welding,
leading to a higher hardness.198 In addition, the hardness
profile greatly depends on the precipitate distribution and
only slightly on the grain and dislocation structures.198.
Jones et al.196 reported that an inner HAZ hardness mini-
mum was a result of an overaged S phase, whereas an outer
minimum was believed to be due to the dissolution of pre-
cipitates in a FSW 2024Al-T351 alloy joint.

Litynska et al.426 reported that in a FSW Al-6Cu-
0.75Mg-0.65Ag (wt.%) alloy, the primary strengthening
phase previously existent in the BM was dissolved in the
NZ, while those in the HAZ coarsened considerably, caus-
ing softening inside the HAZ. Precipitates of the
V .Al2Cu/ phase grew up to 200–300 nm in the HAZ, but
their density decreased, which co-existed with u

00
.Al2Cu/,

S
0
.Al2CuMg/, u .Al2Cu/, and s .Al5Cu6Mg2/ phases.

426

Recently, Zhang et al.56 conducted a detailed investiga-
tion on the microstructural evolution of FSW 2024Al-
T351 joints during welding and subsequent natural aging.
Similar to Jones et al.’s report,196 two low-hardness zones
(LHZs) were identified in the HAZ on both AS and RS.
The LHZs near and far from the NZ were defined as LHZ
I and LHZ II, respectively. It was found that LHZ I experi-
enced an overaging process with the dissolution of GPB
zones and solute clusters, as well as the formation and
coarsening of S phases, whereas the dissolution of the GPB
zones and the decomposition of solute clusters occurred in
LHZ II (Figure 33).56 During the long-term post-weld nat-
ural aging, no formation of the GPB zones were detected
in both LHZ I and LHZ II, however, the number densities
of Cu-Mg, Cu, and Mg clusters increased in LHZ II, as ver-
ified by atom probe tomographic (APT) analyses S
(Figure 34), resulting in a slow recovery of hardness.56
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Figure 33. Bright-field TEM micrographs and associated diffraction patterns of FSW 2024Al-T351 alloy joint (800 rpm-100 mm/min) with
a [100] zone axis: (a) and (b) BM, (c) LHZ I, and (d) LHZ II. (© Elsevier. Reprinted with permission from Zhang et al.56 Permission to reuse
must be obtained from the rightsholder.)

Figure 34. Effect of aging time on number densities of clusters of samples FSW 2024Al-T351 alloy joint (800 rpm-100 mm/min):
(a) Cu-Mg clusters, (b) Cu clusters, and (c) Mg clusters. (© Elsevier. Reprinted with permission from Zhang et al.56 Permission to reuse
must be obtained from the rightsholder.)
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The third-generation Al-Li alloys are highly promis-
ing aerospace materials due to their low density, high
specific strength, excellent corrosion resistance and super
plasticity.427–429 The typical strengthening precipitates of
third-generation Al-Li alloys are Al2CuLi (T1), Al2Cu
(u

0
), Al3Zr (b

0
), Al3Li (d

0
), and Al2CuMg (S

0
)

phases.428,430,431 Sidhar and Mishra431 reported the aging
kinetics of FSW 2195 and 2199 Al-Li alloys. The results
indicated that Ag containing alloy 2195 showed faster
aging response compared to Ag-free alloy 2199.431 Liu
et al.432 found that with increasing the rotational rate,
material in the TMAZ on the RS was extended increas-
ingly to the NZ for FSW 2060-T8 Al-Li alloy.

3.3.3. 4xxx-series aluminum alloys
Al-Si cast alloys exhibit high wear resistance, strength,
thermal conductivity, and low thermal expansion coeffi-
cient, and good casting characteristics.433 Magnesium
and copper are usually the main alloying elements of the
Al-Si alloy. It is well accepted that two precipitation
sequences are mainly responsible for the precipitation
hardening of Al-Si-Mg and Al-Si-Cu alloys, respectively,
i.e., SSS ! GP zone ! b

00! b
0! b phase (Mg2Si) and

SSS ! GP zone ! u
00! u

0! u phase (Al2Cu). Al2Cu
and Mg2Si are the principal strengtheners in the peak
aged condition.434 Besides these two phases, some other
precipitate phases co-exist in aged Al-Si-Cu-Mg alloys,
i.e., W (AlxCu4Mg5Si4) and S (Al2CuMg) phases.435

The as-cast structure of Al-Si-Mg-(Cu) alloys is char-
acterized by the presence of porosity, coarse acicular Si
particles, and coarse primary aluminum dendrites.6 FSP
resulted in the significant breakup of coarse acicular Si
particles and coarse primary aluminum dendrites, the
closure of casting pores, and the uniform distribution of
broken Si particles in the aluminum matrix.436,437 In

addition, most of the Mg2Si precipitates dissolved during
the short period of the FSP cycle, which was attributed to
significantly accelerated diffusion rates and shortened
diffusion distances of the solutes resulting from intense
plastic deformation and material mixing.6,24,436

Cui et al.438 investigated the effect of multi-pass
FSP on the Mg2Si precipitates of as-cast A356 at a
rotation rate of 3,000 rpm and a travel speed of
300 mm/min. It was reported that two precipitation
peaks corresponding to b00-Mg2Si phase and b0-Mg2Si
phase, respectively, were identified in the DSC curves
of the as-cast and multi-pass FSP A356 samples
(Figure 35).438 It is noted that the b}-Mg2Si peak in
the 5-pass FSP sample was slightly higher than that
in the 2-pass FSP sample, but far higher than that in
the single-pass sample, and all of these peaks were
apparently higher than that in the BM. This indicates
that the amount of dissolved Mg atoms during FSP
increased as the FSP passes increased. This has been
attributed to that FSP resulted in an increase in the
strength of the BM, the process temperature of subse-
quent FSP passes would increase due to a higher
deformation resistance, which led to an increase in
the amount of dissolved Mg atoms.438

3.3.4. 6xxx-series aluminum alloys
In 6xxx-series aluminum alloys, magnesium and silicon as
the major alloying elements, render precipitation strength-
ening.212,439 Alloying elements such as silicon, manganese,
iron, etc., could have a significant influence on the forma-
tion of intermetallic phase.440–442 Various coarse intermetal-
lic particles (typically 1 pct) with sizes ranging from
¡10 mm depending on the alloy chemical composition,
were identified as Al7Cu2Fe, Al5FeSi, Al12(Fe,Cr,Mn)3Si, or
stable b (Mg2Si) phase in 6xxx-series alloys.

443–446 Typically,
chromium, manganese and zinc were added to aluminum
alloys to control recrystallization and grain structure.447

The presence of grain-refining element chromium resulted
in the precipitation of Al12Mg2Cr dispersoids.

443,448

It was generally recognized that the precipitation
sequence of the Al-Mg-Si alloys was as follows:439,449 SSS
! atomic clusters450 ! initial b

00450,451 ! (pre-b
00 450,452/

needle-shaped b
00
precipitate453–455) ! (rod-shaped pre-

cipitates b
0
/-lath-shaped B

0
precipitates456,457/U1, U2458)

! (b-Mg2Si,
457,459/Si458).

As an example, Figure 36a shows a scanning trans-
mission electron microscopy (STEM) image of a high
density of fine needle-shaped precipitates and the
coarse dispersoids in a 6061Al-T651 as indicated by a
white arrow, which consisted of aluminum, chro-
mium, manganese, iron, and silicon as revealed by
the energy dispersive X-ray spectroscopy (EDS) spec-
trum inserted at the upper-right corner on the

Figure 35. DSC curves of as-cast and multiple-pass FSP A356
samples at a rotational rate of 1500 rpm and a travel speed of
300 mm/min. (© Springer. Reprinted with permission from Cui
et al.438 Permission to reuse must be obtained from the
rightsholder.)
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image.212 After FSW, the NZ of the FSW 6061Al-
T651 alloy was characterized by fine and equiaxed
recrystallized grain structure and the fine needle-
shaped precipitates were completely dissolved into the
aluminum matrix. However, the coarse dispersoids
were still seen in the NZ due to high thermal stabili-
zation stemming from high melting point of the dis-
persoids (Figure 36b).212

3.3.5. 7xxx-series aluminum alloys
The 7xxx-series aluminum alloys are precipitation-hard-
ened Al-Zn-Mg-(Cu) alloys. Zinc and magnesium are the
main alloying elements. The undesirable iron and silicon
impurities are present in the form of coarse constituent
particles, i.e., Al7Cu2Fe, Al2CuMg, and Mg2Si.

51,460,461

Zirconium or chromium is added to retard recrystalliza-
tion and control the grain size.42 The usual precipitation
sequence of the 7xxx-series aluminum alloys can be sum-
marized as: SSS ! GP zone ! metastable h

0
(Mg(Zn,Al,

Cu)2)! stable h (MgZn2).
462

After FSW, the NZ was characterized by a fine and
equiaxed recrystallized grain structure.51,463 No fine pre-
cipitates were observed via transmission electron micros-
copy (TEM) examinations (Figure 37).51 This indicates
that FSW resulted in the dissolution of fine h 0 phase.
Similar results have also been observed by Mahoney
et al.32 Dumont et al.464 reported that although complete
dissolution occurred in the NZ, it recovered some hard-
ness upon cooling and subsequent natural aging. During
this period, GP zones nucleated and grew in regions in
which supersaturation was sufficient.464

However, Rhodes et al.31 reported a high density of ran-
domly oriented intragranular precipitates of Mg32(Al,Zn)49
with sizes of 60–80 nm that reprecipitated during the FSW
process. Charit et al.28 reported that there were two main
types of particles in FSW 7475Al alloy, i.e., plate-shaped

MgZn2 precipitates and the chromium-rich spherical
Mg3Cr2Al18 dispersoids that remained almost unchanged.
The transients and gradients in the strain, strain rate, and
temperature were inherent in the thermomechanical cycles
of FSW.13 Therefore, the distribution, size, and types of
precipitates were characterized as sharp spatial gradients in
the transition from the BM to the center of the NZ.

3.4. Characteristic microstructures

In the FSW joints, characteristic microstructures, includ-
ing onion-ring structure, segregation band, zigzag line,
and kissing bond, are formed in the NZ, which are attrib-
uted to the unique and complex deformation mode in
FSW/FSP. These characteristic microstructures usually
exert significant influences on the mechanical properties
and fracture behavior of the FSW joints of aluminum
alloys and therefore attract significant research efforts.

3.4.1. Onion-ring structure
On the transverse cross-section of the NZ, periodic flow
pattern consisting of concentric “onion rings”, named as
onion-ring structure, were often observed.188,465,466

Recently, 3D material flow in thick dissimilar AirwareTM

2050 fiction-stir butt welds and the coexistence of onion
rings and serrated interface were reported in Fenoel
et al.188 These rings are also evident in other cross-sec-
tion orientations through the NZ.467 The NZ can be sec-
tioned along three orientations, i.e., transverse section
(XOZ), longitudinal section (YOZ), and horizontal sec-
tion (XOY) (Figure 38).466 These onion rings represent a
typical feature of the NZ in the FSW/FSP materials. The
formation of the onion rings has been explained by the
geometrical effect466,467 the periodic variations in grain
sizes,468 particle-rich bands,152,242,392,469,470 grain orienta-
tion,471 and texture variations.49,471

Figure 36. Microstructure of FSW 6061Al-T651 alloy: (a) STEM image showing coarse dispersoids and uniformly distributed tiny
precipitates in BM (insert showing EDS spectrum of coarse dispersoid as indicated by a white arrow) and (b) TEM image show-
ing fine and equiaxed grains in NZ. (© Springer. Reprinted with permission from Feng et al.212 Permission to reuse must be
obtained from the rightsholder.)
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Figure 38. (a) schematic illustration of FSP and macroscopic images of SZ in FSP 5083Al alloy, (b) onion skin on top surface of FSP sam-
ple, (c) onion rings in plane XOY, (d) onion rings in longitudinal section (YOZ), and (e) onion rings in transverse section (XOZ). (© Elsevier.
Reprinted with permission from Cui et al.466 Permission to reuse must be obtained from the rightsholder.)

Figure 37. TEM images of FSW 7075Al-T651 alloys showing (a) subgrain structure and (b) tiny and uniformly distributed precipitates in
BM; (c) grain structure and (d) second-phase particle with EDS spectrum in NZ. (© Springer. Reprinted with permission from Feng
et al.51 Permission to reuse must be obtained from the rightsholder.)

CRITICAL REVIEWS IN SOLID STATE AND MATERIALS SCIENCES 29

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
C

on
ne

ct
ic

ut
] 

at
 0

3:
45

 1
9 

Se
pt

em
be

r 
20

17
 



Based on the flow characteristics of material during
FSW/FSP, Cui et al.466 proposed a set of equations to
describe the horizontal onion ring patterns in the form of

xD r cosvtm
yD ðvtm�rsinvtmÞcosa .tmD t C 2.n¡ 1/p 6 v;

0 � t �p 6 v;

n D 1; 2; 3 . . . / ; (14)
where x and y are the coordinates of the pattern, r is the
radius of the tool shoulder (for onion-skin) or the radius
of the onion ring, v is the welding speed (mm/min) of
the tool, v is the rotational rate (rpm) of the tool, a is
the tilt angle of the tool, and tm is the time for formation
of the onion skin/ring.

As shown schematically in Figure 39,466 trace point A
will move to trace point A’ as the time increases from t0
to t. The pattern in the NZ is actually a three-dimen-
tional configuration. Therefore, the observed pattern is
the projection of the 3D configuration on the plane paral-
lel to XOY (Figure 38a).466 Since the tilt angle a is in the
YOZ plane, the coordinate of the pattern along the Y
direction should be modified by cosa as shown in Eq. (9).

Two main factors that may cause such a periodic
oscillation in the deformation are threads on the
rotating tool and the eccentricity of the tool.472

Figure 40b reveals that the bands observed in
Figure 40a correlate to a periodic variation in the
average grain orientation aligned with the plate nor-
mal direction.472 The grain orientations vary between

Figure 40. (a) optical macrograph of plane at 10.4 mm below top surface sectioned from FSW 2195Al alloy, (b) EBSD map of grain orien-
tations along viewing direction from indicated regions in (a), and texture information (110 and 111 pole figures in stereographic projec-
tion and and ’2 D 0� and ’2 D 45� orientation distribution function (ODF) sections) from 100 mm regions along vertical welding
direction. (© Elsevier. Reprinted with permission from Fonda & Bingert.472 Permission to reuse must be obtained from the rightsholder.)

Figure 39. Schematic drawing for deriving Eq. (14) (© Elsevier. Reprinted with permission from Cui et al.466 Permission to reuse must be
obtained from the rightsholder.)
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a near¡<111> orientation (blue) and a near¡<110>
orientation (green) with a periodicity measured to be
approximately 570 mm.472

Texier et al.473 reported that near-surface mechanical
heterogeneities were observed in a dissimilar FSW joint
of 2024Al-T3 and 2198Al-T3 alloys, as shown in
Figure 41. The results indicated that the shoulder-
affected regions exhibited heterogeneous banded macro-
structures in the top region of the joint, and these bands

tended to vanish few hundreds of micrometers beneath
the surface.473

3.4.2. Linear segregation band
In addition to the onion-ring structure, linear segrega-
tion bands consisting of second phase particles were
sometimes detected in the shoulder-driven zone (SDZ)
of the NZ in the FSW joints of precipitation-strength-
ened aluminum alloys. Such linear segregation bands
exhibited different distribution characteristics from the
onion-ring structure, as shown by the black lines in
Figure 42a.474 Under higher magnifications, continuous
linear segregation bands were clearly visible in both opti-
cal microscopy (OM) and scanning electron microscopy
(SEM) images (Figure 42 and 42c).474 Moreover, almost
all the secondary phase particles in the matrix were dis-
solved as shown by the SEM image (Figure 42c).474 The
magnified image of the arrow zone in Figure 42c shows
that secondary phase particles segregated at the grain
boundaries and the linear microstructure consisted of
countless secondary phase particles at the grain bound-
aries (Figure 42d).474

It is believed that the formation of the linear segre-
gation bands resulted from the periodic material flow,
with the average band spacing on the longitudinal
and horizontal cross sections equal to the tool
advancement per revolution and an equation DD n�.2
p 6 v/�cosa was proposed to predict the spacing D
between two adjacent lines along the y direction.474 It
was suggested that the secondary phase particles formed
the phase aggregation bands at the high strain rate gra-
dient region and were then partially broken and dis-

Figure 42. Segregation bands on transverse cross sections of (a) FSW 2024Al-T351 alloy joint produced at a tool rotational rate of
800 rpm and a welding speed of 200 mm/min, magnified (b) OM and (c) SEM images of position B in (a), and (d) magnified image of
arrow zone in (c).474

Figure 41. Correlation between banded macrostructure, local
mechanical properties and crystallographic texture. The <110>
fiber aligned with the material flow direction (green area on the
EBSD scan) correspond to HDB and LHB. (a) Emphasis on high
hardness bands (HHB)/low hardness bands (LHB) pattern. (b)
Emphasis on high deformation bands (HDB)/low deformation
bands (LDB) pattern. (© Elsevier. Reprinted with permission from
Texier et al.473 Permission to reuse must be obtained from the
rightsholder.)
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solved under the SPD and heat input. Meanwhile, the
dissolved elements migrated to the long straight grain
boundaries and re-precipitated following welding,
forming the liner segregation bands.

3.4.3. Zigzag line
On the transverse section of the NZ of the FSW joints of
aluminum alloys, a distorted faint line pattern, called the
“zigzag line” or “lazy S”, was sometimes observed.176,475,476

The zigzag line, which runs through the whole NZ from
the bottom to the top or appears only at the root of the

SZ, was usually generated under lower heat-input welding
condition and showed up after the weld was etched.
Figure 43 shows the effect of welding heat input on the
zigzag line in FSW Al-Mg-Sc alloy joints.176 At a low heat
input with a welding speed of 400 mm/min, the zigzag
line was obviously visible on the transverse section of the
NZ as shown by the arrow (Figure 43a), however, at a
high heat input with a welding speed of 100 mm/min, the
zigzag line could hardly be detected (Figure 43b).176

Generally, the zigzag line is believed to result from the
oxide layer on the initial butt surfaces of aluminum plates.

Figure 44. Microstructure of kissing bond at root tip of NZ of FSW Al-Mg-Sc alloy joint (400 rpm-400 mm/min): (a) lower and (b) higher
magnification images under OM, and (c) image under SEM. (© Elsevier. Reprinted with permission from Tao et al.176 Permission to reuse
must be obtained from the rightsholder.)

Figure 43. Cross-sectional macrographs of FSW Al-Mg-Sc alloy joints showing the zigzag line under different rotational rates at a con-
stant welding speed of 100 min/min: (a) 400 rpm and (b) 800 rpm (AS is on the right). (© Elsevier. Reprinted with permission from Tao
et al.176 Permission to reuse must be obtained from the rightsholder.)
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Sato et al.475 observed the microstructure in the root tip of
the zigzag line of FSW 5052Al alloy by focused ion beam-
(FIB) assisted TEM. They suggested that the zigzag line
originated from the oxide layer of the initial butt surface
that was fragmented during FSW. Ren et al.476 conducted
a comparative study of FSW and FSP of 7075Al-T651,
and clearly indicates that the oxide layer of the initial butt
surface resulted in the occurrence of the zigzag line.
Furthermore, they indicated that the zigzag line in
FSW aluminum alloy butt joints could not be completely
eliminated by clearing the surface oxide layer prior to
welding.

3.4.4. Kissing bond
Different from the local and discontinuous oxide particle
distribution along the zigzag line, the kissing bond con-
sisting of a continuous oxide film is only observed at the
root tip of the NZ,176,477,478 as shown by Figure 44.176

The kissing bond are prone to forming in the low heat-
input conditions,262,479 due to a lack of oxide layer
disruption and insufficient material flow. Tao et al.176

indicated that increasing the traverse speed from
100–400 mm/min gave rise to a longer kissing bond in
the FSW Al-Mg-Sc alloy joints.

3.5. Texture

The presence of texture or preferred orientation influences
a variety of properties, including strength, ductility, form-
ability, and corrosion resistance.4 In the past few years,
extensive studies have focused on the texture analysis of the
FSW/FSP aluminum alloys.16,39,49,396,412,472,480,481 It was
reported that the texture in the NZ is either weak or present

Figure 46. Schematic illustration of {111} tetrahedrons formed at
weld center during FSW. (© Springer. Reprinted with permission
from Sato et al.39 Permission to reuse must be obtained from the
rightsholder.)

Figure 47. Schematic illustration of effect of shear stress arising
from tool shoulder on shear plane inclination at weld center.
(© Springer. Reprinted with permission from Sato et al.39

Permission to reuse must be obtained from the rightsholder.)

Figure 45. A representative orientation image from a complete
cross section of FSW 1100Al alloy at a rotational rate of 700 rpm
and a welding speed of 180 mm/min. Color key shows poles
aligned with normal direction of plate.16 (© Elsevier. Reprinted
with permission from Field et al.17 Permission to reuse must be
obtained from the rightsholder.).

Figure 48. Relationship between material flow during FSP and
texture variation: (a) material flow (dashed line) during FSP and
(b) through-thickness contour plot of reduced intensitites of
(111) along ND in Case 1 (Case 1: a regular FSP plate subjected to
both SPD and frictional heating). (© Elsevier. Reprinted with per-
mission from Woo et al.480 Permission to reuse must be obtained
from the rightsholder.)
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in a complex pattern such as the typical shear texture com-
ponent induced by the rotating shear plastic flow along the
pin surface.39,73 Furthermore, strong texture gradients are
not only in the transition from the BM to the NZ, but also
from point to point within the NZ itself.482 It is shown that
the local textures are directly related to the welding parame-
ters, i.e., the tool rotational rate and welding speed. The
strong gradients in crystallographic texture can be observed
through the NZ of the weld of 1100Al alloy (Figure 45).16

Sato et al.39 noted that the Goss texture in the parent
6063Al alloy changed to a typical shear texture

component with two types of orientations in the NZ. At
the backside of the tool, the common {111} plane and
<110> direction are roughly parallel to the pin surface
and the rotating direction of the tool as schematically
shown by two {111} tetrahedrons in Figure 46.39 The for-
ward motion of the tool shoulder produces the shear
stress toward the WD (Figures 46 and 47).39 Figure 48
shows that the shear texture is mainly caused by the
severe shear deformation from the stirring action of tool
during FSP.480 Woo et al.480 also observed that the heat-
ing alone from the tool shoulder has little effect.

The shear generated by the rotating pin is the predom-
inant mechanism influencing the microstructure/texture,
with the tool forward motion having less influence.481 The
orientation imaging microscopy (OIM) clearly shows
near-vertical bands, which decrease in thickness from the
center to the edge, of alternating near <110> (green) and
near <111> (blue/purple) grain orientation, across the
whole NZ (Figures 49 and 50).481 The spacing between
the bands is believed to be equivalent to the tool advance
per revolution. Interestingly, this rotational symmetry sug-
gests that the predominant deformation parameter should
be the rotation of the pin, with the forward motion of the
tool having a less significant influence on the deformation
gradient experienced by the material.481

Xu and Deng49 reported that the texture patterns are
complex but a dominant theme is the appearance of bands.
The banded pattern on the transverse cross-section is often
in the form of onion rings, as described above. The spacing
between the bands on the longitudinal and horizontal
cross-sections equals the distance traveled by the welding

Figure 50. (a) EBSD inverse pole Figure (IPF) colouring map with respect to ND for region indicated in Figure 49, (b) IPF colouring map
after rotational correction with respect to r direction, with resultant (111) pole Figures below map, (c) texture components map after
rotational correction with B (red), B (yellow) and C (blue). (© Elsevier. Reprinted with permission from Ahmed et al.481 Permission to
reuse must be obtained from the rightsholder.)

Figure 49. Optical macrograph of transverse section of FSW joint
(the rectangle shows region where EBSD mapping took place. Thin
dashed black lines are at § 20� from the vertical direction. WD is
out of paper). (© Elsevier. Reprinted with permission from Ahmed
et al.481 Permission to reuse must be obtained from the rightsholder.)
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tool in one revolution. The texture patterns are observed to
correlate well with equivalent plastic strain contours from
simulations of the corresponding FSW process.49 The crys-
tallographic texture that evolves during FSW contains sharp
spatial gradients that undoubtedly influence the perfor-
mance and structural integrity of the weld.16 Park et al.73,483

reported that the texture variation can strongly affect the
tensile properties in a FSW AZ61 magnesium alloy.

4. Mechanical properties

FSW has many advantages over the traditional fusion
welding processes, including the absence of cracking,
fine microstructure, good dimensional stability, low
residual distortion, and excellent mechanical properties.4

The FSW joints are made in the solid state with a fine-
grained microstructure, exhibiting superior tensile,
fatigue, creep, and bend properties compared with the
conventional fusion welds.39,484–487

4.1. Hardness

As described above, the aluminum alloys are classified
into precipitation-hardened alloys and solid-solution-
hardened alloys.4 Although the precipitation-hardened
aluminum alloys are readily weldable by FSW, a severely
softened region in the HAZ would occur, which was
basically characterized by the dissolution or coarsening
of the originally existent primary strengthening precipi-
tates during the thermal cycle.34 Frictional heating dur-
ing welding has the most significant impact on the
hardness profiles in the welds of precipitation-hardened
aluminum alloys, because the volume fraction, size, and
distribution of the strengthening precipitates are remark-
ably influenced by thermal hysteresis.39 The hardness
profiles depend greatly on the precipitate distribution
and only slightly on the grain size.34,39

Figure 51 shows typical microhardness contour maps
of the FSW 7075Al-T651 alloy joints made with different
FSW parameters.51 The slight asysmmetry of the weld
was noticeable between the AS and RS.51 Two LHZs,
located in the HAZs adjacent to the border between the
TMAZ and HAZ, were obviously observed. The exis-
tence of LHZs was mainly attributed to the dissolution
or coarsening of precipitates,175 or related to crystallo-
graphic texture,38,488 and grain/subgrain structure.488 As
the welding speed increased from 100 to 400 mm/min at
a constant rotational rate of 800 rpm, the width of the
LHZs decreased and the hardness values increased; fur-
thermore, the location of the LHZs moved inward. As
the rotational rate increased from 800 to 1200 rpm at a
constant welding speed of 400 mm/min, the width and
hardness values of the LHZs had almost no change, but

the location of the LHZs moved outward. Similar results
have also been observed in a FSW 6061Al-T651 alloy.212

Liu and Ma proposed175 a heat source zone (HSZ)iso-
thermal dissolution layer (ITDL) model to explain the
change of the LHZs with the welding speed and rotational
rate. As shown in Figure 52,175 a zone approximately corre-
sponding to the NZ is regarded as the HSZ. During FSW,
as the HSZ moved along the joint line, the thermal expo-
sure exerted to peripheral material resulted in the genera-
tion of the LHZs that experienced a thermal cycle with the
same peak temperature corresponding to the temperature
range for the dissolution or coarsening of the strengthening
precipitates. In this case, the LHZs are defined as the
ITDLs. Increasing the welding speed reduced the dissolu-
tion time of the precipitates due to increased heating and
cooling rates. Therefore, the width of the LHZs decreased,
the hardness values increased, and the location of the
LHZs moved inward. On the other hand, increasing the
tool rotational rate exerts no noticeable effect on the heat-
ing and cooling rates and the dissolution time, resulting in
almost unchanged width and hardness values of the LHZs,
but the location of the LHZs moved outward.

For 5-mm thick FSW 2024Al-T351 alloy joints, two
LHAZs were observed on both AS and RS sides, with
LHZ I having a lower hardness than LHZ II (Figure 53).56

The hardness of LHZ I increased with increasing welding
speed from 100 to 400 mm/min, but was independent of
the rotational rate ranging from 400–1200 rpm. The hard-
ness of LHZ II was independent of both the welding speed

Figure 51. Microhardness contour maps for FSW 7075Al-T651
alloy joints: (a) 800 rpm and 100 mm/min, (b) 800 rpm and
200 mm/min, (c) 800 rpm and 400 mm/min, (d) 1000 rpm
and 400 mm/min, (e) 1200 rpm and 400 mm/min.
(© Springer. Reprinted with permission from Feng et al.51

Permission to reuse must be obtained from the rightsholder.)
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and rotational rate, ALthough the location of LHZ II moved
inward with increasing the welding speed (Figure 53a and
53b).56 It is important to note that the significant recovery of
hardness occurred in both the LHZs after post-welding natu-
ral aging. For LHZ I, the hardness would slightly recover dur-
ing a short-term post-weld natural aging of 24–168 h and
then had a stable hardness during a long-term natural aging
from168–8760 h, whereas in LHZ II, a slow recovery of hard-
ness occurred throughout the whole aging process
(Figure 53c and 53d), due to the increase in the number den-
sities of Cu-Mg, Cu andMg clusters, as shown in Figure 34.56

For the solid-solution-hardened aluminum alloys,
generally FSW does not result in a softened HAZ.4,40,412

In the absence of appreciable work hardening, the hard-
ness (Hv) of the material is proportional to the yield
stress through the expression:489

Hv � 3sy (15)

Equation (15) could therefore be reformulated in
terms of hardness through the following Hall-Petch type
relationship:

Hv DH0 C kHd
¡ 1 6 2; (16)

where H0 and kH are constants associated with the hard-
ness measurements.

Figure 53. Hardness profiles of FSW 2024Al-T351 alloy joints showing effect of (a) rotational rate, (b) welding speed, (c) short-term natu-
ral aging time, and (d) long-term natural aging time. (© Elsevier. Reprinted with permission from Zhang et al.56 Permission to reuse
must be obtained from the rightsholder.)

Figure 52. Schematic of HSZ-ITDL model. (© Springer. Reprinted
with permission from Liu & Ma.175 Permission to reuse must be
obtained from the rightsholder.)
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Hardness is a measure of the resistance of a material to
localized plastic deformation under the application of
indenting load.490 In practice, however, care must be taken
in making use of Eq. (16). Furukawa et al.491 reported that
microhardness data of an Al-5.5%Mg-2.2%Li-0.12%Zr
alloy followed the above Hall-Petch type relationship with
annealing at temperatures above »400�C, but it broke
down at smaller grain sizes because of variations in the
volume fraction of the precipitates.

Table 2 summarizes the ky and kH of different alumi-
num alloys.15,492–495 Besides the dislocation density in
the grain interiors, other microstructural factors, such as
solute elements and particle distribution, can also influ-
ence the slope of the Hall-Petch type equation in alumi-
num alloys.495 Hasegawa et al.496 reported that the
magnesium addition to aluminum leads to a larger ky
because magnesium atoms suppress the dislocation
movement. The hardness was observed to be essentially
related to the grain size through the Hall-Petch relation-
ship in the NZ of a FSW 1050Al alloy (Table 2).495 A
similar Hall-Petch type relationship was also reported in
the NZ of a FSW AZ31B-H24 magnesium alloy.83,497

Sato et al.495 reported that the slope kH (19 HV mm1/2)
obtained from the NZ lies between the kH obtained from

the annealed aluminum and the kH obtained from the UFG
aluminum produced by the special intense straining pro-
cesses, because the DRX during FSW left some grains with
a high density of dislocations. This result suggests that the
dislocation density of the NZ is higher than that of annealed
materials but lower than that of UFG materials.495 How-
ever, Sato et al.495 reported that the relationship between
hardness and grain size in the NZ of FSW 5083Al alloy was
expressed by the Hall-Petch equation with a change in
slope. This was attributed to the homogeneous distribution
of many fine particles.495 Sato et al.40 concluded that the
hardness profile could not be explained by the Hall-Petch
relationship, but rather by Orowan hardening, namely, the
hardness profile in the FSW 5083Al alloy was predomi-
nantly governed by the dispersion strengthening. The Oro-
wan hardening is expressed by the following equation:415

ty Dmb 6 L; (17)

where ty is the critical resolved shear stress, m is the shear
modulus, b is the Burgers vector, and L is the average dis-
tance between particles.

4.2. Tensile properties

4.2.1. Effect of welding parameters and tool geometry

It has been well documented that welding parameters and
tool geometry play a significant role in the material flow
pattern and temperature field distribution, thereby influ-
encing the mechanical properties of the FSW aluminum
alloy joints.498–502 It was widely reported that the fracture of
the FSW joints of the precipitation-strengthened aluminum
alloys normally occurred in the HAZs, usually correspond-
ing well to the LHZs.50,175 Figure 54175 shows that in all the
FSW 6061Al-T651 joints prepared with varied welding

Figure 54. Failed FSW 6061Al-T651 alloy joints showing the corresponding between fracture locations and LHZs. (© Springer. Reprinted
with permission from Liu & Ma.175 Permission to reuse must be obtained from the rightsholder.)

Table 2. Summary of ky and kH in different materials
(Hv � 3sy).

492–496

Materials Conditions
ky, MPa
mm1/2

kH, HV
mm1/2 Refs.

Pure Al Annealing with grain
sizes of 30–500 mm.

30 9 492

493

Pure Al ECAP 115 (YS) 38.3 496

Al-1Mg (wt. %) ECAP 131 (YS) 43.7 496

Al-3Mg (wt. %) ECAP 148 (YS) 49.3 496

Al-0.12Zr (wt. %) ECAP 112 (YS) 37.3 496

5083 (H112) FSP 99.6 (UTS) 36.6 494

249.5 (YS)
1050 FSW 19 495
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parameters and tool dimensions, the fracture occurred
exactly along the LHZs. This indicates that the properties of
the FSW joints of the precipitation-strengthened aluminum
alloys are mainly controlled by the strength (or hardness)
of the LHZs.

Table 3 summarizes the welding parameters versus
the tensile properties of FSW joints of several typical pre-
cipitation-strengthened aluminum alloys.56,175,213 Gener-
ally, the strength of the FSW joints increased with
increasing welding speed and was almost independent of
the rotational rate. Furthermore, Liu and Ma175 indicated
that the tensile strength of the FSW 6061Al-T651 alloy
joints exhibited no noticeable dependence on the dimen-
sion of the shoulder and pin. Such a variation tread of
the joint strength with the welding parameters and tool
dimension can be satisfactorily explained by the HSZ-
ITSL model proposed by Liu and Ma.175 Increasing the
welding speed results in an increase in the hardness of
the LHZs due to the shortened dissolution time of pre-
cipitates, thereby increasing the strength of the FSW
joints of aluminum alloys. In contrast, the change in the
rotational rate and tool dimension only moves the loca-
tion of the LHZs, but does not change the hardness of
the LHZs due to unchanged dissolution time of precipi-
tates, therefore the joint strength does not change.

Conventional polycrystalline metals show an increase
in yield strength with decreasing grain size according to
the well-known Hall-Petch relationship,490 which pre-
dicted the influence of dislocation pile-ups being held up
at polycrystal grain boundaries:

sD s0 C kyd
¡ 1 6 2 (18)

where s0 is friction stress resisting the motion of gliding
dislocation, and ky is the Hall-Petch slope, which is asso-
ciated with a measure of the resistance of the grain
boundary to slip transfer, and d is the average grain size.

Cui et al.494 fabricated a series of fine-grained 5083Al
alloy samples with an average grain size of 2.7–13.4 mm
by controlling the FSP conditions. It was found that both
yield stress (YS) and ultimate tensile strength (UTS)
increased with decreasing grain size, and they followed
the Hall-Petch relationship well,494 however the Hall-
Petch slope was different, as shown in Figure 55.494

Similar results have been reported in the FSW/FSP of
aluminum,503 magnesium alloys,72,75,83,497 and pure
copper.62

Single-pass FSP can effectively enhance the ductility
and strength of the as-cast A356, as shown by
Figure 56438 however, no significant strength difference
was observed among various FSP parameters (i.e., rota-
tional rates of 600–1800 rpm and travel speeds of 150–
450 mm/min).438 With increasing the rotational rate at a
fixed travel speed, the tensile properties of the FSP sam-
ples did not change much; however, after the artificial
aging, the strength increased as the rotational rate
increased. When increasing the travel speed at a fixed
rotational rate, the tensile properties changed little, even

Table 3. Welding parameters and transverse tensile properties of FSW joints of three typical aluminum alloys.56,175,213

Materials
Rotational
Rate (rpm)

Welding Speed
(mm/min)

Strain
Rate (s¡1)

YS
(MPa)

UTS
(MPa)

El.
(%)

Joint
Efficiency (%) Refs.

7075Al-T651 800 100 1 £ 10¡3 304 453 10.5 78 213

800 200 1 £ 10¡3 328 499 12.0 86
800 400 1 £ 10¡3 353 532 15.6 92
1000 400 1 £ 10¡3 344 527 15.4 91
1200 400 1 £ 10¡3 356 513 10.4 88

6061Al-T651 1400 400 4 £ 10¡4 — 231 8.1 75 175

1400 600 4 £ 10¡4 — 243 8.6 79
1400 200 4 £ 10¡4 — 214 8.8 69
1200 200 4 £ 10¡4 — 211 8.6 69
900 200 4 £ 10¡4 — 214 8.4 69

2024Al-T351 400 100 4 £ 10¡4 — 412 7.4 86 56

800 100 4 £ 10¡4 — 408 7.0 85
1200 100 4 £ 10¡4 — 416 7.8 87
800 200 4 £ 10¡4 — 439 8.0 89
800 400 4 £ 10¡4 — 451 14.7 94

Figure 55. Variation of strength with d¡1/2 (mm¡1/2) in FSP 5083Al
alloy. (© Elsevier. Reprinted with permission from Cui et al.494

Permission to reuse must be obtained from the rightsholder.)
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after the artificial aging.438 The two-pass FSP A356 sam-
ple exhibited better tensile properties than the single-
pass sample. A further increase in the number of FSP
passes only resulted in a slight improvement in the ten-
sile properties of the FSP samples.438 After post-FSP
aging, the tensile strength of the FSP A356 samples
increased significantly due to the precipitation of dis-
solved Mg atoms (Figure 56).438

4.2.2. Effect of water cooling
It is well known that welding heat input affects the micro-
structural evolution in various zones and thereby influences
the mechanical properties of the FSW joints of aluminum
alloys.504–506 In addition to controlling the FSW parameters,
active cooling is used during FSW to reduce the welding
heat input to inhibit the softening of various zones, in par-
ticular the HAZs. The effect of water cooling on tensile
strength of FSW joints of several precipitation-hardened

aluminum alloys are summarized in Table 4.14,195,507–510 It
is noted that water cooling exhibited distinctly different
effects on the tensile strength of FSW joints for different
aluminum alloys. For 7075Al and 7050Al alloys, water cool-
ing largely improved the tensile strength of the FSW
joints,14,195,507,508 whereas for 2195Al, 2014Al, and 2219Al
alloys, water cooling marginally enhanced the tensile
strength of the FSW joints.14,509,510

Nelson et al.14 suggested that the effect of water
cooling on the mechanical properties of the FSW
joints of aluminum alloys was associated with the
quench sensitivity of aluminum alloys. As shown in
Figure 57,14 quench sensitive aluminum alloys (such as
7075Al alloy) exhibit an abrupt changes in the tensile
strength with the quench rate, while the tensile
strength of less quench sensitive aluminum alloys
(such as 2195Al and 2014Al alloys) vary only slightly.
The variation of tensile strength for submerged FSW
joints of 7075Al, 2195Al, and 2014Al alloys could be
reasonably explained by their quench sensitivity. How-
ever, this cannot be used to account for the change in
the tensile strength of FSW 7050Al alloy because
7050Al alloy is less quench sensitive. Clearly, there
exist some other factors influencing the role of water
cooling in the FSW process.

Zhang et al.509 suggested that the effect of water cool-
ing on the tensile strength of the FSW joints of alumi-
num alloys was associated with the position of the LHZs
relative to the shoulder. Under the water cooling condi-
tion, the heat input of the zone far from the welding tool
was significantly reduced by the water, while for the zone
close to the welding tool, the heat input was less inhibited
by the water. Water cooling move the position of LHZs
from A1 to A2 for FSW joints of 7050Al and 7075Al alloy

Figure 56. Typical tensile curves of five-pass FSP A356 sample at
a rotational rate of 1500 rpm and a travel speed of 300 mm/min.
(© Springer. Reprinted with permission from Cui et al.438 Permis-
sion to reuse must be obtained from the rightsholder.)

Table 4. Effect of cooling condition on tensile strength of FSW joints of various aluminum alloys.14,195,507–510

BM
Plate

thickness (mm)
Rotational rate (rpm)-welding

speed (mm/min)
Cooling
condition

Max UTSFSW,
(MPa)

UTSFSW/
UTSBM, (%) Refs.

7050Al-T4 5.50 800–100 AC 325 82 507

WC 340 86
7050Al-T7451 6.35 650–408 AC 515 98 195

WC 535 105
7075Al-T6 3.00 715–105 AC 356 81 508

WC 382 87
7075Al-T7351 9.53 — AC 405 80 14

WC 450 89
2195Al-T8 6.50 AC 410 71

WC 415 72
2014Al-T6 6.00 800–100 AC 366 78 509

WC 369 79
2219Al-T6 5.60 800–100 AC 320 72 510

WC 332 75
800–400 AC 341 77

WC 352 80
800–800 AC 349 79

WC 352 80

�Air cooling: AC, Water cooling: WC
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and from B1 to B2 for FSW joints of 2195Al, 2014Al, and
2219Al alloys (Figure 58).509 During this process, the
LHZs of the water cooling FSW joints experienced a
short time of direct heating by the welding tool from A0

2

to A00
2, resulting in that water cooling would shortened

the duration above the phase-transition temperatures
considerably for FSW joints of 7050Al and 7075Al alloys.
In contrast, the LHZs of the water cooling FSW joints
experienced a long time of direct heating by the shoulder
from B0

2 to B00
2; in this case, the duration above the

phase-transition temperatures was less affected by the
water for FSW joints of 2195Al, 2014Al, and 2219Al
alloys. Thus, water cooling considerably improved the
tensile strength of the FSW joints of 7075Al and 7050Al
alloys,14,195,507,508 but marginally (<3%) increased the
tensile strength of the FSW joints of 2195Al, 2014Al, and
2219Al alloys.14,509,510

4.2.3. Effect of characteristic microstructures
The effect of the zigzag line and kissing bond on the ten-
sile properties of the as-welded joints remained contro-
versial as a result of different states of break-up of the
oxide arrays.262,511–513 Peel et al.262 found that FSW
5083Al joints welded at a higher welding speed of
200 mm/min failed along the zigzag line and the UTS
(186 MPa) was significantly lower than that (304 MPa)
welded at a lower traverse speed of 100 mm/min which
failed around 10 mm from the zigzag line. Chen et al.511

reported that during FSW of a 5456Al alloy, the presence
of kissing bond resulted in a reduction of tensile strength
of joints and the zigzag line was the important cause for
the dramatic decrease of ductility. However, Liu et al.512

pointed out that the tensile properties of as-welded joints
of 2219Al-O alloy were barely affected by the zigzag line
because the broken oxide particles were distributed in a
dispersed and discontinuous way along the grain bound-
aries. Chen et al.514 found that the initial surface oxide
had a profound influence on the tensile properties of

FSW 2219Al alloys. The tensile strength of FSW 2219Al
joints with the initial oxide remnant inside the SZ, only
reached about 60% of a sound FSW joint.514

By comparing the tensile properties of FSW Al-Mg-Sc
alloy joints failed at the zigzag line or kissing bond and
at the NZ/TMAZ boundary, Tao et al.176 revealed that
neither the zigzag line nor kissing bond exerted a signifi-
cant influence on the UTS. Besides, they also pointed out
that whether the zigzag line had an effect on the fracture
behavior of FSW joints depended on two prerequisites.
One was a continuous zigzag line with very low extent of
disruption. The other was a roughly homogeneous hard-
ness profile, i.e., no obvious LHZ was observed. Only if
both conditions are satisfied the fracture at the zigzag
line may occur during tension.

However, the zigzag line was found to be deleterious
to the tensile properties of post-weld heat-treated
joints.476,512 Ren et al.476 reported that the zigzag line did
not show up in the FSW 7075Al-T651 alloy joints. How-
ever, after post-weld T6-treatment, the zigzag line
appeared and the joints failed along the zigzag line dur-
ing tension, which resulted in the reduced tensile
strength and significantly deteriorated ductility. Liu
et al.512 found out that tensile properties of the FSW

Figure 57. Variation of tensile strength of aluminum alloys with
average cooling rate during quenching.14

Figure 58. Schematic positions of LHZs relative to welding tool
for FSW joints of different aluminum alloys. (© Elsevier. Reprinted
with permission from Zhang et al.509 Permission to reuse must be
obtained from the rightsholder.)
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2219Al-O alloy joints after post-weld heat-treatment
were seriously deteriorated by the zigzag line, which was
attributed to the generation of micro-cracks along the
zigzag line during the post-weld heat treatment.

Sutton et al.242 reported that the secondary phase par-
ticles were broken up and redistributed along the onion
ring bands in a FSW 2024Al-T351 alloy joint and the
FSW joint tended to fracture along the regions with a
high density of secondary phase particles during mixed-
mode I/II monotonic fracture experiments. Moreover,
Zhang et al.171 revealed that the segregation bands in
FSW 2024Al-T351 alloy joints, consisting of second
phase particles, resulted in an unusual tensile fracture
behavior along the segregation bands at higher welding
speeds of 200 and 400 mm/min at a constant tool rota-
tional rate of 800 rpm.

4.3. Superplasticity

Superplasticity refers to the ability of metallic alloys to
exhibit a high uniform elongation prior to failure515

There are two major microstructure requirements for
achieving superplastic deformation.516 First, a fine equi-
axed grain size, typically less than 15 mm, is required.41

Second, the thermal stability of the fine-grained micro-
structure should be another consideration.517 Once AGG
occurred, it will result in the disappearance of
superplasticity.398

Various fabrication/processing techniques, such as SPD
techniques, powder metallurgy,518 multi-step thermome-
chanical processing,519,520 etc., have been used to produce
fine-grained aluminum alloys. As described above, FSP
developed on the basis of the principles of FSW, provides
a very simple and effective approach for obtaining fine-
grained structure.41,521 Typically, FSP can reduce the grain
size to micrometer or even submicrometer/nanometer
level with a HAGB volume fraction as high as 85–
97%,522, thereby obtaining materials exhibiting superplas-
ticity characteristics. Previous studies confirmed that
superplasticity could be achieved in various FSP alumi-
num alloys, such as 1xxx-series aluminum alloys,523 2xxx-
series aluminum alloys,43,524,525 4xxx-series aluminum
alloys,526 5xxx-series aluminum alloys,527,528,6xxx-series
aluminum alloys,529 and 7xxx-series aluminum
alloys,2,28,41,208,399,530 and Al-Mg-Zr alloys.517,531

4.3.1. High-strain-rate superplasticity
Conventional superplasticity is typically achieved at slow
strain rates (10¡4–10¡3 s¡1) and higher homologous
temperatures (0.8 Tm).

46 High-strain-rate superplasticity
(HSRS) refers to the superplasticity achieved at an opti-
mum strain rate of � 1 £ 10¡2 s¡1. Superplasticity is
often characterized using a generalized constitutive

equation:

_eDA
DGb
kT

b
d

� �p
s

G

� �n
; (19)

where _e is the strain rate, A is a dimensionless constant
with a value of 25–50, D is an appropriate diffusivity (lattice
or grain boundary), G is the shear modulus, b is the Bur-
ger’s vector, k is the Boltzmann constant, T is the absolute
temperature, p is the grain size exponent, d is the grain size,
s is the applied stress, and n is the stress exponent.

According to the prediction by Eq. (19), the optimum
strain rate increased with decreasing grain size. Based on
the fine grain size of 0.6–10 mm produced in aluminum
alloys via FSP, it is expected that the FSP fine-grained alu-
minum alloys would exhibit a high strain rate superplastic
behavior with the decrease in the grain size. Table 5 sum-
marizes the superplastic data of a number of FSP aluminum
alloys at high strain rates.41,43,46,516,532–534 It is indicated that
an elongation of as high as 2150% was achieved at 450�C
and a high strain rate of 1 £ 10¡1 s¡1 in a micro-grained
Al-Mg-Sc alloy produced by FSP (Figure 59).534 Further-
more, an exceptional high elongation of 3250%, which is
the largest superplasticity even reported in the 7075Al alloy,
was obtained at 535�C and 1 £ 10¡2 s¡1 in a FSP 7075Al
alloy with a grain size of 6.2 mm.532

It is important to point out that the optimum strain
rate for obtaining the largest elongation in the 7xxx alu-
minum alloy prepared by FSP is more than one order of
magnitude higher than that by thermo-mechanical proc-
essing (the previous best result on a 7xxx-series alumi-
num alloy).535 This clearly illustrates the effectiveness of
FSP for processing fine-grained materials that are amena-
ble to HSRS. Excellent HSRS of FSP fine-grained alumi-
num alloys is attributed to uniform and equiaxed grains
and high fraction of HAGBs (Figure 2743 and
Figure 28398), which is generally considered to be benefi-
cial to the occurrence of GBS that is the primary super-
plastic deformation mechanism in the fine-grained alloys.

4.3.2. Low-temperature superplasticity
Ideal low-temperature superplasticity (LTSP) should be
obtained at temperatures of below 0.5 Tm.

46,536 For alu-

Table 5. Summary of high strain rate superplasticity in FSP alumi-
num alloys.41,43,46,516,532–534

Alloy
Grain size
(mm)

Temperature
(�C)

Strain rate
(s¡1)

Elongation
(%) Refs.

7075 3.8 480 1 £ 10¡2 1250 41

7075 6.2 535 1 £ 10¡2 3250 532

2024 3.9 430 1 £ 10¡2 525 43

Al-4Mg-1Zr 1.5 525 1 £ 10¡1 1280 516

Al-4Mg-1Zr 0.7 375 3 £ 10¡1 1410 533

Al-Zn-Mg-Sc 0.7 310 3 £ 10¡2 1800 46

Al-Mg-Sc 2.6 450 1 £ 10¡1 2150 534
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minum alloys, the corresponding temperature for ideal
LTSP is about »190�C or lower. According to Eq. (19),
the optimum superplastic temperature would decrease
with decreasing grain size. Therefore, considerable
efforts have been devoted to achieve LTSP by refining
the grain size to the submicrometer in the past
decade.537,538 Unfortunately, it was proven by many
investigators that it is difficult to achieve superplasticity
at this temperature range even for UFG aluminum
alloys.537–540 The lowest temperature for superplasticity
of UFG aluminum alloys prepared by various SPD tech-
niques is reported to be 200�C.537–540 Therefore, the
superplasticity achieved at temperatures � 350�C is usu-
ally considered as LTSP for aluminum alloys.537,538

It is well documented that by controlling FSP heat
input and cooling condition, the fully recrystallized UFG
with a uniform and equiaxed grain size distribution and
a high fraction of HAGBs could be generated in alumi-
num alloys.46,209,398,536,541 It is expected that excellent
LTSP can be achieved in these FSP UFG aluminum
alloys. Table 6 summarizes the LTSP of various FSP alu-
minum alloys. It was indicated that excellent LTSP was

obtained in FSP UFG Al-Zn-Mg-Sc,46 Al-Mg-Zr,209 Al-
Mg-Sc alloy,398,541 and 7075Al alloy536 samples. Espe-
cially, superplasticity was achieved in FSP UFG Al-Mg-
Zr and Al-Mg-Sc alloys at a temperature as low as 175�C
(0.48 Tm).

209,541 This is the first report about the super-
plasticity of aluminum alloys at temperatures lower than
200�C.

Good superplasticity of FSP UFG aluminum alloys at
temperatures as low as 175�C is ascribed to the uniform
and equiaxed UFG microstructure with a high fraction
of HAGBs created by FSP.46,209,398,536 Liu and Ma541

examined the contribution of GBS to strain in LTSP of
UFG aluminum alloys by using a nano-indenter. It was
revealed that the contribution of GBS to strain exceeded
50% even at 175�C, indicating that GBS is still a predom-
inant superplastic deformation mechanism even at 0.48
Tm.

541 This provides direct evidence for the superplastic
deformation mechanisms of ultrafine-grained aluminum
alloys at low temperatures, which have been the subject
of debate in the past two decades.537,539,540

4.3.3. Enhanced uperplasticity
The constitutive relationship for superplasticity in fine-
grained aluminum alloys could be expressed as:542

_eD 40
D0Eb
kT

exp ¡ 84000
RT

� �
b
d

� �2
s¡ s0

E

� �2
; (20)

where D0 is the pre-exponential constant for diffusivity,
E is Young’s modulus, R is the gas constant, and s0 is the
threshold stress. The dimensionless constant of 40 is
consistent with that in Eq. (19) with a value of 2550.

When analyzing the superplastic data of the FSP
7075Al alloy, Ma et al.41 for the first time reported
enhanced deformation kinetics in the FSP aluminum alloy
compared with the prediction by Eq. (20). In Figure 60,
the superplastic data of the FSP Al-4Mg-1Zr and 7075Al
alloys are plotted as (_ekTd2 6 DgEb3) vs. (s-so)/E.

41 It was
indicated that the superplastic deformation behavior of
both FSP Al-4Mg-1Zr and 7075Al alloy can be described
by a united constitutive equation:517

_eD 700
D0Eb
kT

exp ¡ 84000
RT

� �
b
d

� �2
s¡ s0

E

� �2
(21)

It is proposed that the dimensionless constant in
Eq. (19) is a function of the fraction of HAGBs and
increases as the fraction of HAGBs increases.517 Equa-
tion (21) implies that enhanced kinetics may be a com-
mon feature for FSP aluminum alloys.517 GBS, grain
rotation, and grain boundary migration are the main

Figure 59. Tensile samples of FSP Al-Mg-Sc alloy pulled to failure
at a strain rate of 1 £ 10¡1 s¡1 at different temperatures.
(© Elsevier. Reprinted with permission from Liu & Ma.534 Permis-
sion to reuse must be obtained from the rightsholder.)

Table 6. Summary of low temperature superplasticity in FSP
aluminum alloys at temperatures � 300�C.46,209,536,541

Alloy Grain size
(mm)

Temperature
(�C)

Strain rate
(s¡1)

Elongation
(%) Refs.

Al-Zn-Mg-Sc 0.7 220 1 £ 10¡3 510 46

250 3 £ 10¡3 465
290 3 £ 10¡2 940

Al-4Mg-1Zr 0.7 175 1 £ 10¡4 240 209

200 1 £ 10¡4 470
250 3 £ 10¡3 740
300 3 £ 10¡2 1160

Al-Mg-Sc 0.6 175 1 £ 10¡4 210 541

200 3 £ 10¡4 265
250 3 £ 10¡3 530
300 1 £ 10¡2 560

7075 0.8 200 1 £ 10¡5 350 536

250 3 £ 10¡4 400
300 1 £ 10¡3 530
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processes associated with the activity of grain boundaries
during superplasticity.543

4.4. Fatigue behavior

While a lot of tensile property data on the FSW/FSP alu-
minum alloys are available in the open literature, the
establishment of fatigue property database especially the
strain-controlled fatigue life is needed since such data
are required in industry to estimate the life of structural
components and to guarantee the structural integrity,
reliability, and longevity of the FSW/FSP aluminum alloy
joints. For the FSW/FSP materials, fatigue strength/life
or S-N curves,90,437,544–553 and fatigue crack propagation
behavior36,203,206,211,437,554–558 have been well docu-
mented especially in the earlier articles.4–7,559

In the present review article, strain-controlled fatigue
life or low/high cycle fatigue (LCF/HCF) behavior of
FSW aluminum alloys in relation to the LHZs is summa-
rized. While only limited studies on the LCF of FSW alu-
minum alloys have been reported,51,150,212,560–564 the
strain-controlled fatigue life data are indeed required by
automobile manufacturers to estimate the lifetime of
components in design.

It was reported that the tensile fracture path of the
welds corresponded to the LHZs.50,175 Although sev-
eral studies have offered important insights in this
regard, it is still unclear how the LHZs and the rele-
vant FSW parameters affect LCF properties. Two
LHZs appeared in the HAZs adjacent to the border
between the TMAZ and HAZ, with the width
decreasing with increasing welding speed (Figure 51).51

Cyclic hardening of the FSW joints was appreciably
stronger than that of the BM, and it also exhibited a
two-stage character where cyclic hardening of the

FSW 6061Al-T651 alloy at higher strain amplitudes
was initially stronger followed by an almost linear
increase of cyclic stress amplitudes on the semi-log
scale (Figure 61).212 Fatigue life, cyclic yield strength,
cyclic strain hardening exponent, and cyclic strength
coefficient all increased with increasing welding speed,
but nearly independent of the rotational rate.212 The
total strain amplitude could be expressed as elastic
strain amplitude (</Dee/2) and plastic strain amplitude
(Dep/2), i.e.,

Det
2

� �
D Dee

2

� �
C Dep

2

� �
(22)

Figure 60. Variation of ._ekTd2 6 .Dgeb3// with normalized effec-
tive stress, (s-s0)/E, for Al-4Mg-1Zr and 7075Al alloys (Dashed
line represents Eq. (20). (© Taylor & Francis. Reprinted with per-
mission from Ma et al.517 Permission to reuse must be obtained
from the rightsholder.)

Figure 61. Stress amplitude vs number of cycles at different total
strain amplitudes for 6061Al-T651 alloy: (a) different welding
speeds at a rotational rate of 1400 rpm, (b) different rotational
rate at a welding speed of 200 mm/min. (© Springer. Reprinted
with permission from Feng et al.212 Permission to reuse must be
obtained from the rightsholder.)
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The first part could further be expressed in terms of
Basquin equation:

Dee
2

D s 0
f .2Nf /

b

E
(23)

and the second term of Eq. (22) could be replaced by the
Coffin-Manson relation,

Dep
2

D e 0 f .2Nf /
c; (24)

then,
Det
2

D s 0
f .2Nf /

b

E
C e 0 f .2Nf /

c (25)

where Nf is the fatigue life or the number of cycles to
failure, s

0
f is the fatigue strength coefficient, e

0
f is the

fatigue ductility coefficient, and c is the fatigue ductility
exponent.

Fatigue deformation was observed to follow the Cof-
fin-Manson and Basquin’s equations well.51,212 Akin to
the cyclic yield strength, cyclic strain hardening expo-
nent and cyclic strength coefficient, the fatigue strength
coefficient of the FSW joints also increased with increas-
ing welding speed. The absolute value of fatigue strength
exponent of the FSW joints also slightly increased, while
the fatigue ductility coefficient and fatigue ductility expo-
nent (absolute value) decreased as the welding speed
increased from 200 to 600 mm/min. No strong effect of
the rotational rate on the fatigue parameters could be
seen. Based on the Smith, Watson, and Topper (SWT)

equation:565

smaxea D .s
0
f /

2

E
.2Nf /

2b C s
0
f e

0
f .2Nf /

bC c; (26)

where smax is the maximum stress at the saturation or
mid-life and ea is the strain amplitude (De/2). Both the
experimental data in the form of smaxea and Eq. (25) are
plotted in Figure 62.212 It is seen that the obtained fatigue
life followed the SWT equation well.

Figure 63 showed the failed LCF specimens.212 The
majority of FSW joints failed along the LHZs and exhib-
ited a shear fracture mode. The shear fracture path was
oriented at an angle of about 45–60� to the tensile axis.
Fatigue crack initiation was observed to occur at the
specimen surface or near-surface welding defect in the
FSW joints and crack propagation was characterized by
the characteristic fatigue striations together with some
secondary cracks, as shown in Figure 64.212

Recently, Wang et al.566 reported the HCF and crack
growth behavior of the FSW joint of UFG 2024Al alloy.
It was indicated that NaCl solution significantly reduced
the fatigue strength of the joints, and the fatigue crack
propagation rates in the NZ and HAZ were slower than
that in the BM in the whole fatigue life.566 Yan et al.275

reported that the dissimilar FSW joints of Al-Mg-Si/Al-
Zn-Mg alloys owned better fatigue properties, such as
the fatigue lives and S-N curves, when the Al-Zn-Mg
alloy was placed on the AS, because crack closure effect
was easier to happen.

Figure 62. Product of maximum stress with strain amplitude as a function of number of cycles to failure for (a) BM and (b) FSW joint
(1400 rpm and 600 mm/min). (© Springer. Reprinted with permission from Feng et al.212 Permission to reuse must be obtained from
the rightsholder.)
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5. Outlooks

FSW is finding greater use in automobile, railway and
aerospace applications through advances in equipment
intelligence, material development evaluations, structural
design and testing programmes, tooling and process
innovations.4,567 FSW of aluminum alloys has emerged
as one of the top enabling technologies, allowing the fab-
rication of very large single piece components.568 To
date, even though the FSW technique was initially devel-
oped for aluminum alloys,9 it has been developed to a
stage where it is applied in production toward the high
melting materials, such as steel,569 titanium,119 and tita-
nium-based alloys,570, as well as MMCs.152

Recently, application of FSW of thick aluminum alloy
plates has gradually increased.58 FSW of thick aluminum

Figure 63. Typical optical micrographs showing failure locations
of FSW 6061Al-T651 alloy joint fatigued at varying total strain
amplitudes (1400 rpm and 600 mm/min). (© Springer. Reprinted
with permission from Feng et al.212 Permission to reuse must be
obtained from the rightsholder.)

Figure 64. Typical SEM micrographs of FSW 6061Al-T651 alloy joint fatigued at a total strain amplitude of 0.6% (1400 rpm and 600 mm/
min): (a) overall view of fracture surface, (b) a magnified view near the initiation site, (c) a 3D image of rectangular dashed line box in
(b). (© Springer. Reprinted with permission from Feng et al.212 Permission to reuse must be obtained from the rightsholder.)
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alloy plates is more challenging than FSW of thin ones,
such as 2xxx-series,571–574 5xxx-series,58 6xxx-
series,575,576 and 7xxx-series aluminum alloys.58,575,577–579

Some modified FSW techniques may be a potential
solution, such as back heating assisted welding,580 under-
water joining technology,505,581 stationary shoulder,582

reverse dual-rotation FSW (RDR-FSW),583 laser-assisted
FSW/FSP,288,584 and ultrasonic-assisted FSW/FSP.585–587

FSW offers additional avenues to unitization of struc-
tural components.163 Joining of tailored welded blanks
with FSW is very attractive for future aircraft applica-
tions.588 Lap and butt joining of thin-sheet materials pro-
vides an alternative to conventional joining/fastening.
Taavitsainen et al.589 reported that the production by
FSW of free-shape hollow box profile in 5754Al alloys
for automotive application. In automotive industry, the
innovation is based on a new clamping system enabling
the use of a conventional tool architecture.589 While it is
easy to join flat plate with FSW, it is challenging to
extend its applications to include tubes, in particular
small diameter tubes, and other complex geometries.590

Recently, robotic FSW systems have been utilized in
various industrial applicaions.591 Qin et al.592 reported a
method of real-time motion control for robotic FSW.
The efficiency of robotic FSW could be further improved
using robust control strategies.592 Mendes et al.593 pre-
sented the concept and design of a novel FSW robotic
platform for welding polymeric materials.

Furthermore, friction stir additive manufacturing
(FSAM) based on FSW principle was currently used to
build successfully a multilayered stack of an Al-based com-
ponent.594 FSAM has a huge potential to fabricate light-
weight materials with high structural performances.594

There are some limitations in this article. Some
important key issues remain to be addressed, such as the
corrosion resistance of FSW joint. Therefore, to advance
FSW from the research stage into industry application,
corrosion resistance evaluations is one of the most
importance consideration in the future.305,310,557,595–598

6. Conclusions

This article briefly summarized the latest advances and rap-
idly growing knowledge involving the FSW/FSP of alumi-
num alloys, with particular emphasis on the processing-
microstructure-mechanical property relationships.

FSW/FSP can be regarded as a type of high-tempera-
ture SPD, involving transients and steep gradients in
strain, strain rate, and temperature. The material flow
during FSW is quite complex depending on the tool
geometry, process parameters, and material to be welded.
Recent experimental and computational works have pro-
vided significant insight about the understanding of the

progress on the relationship among the strain, strain
rate, temperature and their distribution during FSW/
FSP. In FSW/FSP of aluminum alloys, depending on the
materials, tool design, and operating conditions, the
maximum values of equivalent strains were estimated to
range from 6–133, the strain rate was determined to be
1.0–20 s¡1, and the maximum temperature could
approach »0.8 Tm, or even 0.95 Tm.

During FSW/FSP, a variety of microstructural
changes including recrystallization, grain growth, phase
transformation have been identified in various zones.
Full recrystallization occurred in the NZ of the FSW/FSP
aluminum alloys, resulting in the refinement of grain
sizes down to micrometer or even nanometer and a high
fraction of HAGBs (85–97%), which is much higher
than that obtained in conventional thermomechanically
processed aluminum alloys. Various recrystallization
mechanisms, including CDRX, DDRX, GDRX, TDRX,
and PSN have been recognized as possible operative
mechanisms in FSW/FSP aluminum alloys dependent on
the compositions and microstructures of the aluminum
alloys and applied processing conditions.

The precipitation sequence in the FSW/FSP alumi-
num alloys remained the same as the BMs; however,
complex phase transformation occurred in various
zones. For the precipitation-hardened aluminum alloys,
the primary strengthening precipitates originally existing
in the BMs were either dissolved or coarsened, leading to
the formation of two LHZs positioned in the HAZs
(close to the border of HAZ/TMAZ). Under various
FSW parameters, the LHZs experienced approximately
the same peak temperature with varied durations that
were mainly governed by the welding speed.

It is difficult to experimentally measure the tempera-
ture distribution and history during FSW, in particular
in the NZ. An equivalent friction coefficient based heat
generation model was proposed for FSW thermal model-
ing and simulation. The equivalent friction coefficient
depended on temperature and was determined via an
inverse solution framework. This model could predict
the temperature histories accurately in various welding
conditions. The temperature distribution contributes to
further understanding the hardness distribution and
mechanical properties of the FSW joints.

Characteristic microstructures, including the onion-
ring structure, segregation band, zigzag line, and kissing
bond, were formed in the NZ of FSW/FSP aluminum
alloys, due to the unique and complex deformation
mode. The formation of the onion-ring structure and
segregation band was attributed to the periodical mate-
rial flow, and could be described by the mathematics
equations, with the ring/band spacing equal to the tool
advancement per revolution. The zigzag line and kissing
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bond were indentified to result from the oxide layer on
the initial butt surfaces of aluminum plates by FIB-
assisted TEM examinations and the comparative study
of FSW and FSP. Generally, high FSW heat-input con-
tributes to reduce the formation of zigzag line and kiss-
ing bond.

The texture in the NZ was either weak or present in a
complex pattern such as the typical shear texture compo-
nent induced by the rotating shear plastic flow along the
pin surface. The local textures were diretly related to the
welding parameters, i.e., the rotational rate and welding
speed.

For the precipitation-hardened aluminum alloys, the
mechanical properties and the fracture behavior of FSW
joints were directly governed by the hardness value and
the position of the LHZs. Generally, the strength of the
FSW joints increased with increasing welding speed and
was almost independent of the rotational rate and the
tool dimension, which can be well explained by the heat
source zone–isothermal dissolution layer (HSZ-ITDL)
model. Water cooling could largely improve the tensile
strength of the FSW joints of 7075Al and 7050Al alloys,
but marginally enhanced the joint strength of 2195Al,
2014Al, and 2219Al alloys, which was mainly attributed
to the difference in the quench sensitivity of aluminum
alloys and the position of the LHZs relative to the
shoulder.

Generally, the characteristic microstructures—the
onion-ring structure, segregation band, zigzag line, and
kissing bond—negatively affected the mechanical prop-
erties and the fracture behavior of the FSW joints. How-
ever, when the broken oxide particles in the zigzag line
were distributed in a dispersed and discontinuous form,
the zigzag line did not influence the mechanical proper-
ties and the fracture behavior of the as-FSW joints
because the fracture occurred in the LHZs.

Excellent HSRS and LTSP were observed in the
FSP fine-grained aluminum alloys, which was attrib-
uted to uniform and equiaxed grains and high frac-
tion of HAGBs. Especially, superplasticity was
achieved for the first time in UFG aluminum alloys at
a temperature as low as 175�C (0.48 Tm), and GBS
was identified to be still a predominant superplastic
deformation mechanism even at 0.48 Tm. The
enhanced kinetics was reported for the first time in
the FSP fine-grained aluminum alloys and attributed
to the existence of predominant HAGBs.

Investigations on strain-controlled fatigue behavior
indicated that cyclic hardening of the FSW joints of alu-
minum alloys was appreciably stronger than that of the
BM. Fatigue life, cyclic yield strength, cyclic strain hard-
ening exponent, and cyclic strength coefficient of FSW
aluminum alloys all increased with increasing the

welding speed, but were nearly independent of the rota-
tional rate.

While the extensive studies over the past 20 years have
been conducted toward the understanding of FSW/FSP
of aluminum alloys, especially the relationships between
microstructures and mechanical properties, the optimi-
zation of the process via a better tool design and proper
selection of welding parameters as well as the develop-
ment of appropriate specifications in standardizing the
FSW/FSP processes and the relevant quality assurance
inspections including design codes and joint classifica-
tions are still needed.
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