
CHAPTER 1

Introduction
Rajiv S. Mishra, Center for Friction Stir Processing, University of Missouri-Rolla
Murray W. Mahoney, Rockwell Scientific Company

FRICTION STIR WELDING (FSW) was
invented at The Welding Institute (TWI) of the
United Kingdom in 1991 as a solid-state joining
technique and was initially applied to aluminum
alloys (Ref 1, 2). The basic concept of FSW is
remarkably simple. A nonconsumable rotating
tool with a specially designed pin and shoulder is
inserted into the abutting edges of sheets or plates
to be joined and subsequently traversed along the
joint line (Fig. 1.1). Figure 1.1 illustrates process
definitions for the tool and workpiece. Most defi-
nitions are self-explanatory, but advancing and
retreating side definitions require a brief expla-
nation. Advancing and retreating side orienta-
tions require knowledge of the tool rotation and
travel directions. In Fig. 1.1, the FSW tool rotates
in the counterclockwise direction and travels into
the page (or left to right). In Fig. 1.1 the advanc-
ing side is on the right, where the tool rotation
direction is the same as the tool travel direction
(opposite the direction of metal flow), and the

retreating side is on the left, where the tool rota-
tion is opposite the tool travel direction (parallel
to the direction of metal flow).

The tool serves three primary functions, that
is, heating of the workpiece, movement of mate-
rial to produce the joint, and containment of the
hot metal beneath the tool shoulder. Heating is
created within the workpiece both by friction
between the rotating tool pin and shoulder and by
severe plastic deformation of the workpiece. The
localized heating softens material around the pin
and, combined with the tool rotation and transla-
tion, leads to movement of material from the
front to the back of the pin, thus filling the hole in
the tool wake as the tool moves forward. The tool
shoulder restricts metal flow to a level equivalent
to the shoulder position, that is, approximately to
the initial workpiece top  surface.

As a result of the tool action and influence on
the workpiece, when performed properly, a
solid-state joint is produced, that is, no melting.
Because of various geometrical features on the
tool, material movement around the pin can be
complex, with gradients in strain, temperature,
and strain rate (Ref 3). Accordingly, the resulting
nugget zone microstructure reflects these dif -
ferent thermomechanical histories and is not
homogeneous. In spite of the local microstruc-
tural inhomogeneity, one of the significant bene-
fits of this solid-state welding technique is the
fully recrystallized, equiaxed, fine grain micro -
structure created in the nugget by the intense
plastic deformation at elevated temperature (Ref
4–7). As is seen within these chapters, the fine
grain microstructure produces excellent me -Fig. 1.1 Schematic drawing of friction stir welding 
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Fig. 1.2 Various microstructural regions in the transverse cross section of a friction stir welded material. A, unaffected material or
parent metal; B, heat-affected zone; C, thermomechanically affected zone; D, weld nugget 

chan ical properties, fatigue properties, en hanced
formability, and exceptional superplasticity.

Like many new technologies, a new nomen-
clature is required to accurately describe obser-
vations. In FSW, new terms are necessary to
adequately describe the postweld microstruc-
tures. The first attempt at classifying friction stir
welded microstructures was made by Thread-
gill (Ref 8). Figure 1.2 identifies the different
micro structural zones existing after FSW, and a
brief description of the different zones is pre-
sented. Because the preponderance of work to
date uses these early definitions (with minor
modifications), this reference volume continues
to do so. The system divides the weld zone into
distinct regions, as follows:

• Unaffected material or parent metal: This is
material remote from the weld that has not
been deformed and that, although it may have
experienced a thermal cycle from the weld, is
not affected by the heat in terms of micro -
structure or mechanical properties.

• Heat-affected zone: In this region, which lies
closer to the weld-center, the material has
experienced a thermal cycle that has modified
the microstructure and/or the mechanical
properties. However, there is no plastic defor-
mation occurring in this area.

• Thermomechanically affected zone (TMAZ):
In this region, the FSW tool has plastically
deformed the material, and the heat from the
process will also have exerted some influence
on the material. In the case of aluminum, it is
possible to obtain significant plastic strain
without recrystallization in this region, and
there is generally a distinct boundary be -
tween the recrystallized zone (weld nugget)
and the deformed zones of the TMAZ.

• Weld nugget: The fully recrystallized area,
sometimes called the stir zone, refers to the
zone previously occupied by the tool pin. The
term stir zone is commonly used in friction
stir processing, where large volumes of mate-
rial are processed.

Friction stir welding is considered to be the
most significant development in metal joining
in decades and, in addition, is a “green” tech-
nology due to its energy efficiency, environ-
mental friendliness, and versatility. As com-
pared to the conventional welding methods,
FSW consumes considerably less energy, no
consumables such as a cover gas or flux are
used, and no harmful emissions are created dur-
ing welding, thereby making the process envi-
ronmentally friendly. Further, because FSW
does not involve the use of filler metal and
because there is no melting, any aluminum alloy
can be joined without concern for compatibility
of composition or solidification cracking—
issues associated with fusion welding. Also,
dissimilar aluminum alloys and composites can
be joined with equal ease (Ref 9–11).

In contrast to traditional friction welding,
which is a welding process limited to small
axisymmetric parts that can be rotated and
pushed against each other to form a joint (Ref
12), FSW can be applied to most geometric
structural shapes and to various types of joints,
such as butt, lap, T-butt, and fillet shapes (Ref
13). The most convenient joint configurations
for FSW are butt and lap joints. A simple square
butt joint is shown in Fig. 1.3(a). Two plates or
sheets with the same thickness are placed on a
backing plate and clamped firmly to prevent the
abutting joint faces from being forced apart. The
backing plate is required to resist the normal
forces associated with FSW and the workpiece.
During the initial tool plunge, the lateral forces
are also fairly large, and extra care is required to
ensure that plates in the butt configuration do
not separate. To accomplish the weld, the rotat-
ing tool is plunged into the joint line and tra-
versed along this line, while the shoulder of 
the tool is maintained in intimate contact with 
the plate surface. Tool position and penetration
depth are maintained by either position control
or control of the applied normal force. On the
other hand, for a lap joint configuration, two
lapped plates or sheets are clamped, and a back-
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Fig. 1.3 Joint configurations for friction stir welding. (a) Square butt. (b) Edge butt. (c) T-butt joint. (d) Lap joint. (e) Multiple lap joint.
(f) T-lap joint. (g) Fillet joint. Source: Ref 14 

ing plate may or may not be needed, depending
on the lower plate thickness. A rotating tool is
vertically plunged through the upper plate and
partially into the lower plate and traversed along
the desired direction, joining the two plates
(Fig. 1.3d). However, the tool design used for a
butt joint, where the faying surfaces are aligned
parallel to the tool rotation axis, would not be
optimal for a lap joint, where the faying surfaces
are normal to the tool rotation axis. The orienta-
tion of the faying surfaces with respect to the
tool features is very important and is discussed
in detail in Chapter 2. Configurations of other
types of joint designs applicable to FSW are
also illustrated in Fig. 1.3. Additional key bene-
fits of FSW compared to fusion welding are
summarized in Table 1.1.

This volume is the first comprehensive compi-
lation of friction stir welding and friction stir pro-
cessing data. This handbook should be valuable
to students studying joining and metalworking
practices, to welding engineers challenged to
improve properties at reduced cost, to metallur-

gists needing new tools to locally improve prop-
erties, and to all engineers interested in sustain-
ability, that is, the ability to build structures while
minimizing the negative impact to our environ-
ment. The dual objectives of this first volume are
to provide a ready reference to identify work
completed to date and to provide an educational
tool to understand FSW and how to both use and
apply FSW. Not all process details can be pre-
sented within these pages, and readers are
encouraged to obtain the original references for
more details, especially weld parameters and
appropriate boundary conditions.

To meet these objectives, the book is orga-
nized to first include a full description of tool
materials and tool designs for both low- and high-
temperature metals (Chapter 2). Understanding
tools is a natural starting point to successfully use
FSW. Chapter 3 provides an introduction to the
fundamentals of FSW, including heat generation
and metal flow. Although somewhat controver-
sial at this time, Chapter 3 helps one visualize
fundamental FSW characteristics and current

Table 1.1 Key benefits of friction stir welding (FSW)

Metallurgical benefits Environmental benefits Energy benefits

• Solid-phase process 
• Low distortion 
• Good dimensional stability and repeatability 
• No loss of alloying elements 
• Excellent mechanical properties in the joint 

area 
• Fine recrystallized microstructure 
• Absence of solidification cracking 
• Replace multiple parts joined by fasteners 
• Weld all aluminum alloys 
• Post-FSW formability

• No shielding gas required 
• Minimal surface cleaning required 
• Eliminate grinding wastes 
• Eliminate solvents required for degreasing
• Consumable materials saving, such as 

rugs, wire, or any other gases 
• No harmful emissions

• Improved materials use (e.g., joining different 
thickness) allows reduction in weight 

• Only 2.5% of the energy needed for a laser 
weld 

• Decreased fuel consumption in lightweight 
aircraft, automotive, and ship applications

Source: Ref 14
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metal flow concepts. Because the preponderance
of work has been performed on aluminum alloys,
Chapter 4 presents micro structural evolution fol-
lowing FSW as an individual chapter. The ability
to weld all aluminum alloys, including the 7xxx
and metal-matrix composites, introduces new
issues and benefits. In concert, Chapter 5 pres-
ents material prop erties for the common alu-
minum alloys, including the 2xxx, 3xxx, 5xxx,
6xxx, 7xxx, AlLi, and metal-matrix composites.
Considerable data are available for hardness,
mechanical properties, fatigue response, and, in
some cases, fracture toughness and fatigue crack
propagation. Chapter 5 provides a ready refer-
ence to identify what properties can be expected
following FSW. Although the database is not as
extensive, Chapter 6 presents microstructure and
properties of ferrous and nickel-base alloys.
With the development of high-temperature tool-
ing, that is, polycrystalline cubic boron nitride
tools, FSW is rapidly expanding into the welding
of high-temperature alloys, and considerable
growth is anticipated in this area. Chapter 7 con-
tinues the theme of high-temperature FSW but
for titanium alloys. Titanium alloys offer unique
difficulties, and although the available data are
limited at this time, there is considerable interest.
The challenge to identify long-life tooling to fric-
tion stir weld titanium alloys remains, but early
results illustrate the metallurgical potential 
to apply FSW. Copper alloys (~1000 °C, or 
1830 °F) are intermediate in FSW temperature
be tween aluminum alloys (~500 °C, or 930 °F)
and ferrous alloys (~1100 to 1200 °C, or 2010 to
2190 °F). Considerable FSW success has already
been demonstrated (Chapter 8), and because of
the intermediate temperature, different high-
temperature flow, and different physical proper-
ties such as thermal conductivity, different 
lessons can be learned. Chapter 9 presents post-
FSW corrosion properties of aluminum alloys.
Compared to fusion welds, corrosion sensitivity
following FSW is always equivalent or less.
However, FSW does introduce local heat, creat-
ing heat-affected zones and potential segregation
of second-phase particles at grain boundaries.
Corrosion sensitivity following FSW should
always be considered, as one would for any weld-
ing practice. Chapter 10 presents results from
computational modeling of FSW. Modeling
helps visualize fundamental behavior and allows
for comparison of flow and temperature response
for different weld parameters and boundary con-
ditions without performing costly ex periments
and subsequent evaluation. The advancement of
FSW out of the laboratory and into commercial

practice is highlighted in Chapters 11 and 13.
Chapter 11 illustrates the portability and versatil-
ity of FSW whereby it can be applied with robots.
Further, Chapter 11 discusses current FSW 
ma chine capabilities. Chapter 12 presents an
over view of friction stir spot welding (FSSW).
The total cycle in FSSW is relatively short, and
the dynamics of the process are close to the
plunge part of FSW. The potential to produce
solid-state spot welds is generating considerable
interest in the automotive industry. Chapter 13
summarizes current FSW applications. It is
anticipated that the number of applications will
grow rapidly as fabricators learn the ease of
application and property benefits attributable to
FSW. Chapter 14 presents an outgrowth of FSW,
that is, friction stir processing (FSP). Because of
the creation of a fine grain micro structure and the
ability to eliminate casting defects, FSP offers
the ability to locally tailor properties within a
structure such that the structure can survive bet-
ter in its environment. For example, by applying
FSP, local properties can be improved, such as
abrasion resistance, strength, ductility, fatigue
life, formability, and superplasticity. Friction stir
processing is a growth technology that may be -
come as important as FSW. Lastly, FSW and FSP
are essentially new technologies not much be -
yond their infancy. The growth potential for the
future can be considerable. Chapter 15 offers the
authors’ thoughts on technology gaps to be over-
come to accelerate growth as well as some specu-
lation on future opportunities and applications.

Interest and Growth in FSW. The field of
FSW has seen tremendous growth in the last ten
years. Figure 1.4 shows the increase in publica-

Fig. 1.4 Significant increase in publications on friction stir
welding/friction stir processing. This figure is based 

on the Institute for Scientific Information Web of Science data-
base and does not include proceedings papers published in The
Welding Institute international symposiums and TMS annual
meeting symposiums. 
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tions in this field. This is a summary from the
Institute for Scientific Information Web of Sci-
ence database and does not include proceedings.
The first international symposium was held at
Rockwell Science Center and was organized by
TWI in 1999. From that time, many sympo-
siums have been organized, including three in
TMS annual meetings, which have accompany-
ing proceedings.
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CHAPTER 2

Friction Stir Tooling: 
Tool Materials and Designs
Christian B. Fuller, Rockwell Scientific Company

FRICTION STIR WELDING AND PRO-
CESSING (collectively referred to as friction
stirring) is not possible without the nonconsum-
able tool. The tool produces the thermomechani-
cal deformation and workpiece frictional heating
necessary for friction stirring. A friction stir
welding (FSW) butt joint is schematically illus-
trated in Figure 1 in Chapter 1, “Introduction,”
and the same steps are necessary for friction stir
processing (Ref 1). During the tool plunge, the
rotating FSW tool is forced into the workpiece.
The friction stirring tool consists of a pin, or
probe, and shoulder. Contact of the pin with the
workpiece creates frictional and deformational
heating and softens the workpiece material; con-
tacting the shoulder to the workpiece increases
the workpiece heating, expands the zone of soft-
ened material, and constrains the deformed mate-
rial. Typically, the tool dwells (or undergoes only
rotational motion) in one place to further increase
the volume of deformed material. After the dwell
period has passed, the tool begins the forward tra-
verse along a predetermined path, creating a fine-
grained recrystallized microstructure behind the
tool. Forward motion of the tool produces loads
parallel to the direction of travel, known as trans-
verse load; normal load is the load required for
the tool shoulder to remain in contact with the
workpiece.

The initial aluminum FSW studies conducted
at The Welding Institute (TWI) used a cylindri-
cal threaded pin and concave shoulder tool
machined from tool steel (Ref 2). Since that
time, tools have advanced to complex asym -
metric geometries and exotic tool materials to 
friction stir higher-temperature materials. This

chapter uses two sections to examine the evolu-
tion of tool material and design since 1991. The
first section describes tool materials, including
the material characteristics needed for a tool
material and a listing of published friction stir
tool materials. The second section presents a
history of friction stir welding and processing
tool design, general tool design philosophy, and
associated tool topics.

2.1 Tool Materials

Friction stirring is a thermomechanical defor-
mation process where the tool temperature
approaches the workpiece solidus temperature.
Production of a quality friction stir weld requires
the proper tool material selection for the desired
application. All friction stir tools contain features
designed for a specific function. Thus, it is unde-
sirable to have a tool that loses dimensional sta-
bility, the designed features, or worse, fractures.

2.1.1 Tool Material Characteristics
Selecting the correct tool material requires

knowing which material characteristics are im -
portant for each friction stir application. Many
different material characteristics could be con-
sidered important to friction stir, but ranking the
material characteristics (from most to least
important) will depend on the workpiece mate-
rial, expected life of the tool, and the user’s own
experiences and preferences. In addition to the
physical properties of a material, some practical
considerations are included that may dictate the
tool material selection.
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Ambient- and Elevated-Temperature Strength.
The candidate tool material must be able to with-
stand the compressive loads when the tool first
makes contact with the workpiece and have suffi-
cient compressive and shear strength at elevated
temperature to prevent tool fracture or distortion
for the duration of the friction stir weld. Cur-
rently, predicting the required tool strength
requires complex computational simulations, so
typically, the strength requirements are based on
experience. At a minimum, the candidate tool
material should exhibit an elevated- (workpiece
solidus temperature) temperature compressive
yield strength higher than the expected normal
forces of the tool.

Elevated-Temperature Stability. In addi-
tion to sufficient strength at elevated tempera-
ture, the tool must maintain strength and dimen-
sional stability during the time of use. Creep
(and creep fatigue) is a consideration for long
weld lengths, where poor creep resistance
would change the tool dimensions during weld-
ing. Tool materials that derive their strength
from precipitates, work hardening, or transfor-
mation hardening have defined maximum-use
temperatures. Tools used above the maximum-
use temperatures will, in time, exhibit a de -
crease in mechanical properties. The change in
mechanical properties is due to overaging,
annealing and recovery of dislocation substruc-
tures, or reversion to a weaker phase. In friction
stirring, these microstructural changes will
weaken the tool and either change the tool shape
or fracture the tool. Thermal fatigue strength
should be considered when the friction stirring
tools are subjected to many heating and cooling
cycles (e.g., friction stir spot welding or short
production welds). However, in most cases,
other tool material characteristics will cause
failure before thermal fatigue.

Wear Resistance. Excessive tool wear
changes the tool shape (normally by removing
tool features), thus changing the weld quality
and increasing the probability of defects. In fric-
tion stirring, tool wear can occur by adhesive,
abrasive, or chemical wear (which is addressed
subsequently as reactivity) mechanisms. The
exact wear mechanism depends on the interac-
tion between the workpiece and tool materials
and the selected tool parameters. For example, in
the case of polycrystalline cubic boron nitride
(PCBN) tools, wear at low tool rotation speed is
caused by adhesive wear (also known as scoring,
galling, or seizing), while wear at high tool rota-
tion speed is caused by abrasive wear (Ref 3).

Tool Reactivity. Tool materials must not
react with the workpiece or the environment,
which would change (generally in a negative
way) the surface properties of the tool. Titanium
is well known to be reactive at elevated tempera-
tures; thus, any reaction of titanium with the tool
material will change the tool properties and alter
the joint quality. Environmental reactions of the
tool (e.g., oxidation) could change the tool wear
resistance or even produce toxic substances (i.e.,
formation of MoO3). These environmental reac-
tions can be mitigated with cover gases, but these
can add complexity to the welding system. The
workpiece can also exhibit environmental reac-
tions; in the case of titanium alloys, a cover gas is
needed to prevent workpiece oxidation.

Fracture Toughness. Tool fracture tough-
ness plays a significant role during the tool
plunge and dwell. The local stresses and strains
produced when the tool first touches the work-
piece are sufficient to break a tool, even when
mitigation methods are used (pilot hole, slow
plunge speed, and preheating of the workpiece).
It is generally accepted that the tool plunge and
dwell periods produce the most damage to a tool
(Ref 4). The friction stir machine spindle run-
out (lateral movement during spindle rotation)
should also be considered when selecting a tool
ma terial. Low-fracture-toughness tools, for ex -
ample, ceramics, should only be used in friction
stir machines that contain low spindle runout
(less than 0.0051 mm, or 0.0002 in.) to avoid
premature tool fracture.

Coefficient of Thermal Expansion (Bi -
metal Tools). Thermal expansion is a consider-
ation in multimaterial tools. Large differences in
the coefficient of thermal expansion (CTE)
between the pin and shoulder materials lead to
either expansion of the shoulder relative to the
pin or expansion of the pin relative to the shoul-
der. Both of these situations increase the stresses
between the pin and shoulder, thus leading to
tool failure.

Additional consideration should be made
when the pin and shoulder are made of one
material, while the tool shank (portion of tool
within the spindle) is a different material. One
way to mitigate this situation is with a thermal
barrier designed to prevent heat removal from
the tool into the shank. An example of this is
used with PCBN tools where a thermal barrier
prevents heat from moving into the tungsten
carbide shank (Ref 5). The CTE differences
between the tool and workpiece are not found to
have a significant influence on friction stirring.
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Table 2.1  Summary of current friction stir
welding tool materials

Thickness

mm in.

Aluminum alloys <12 <0.5 Tool steel, WC-Co
<26 <1.02 MP159

Magnesium alloys <6 <0.24 Tool steel, WC
Copper and copper 

alloys
<50 <2.0 Nickel alloys, PCBN(a),

tungsten alloys
<11 <0.4 Tool steel

Titanium alloys <6 <0.24 Tungsten alloys
Stainless steels <6 <0.24 PCBN, tungsten alloys
Low-alloy steel <10 <0.4 WC, PCBN
Nickel alloys <6 <0.24 PCBN

(a) PCBN, polycrystalline cubic boron nitride

Tool materialAlloy

Machinability. Many friction stir tools are
designed with features that must be machined,
ground, or electrodischarged machined into 
the tool. Any material that cannot be processed
to the required tool design should not be 
con sidered.

Uniformity in Microstructure and Den-
sity. Tool materials are not useful if there are
local variations in microstructure or density.
These slight variations produce a weak region
within the tool where premature fracture occurs.
Powder metallurgical alloys are manufactured
with different densities, so friction stirring tools
should only be manufactured from a fully dense
grade.

Availability of Materials. A tool material
is not useful if a steady supply of tool material
is not available. This is especially true in a pro-
duction environment, where production specifi-
cations dictate the use of a specific material.

2.1.2 Published Tool Materials
This section considers all of the published

tool materials listed for friction stir welding and
processing. The listed tool materials should not
be viewed as an exhaustive list, because many
papers do not specify the tool material or claim
the tool materials are proprietary. In instances
where specific alloys are not cited, effort was
made to include the class of tool materials used.
The exception is tool steels, where many papers
cite tool steels but not the specific alloy. Table
2.1 is a summary of the current tool materials
used to friction stir the indicated materials and
thicknesses. These data are assembled from the
indicated literature sources.

Tool Steels. Tool steel is the most common
tool material used in friction stirring (Ref 6–26).

This is because a majority of the published FSW
literature is on aluminum alloys, which are eas-
ily friction stirred with tool steels. The advan-
tages to using tool steel as friction stir tooling
material include easy availability and machin-
ability, low cost, and established material char-
acteristics. References cite AISI H13 (Ref 7, 8,
10–12, 14–16, 18–20, 24–27) more than any
other steels. AISI H13 is a chromium-molybde-
num hot-worked air-hardening steel and is
known for good elevated-temperature strength,
thermal fatigue resistance, and wear resistance.
In addition to friction stir welding aluminum
alloys, H13 tools have been used to friction stir
weld both oxygen-free copper (Cu-OF) and
phosphorus-deoxidized copper with high resid-
ual phosphorus (Cu-DHP) (Ref 25). However,
the limited travel speed in Cu-DHP would limit
the production use of H13. Another study found
that tool steel FSW tools could weld 3 mm (0.12
in.) thick copper, but 10 mm (0.4 in.) thick cop-
per filled the tool features and softened the tool
steel, distorting the pin profile (Ref 28). Other
tool steels used for FSW tools include oil-
hardened 0-1 (Ref 13, 17, 29), D2 (Ref 30),
SKD61 (Ref 23), Orvar Supreme (Ref 31), and
Divar (Ref 32). The maximum-use temperature
of tool steels depends on the type of tool steel:
oil- and water-hardened tool steels can be used
up to 500 °C (930 °F); secondary-hardened tool
steels can be used up to 600 °C (1110 °F).

Nickel- and Cobalt-Base Alloys. High-
temperature nickel- and cobalt-base alloys were
developed to have high strength, ductility, creep
resistance, and corrosion resistance. These
alloys derive their strength from precipitates, so
the use temperature must be kept below the pre-
cipitation temperature (typically 600 to 800 °C,
or 1110 to 1470 °F) to prevent precipitate over-
aging and dissolution. Nickel- and cobalt-base
alloys were initially designed for aircraft engine
components, so much is known about the alloys,
and a reasonable supply exists. It is reasonable
to assume that new alloys will improve the qual-
ity and use temperature of nickel- and cobalt-
base alloys, thus providing additional alloys for
friction stirring. Nickel- and cobalt-base alloys
can be difficult to machine, especially for the
highly alloyed alloys. Several different nickel-
base alloys have been used to friction stir weld
copper alloys, including IN738LC, IN939 (Ref
26), MAR-M-002, Stellite 12, IN-100, PM
3030, Nimonic 90, Inconel 718, Waspalloy (Ref
33), and Nimonic 105 (Ref 33, 34). Aluminum
alloys have been friction stirred with tools made
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Fig. 2.1 Elevated-temperature tensile properties for select
nickel- and cobalt-base alloys. Source: Ref 36, 37

from the cobalt-nickel-base alloy MP 159 (Ref
14, 32, 35), which is readily machined. Figure
2.1 shows the ultimate tensile strength as a func-
tion of test temperature for selected nickel- and
cobalt-base alloy bars (Ref 36, 37).

Refractory Metals. The refractory metals
(tungsten, molybdenum, niobium, and tanta-
lum) are used for their high-temperature capa-
bilities (e.g., light bulb filaments) and high den-
sities (ballistic projectiles). Many of these
alloys are produced as a single phase, so
strength is maintained to nearly the melting-
point temperature. Therefore, refractory metals
are among the strongest alloys between 1000
and 1500 °C (1830 and 2730 °F). However, tan-
talum and niobium have high solubility of oxy-
gen at elevated temperatures, which quickly
degrades the ductility. The drawbacks to using
refractory metals include limited material avail-
ability, long lead times, cost, and difficult
machining (typically involving grinding
processes). Powder processing is the primary
production method for refractory alloys. Occa-
sionally, partially dense powder-processed
material is manufactured, which produces a
friction stir tool that easily fractures. Thus, care
must be taken to ensure that the raw material is
fully dense before machining.

Tungsten-base alloys have been used in the
friction stirring of copper alloys, nickel-
aluminum bronze, titanium alloys, and steels
(Ref 4, 15, 26, 28, 33, 34, 38–48). The FSW of
1018 steel (Ref 4) and ultrahard 0.29C-Mn-Si-
Mo-B 500 Brinell steel (Ref 40) caused tool
wear on tungsten alloy FSW tools. Four tung-
sten-base materials have been specifically cited

for friction stirring tools: W (Ref 5), W-25%Re
(Ref 33, 39), Densimet (Ref 28, 33, 34, 41, 44,
47), and W-1%LaO2 (Ref 48). Tungsten-rhe-
nium has a high operational temperature, but
machining features require grinding (more diffi-
cult than conventional machining), and tung-
sten-rhenium has a high cost. Densimet consists
of small spheres of tungsten bound in a matrix
containing either nickel-iron or nickel-copper
combinations (Ref 49). Figure 2.2 demonstrates
that the matrix of Densimet lowers the opera-
tional temperatures (relative to other tungsten-
base alloys). However, in contrast to other tung-
sten-base alloys (i.e., tungsten-rhenium),
Densimet is readily machined by conventional
methods and has a lower raw material cost. The
high thermal conductivity of Densimet has been
cited as a reason to use this material for the
shoulder of FSW tools (Ref 33, 34) used to weld
50 mm (2 in.) thick copper. Another tungsten-
base alloy is W-1%LaO2 (Ref 48), which has
the cost and machinability of Densimet but the
temperature range of tungsten-rhenium tools.
The ultimate tensile strength temperature
dependence of tungsten (Ref 50), W-27%Re
(Ref 51), Densimet (Ref 49), and W-1%LaO2
(Ref 52) is shown in Fig. 2.2.

Friction stir tools were also made from molyb-
denum-base alloys (Ref 4, 33). Cederqvist
examined four molybdenum-base alloys to fric-
tion stir weld up to 50 mm thick copper plates
(Ref 33). However, none of the alloys survived
the plunge sequence and remained dimension-
ally unchanged after a 1 m (3 ft) long weld.

Carbides and Metal-Matrix Composites.
Carbides (or cermets) are commonly used as

Fig. 2.2 Elevated-temperature tensile properties for W, W-
27%Re, Densimet D175, and W-1%LaO2. Source: 

Ref 49–52
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machining tools due to superior wear resistance
and reasonable fracture toughness at ambient
temperatures (especially when compared to
other ceramics). Because they are made for
machining tools, carbides perform well at ele-
vated temperatures. Friction stirring tools made
from tungsten carbide are reported to have
smooth and uniform thread surfaces for the FSW
of 6061 Al (Ref 10). The superior wear resistance
of WC-Co allows threadless pins to friction stir
weld 5 mm (0.2 in.) thick AC4A (aluminum-
silicon alloy) + 30 vol% SiC with little wear (Ref
53). However, severe wear is observed when the
tools contain threads. The high-temperature
strength of WC and WC-Co tools was used to
weld interstitial-free steel (Ref 23) and carbon
S45C steel to 6064 Al (Ref 54, 55).

Metal-matrix composites using TiC as the
reinforcing phase have also been used as tool
materials for copper alloys (Ref 26). Both sin-
tered TiC:Ni:W and hipped TiC:Ni:Mo alloys
were used to friction stir copper alloys. How-
ever, both TiC-containing alloys produced brit-
tle tools that fractured during the tool plunge.

Cubic Boron Nitride. Polycrystalline cubic
boron nitride was originally developed for the
turning and machining of tool steels, cast irons,
and superalloys. Recently, PCBN has gained
acceptance as a friction stir tool material, espe-
cially for high-temperature alloys (Ref 3, 5, 26,
33, 40, 44, 56–69). The PCBN was chosen as a
friction stir tool based on its prior success in
extreme machining applications. The manufac-
turing of PCBN occurs via an ultrahigh-temper-
ature/high-pressure process, where the extreme
temperatures and pressures limit the size of
PCBN that can be produced. Only the shoulder
and pin of the tool are produced from PCBN; the
shank is made from tungsten carbide, and both
are held together by a superalloy locking collar
(Ref 3, 58). The high tool costs (due to the
extreme manufacturing methods) and the low
fracture toughness mean that care should be used
with PCBN tools. The PCBN tools require a low
eccentricity spindle to minimize tool fracture.
Successful PCBN friction stir welds have been
made with ferritic steels (Ref 5, 40, 54), dual-
phase steels (Ref 5, 65), austenitic stainless
steels (Ref 5, 56, 59, 60, 63, 64, 67), type 430
stainless steel (Ref 5), 2507 super duplex stain-
less steel (Ref 5), class 40 gray cast iron (Ref 68),
nickel-base alloys (Ref 5), Narloy Z (Ref 5), Ni-
Al bronze (Ref 5), Invar (Ref 5), copper (Ref 26,
33), sonoston (Ref 61), ultrafine-grained steels
(Ref 62), and nitinol (Ref 44).

Direct Comparison of Tool Materials.
Only a handful of published studies have exam-
ined the effect of different tool materials on
FSW. Midling and Rorvik (Ref 31) examined
how weld heat input changed with different tool
shoulder materials using 6 mm (0.25 in.) thick
7109.50-T79 Al friction stir welds. To perform
this task, they constructed a tool shank made of
titanium, into which hardened tool steel (Orvar
Supreme) pin and tool shoulder inserts were
placed. Shoulder inserts consisted of Inconel
718, Nimonic 105, a zirconia engineering ce -
ram ic, 94%WC + 6%Co, and a Ni3(Si,Ti,Cr)
intermetallic. All the metallic tool materials
behaved similarly to the reference tool steel
except at the slowest welding speed (5 mm · s–1,
or 0.2 in. · s–1), where all the tool materials exhib-
ited better heat generation than the reference tool
steel. However, the zirconia ceramic insert pro-
duced 30 to 70% more heat than the reference
Orvar Supreme tool steel. The higher heat input
allowed the tool travel speed to increase from 12
to 18 to 30 mm · s–1 (0.5 to 0.7 to 1.2 in. · s–1), just
by changing the tool shoulder material.

Savolanen et al. (Ref 25) examined how dif-
ferent tool materials were able to friction stir
weld four different 10 to 11 mm (0.40 to 0.43 in.)
thick copper alloys: Cu-OF, Cu-DHP, aluminum
bronze, and Cu-25%Ni. The evaluated tool mate-
rials included H13 tool steel, IN738LC, IN939,
IN738LCmod, sintered TiC:Ni:W (2:1:1), hipped
TiC:Ni:Mo (3:2:1), pure tungsten, and PCBN.
Tool steel (H13) and nickel-base alloy tools were
only suitable for Cu-OF and CU-DHP, but the
welding speeds with H13 tools were quite low.
Both of the TiC-base alloys were too brittle, and
the tungsten tools worked for only Cu-OF and
Cu-DHP (a tungsten-base alloy was postulated to
produce better results, Ref 25). The PCBN was
the only tool material to produce quality friction
stir welds in all four copper alloys.

Cederqvist studied 17 different tool materials
to friction stir weld 50 mm thick copper (Ref 33),
and the first material evaluations were for use as
the tool pin. Tungsten carbide-cobalt pins pro-
vided the initial welding parameter develop-
ment, but tool life issues (due to large spindle
eccentricities) made this tool material impracti-
cal for production. Likewise, eccentricity issues
caused PCBN, alumino-silicate, and yttria-
stabilized zirconium oxide pins to fail within the
plunge or dwell sequence of the friction stir
welds. A majority of the pins manufactured from
refractory metals (four molybdenum-base and
three tungsten-base) did not have dimensional
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Fig. 2.3 Macrograph showing void imperfection in a friction
stir weld

stability after the plunge sequence and 1 m of
welding. The exception was the tung sten-
rhenium alloy, which had the best performance
of the refractory metals, but the cost of tungsten-
rhenium was too high for the selected applica-
tion. Pins made of cast (MAR-M-002 and Stellite
12) and powder-processed (PM 3030) superal-
loys produced 1.0 m long welds, and pins made
from IN-100 fractured after 150 mm (6 in.) of
weld length. Evaluations of these tool materials
were stopped after metallurgical examination
showed the presence of porosity (cast alloys) and
carbide films (powder alloys). Pins made from
Nimonic 90, Inconel 718, and Waspalloy pro-
duced welds 3.3 m (11 ft) long without fracture,
but all of these tools had started to twist, causing a
reduction in length. Nimonic 105 was able to pro-
duce 20 m (66 ft) long friction stir welds with no
fracture or change in dimensions. Selection of
Nimonic 105 was attributed to good creep rup-
ture strength up to 950 °C (1740 °F) and consis-
tent ductility up to 900 °C (1650 °F). Densimet
was selected as the shoulder material based on
higher thermal conductivity (130 W/m°C) than
nickel-base (10 to 20 W/m°C) and cobalt-base
alloys (70 W/m°C), where the author assumed
that faster heating of the tool shoulder is pre-
ferred in FSW.

2.2 Friction Stir Tools

Each of the friction tool parts (pin and shoul-
der) has a different function. Therefore, the best
tool design may consist of the shoulder and pin
constructed with different materials. The work-
piece and tool materials, joint configuration
(butt or lap, plate or extrusion), tool parameters
(tool rotation and travel speeds), and the user’s
own experiences and preferences are factors to
consider when selecting the shoulder and pin
designs. The tool designs shown in this chapter
are a summary of those found in literature. 
New tool designs are in constant introduction,
so the reader is encouraged to seek out recently
published tool designs, especially for niche
applications.

2.2.1 Friction Stirring Imperfections
There are three common imperfections en -

countered in friction stirring: voids, joint line
remnants, and root flaws (or incomplete root
penetration). The presence of voids is easily
detectable by current nondestructive testing
methods, but joint line remnants and root flaws

can be quite difficult to find (Ref 70). These
defects must be considered when designing an
FSW tool for a given application. While several
different process variables (e.g., the tool design,
tool rotation and travel speed, tool shoulder
plunge depth, tool tilt angle, welding gap, and
thickness mismatch) affect the quality of fric-
tion stir welds, this section focuses on how tool
design and operation affect imperfections.

Voids are generally found on the advancing
side of the weld, and they may or may not break
through to the surface of the friction stir weld
(Fig. 2.3). For a given tool design, void forma-
tion is due to insufficient forging pressure, too
high of welding speed, and insufficient work-
piece clamping (too large of joint gap) (Ref 71).
Material deformed by the friction stir tool must
be able to fill the void produced by a traversing
pin. If the tool design is incorrect (i.e., pin diam-
eter is too large for selected parameters) or the
travel speed too fast, the deformed material will
cool before the material can fully fill the region
directly behind the tool. In addition, the shoul-
der is needed to apply sufficient heat generation
to allow material flow around the tool; if insuf-
ficient heat is generated (through insufficient
forging pressure or incorrect shoulder diame-
ter), then material will not flow properly, and
voids will form.

Joint Line Remnant. A joint line remnant
defect (also known as a kissing bond, lazy S, or
entrapped oxide defect) is due to a semicontinu-
ous layer of oxide through the weld nugget (Fig.
2.4). The semicontinuous layer of oxide was ini-
tially a continuous layer of oxide on the faying
surfaces of the plates to be joined. Joint line
remnants form because of insufficient cleaning
of workpieces prior to welding or insufficient
deformation at the faying surface interface due
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Fig. 2.4 Joint line remnant imperfection in a friction stir weld shown by (a) macrograph and (b) magnification of oxide debris that
causes the joint line remnant

Fig. 2.5 Incomplete root penetration imperfection as demonstrated by (a) micrograph and (b) fracture path dictated by incomplete
root penetration at the weld root. FSW, friction stir weld

(a) (b)

(a) (b)

to incorrect tool location relative to the joint
line, too fast of welding speed, or too large of
tool shoulder diameter (Ref 71).

Incomplete Root Penetration. There are
several causes for incomplete root penetrations,
including local variations in the plate thickness,
poor alignment of tool relative to joint interface,
and improper tool design. In the realm of tool
design, incomplete root penetration occurs
when the FSW pin is too distant from the sup-
port anvil. Thus, an undeformed region exists
between the bottom of the tool and the bottom
surface of the plate (Fig. 2.5). When subjected
to a bending stress, the friction stir weld will fail
along the lack of penetration line (Fig. 2.5b).
The proper FSW of butt joints requires a suffi-
cient depth of deformation (either through pin

length or design) to eliminate the incomplete
root penetration, while ensuring that the pin will
not touch the backing anvil.

2.2.2 Design of Tool Shoulders
Tool shoulders are designed to produce heat

(through friction and material deformation) to
the surface and subsurface regions of the work-
piece. The tool shoulder produces a majority of
the deformational and frictional heating in thin
sheet, while the pin produces a majority of the
heating in thick workpieces. Also, the shoulder
produces the downward forging action neces-
sary for weld consolidation.

Concave Shoulder. The first shoulder
design was the concave shoulder (Ref 2), com-
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Fig. 2.6 Different shoulder features used to improve material flow and shoulder efficiency. Source: Ref 79

monly referred to as the standard-type shoulder,
and is currently the most common shoulder
design in friction stirring (Ref 3–13, 15–21,
23–26, 28, 33, 34, 38–48, 53–67, 72–78). Con-
cave shoulders produce quality friction stir
welds, and the simple design is easily machined.
The shoulder concavity is produced by a small
angle between the edge of the shoulder and the
pin, between 6 and 10°. During the tool plunge,
material displaced by the pin is fed into the cav-
ity within the tool shoulder. This material serves
as the start of a reservoir for the forging action
of the shoulder. Forward movement of the tool
forces new material into the cavity of the shoul-
der, pushing the existing material into the flow
of the pin. Proper operation of this shoulder
design requires tilting the tool 2 to 4° from the
normal of the workpiece away from the direc-
tion of travel; this is necessary to maintain the
material reservoir and to enable the trailing edge
of the shoulder tool to produce a compressive
forging force on the weld. A majority of the fric-
tion stir welds produced with a concave shoul-
der are linear; nonlinear welds are only possible
if the machine design can maintain the tool tilt
around corners (i.e., multiaxis FSW machine).

Shoulder Features. The FSW tool shoul-
ders can also contain features to increase the
amount of material deformation produced by
the shoulder, resulting in increased workpiece
mixing and higher-quality friction stir welds
(Ref 79, 80). These features can consist of
scrolls, ridges or knurling, grooves, and concen-
tric circles (Fig. 2.6) and can be machined onto
any tool shoulder profile (concave, flat, and con-
vex). Currently, there are published examples of
three types of shoulder features: scoops (Ref
80), concentric circles (Ref 9, 80), and scrolls
(Ref 9, 14, 75, 76, 80, 81).

Scroll Shoulder. Scrolls are the most com-
monly observed shoulder feature. The typical
scrolled shoulder tool consists of a flat surface
with a spiral channel cut from the edge of the
shoulder toward the center (Fig. 2.7). The chan-
nels direct deformed material from the edge of
the shoulder to the pin, thus eliminating the
need to tilt the tool. Removing the tool tilt sim-
plified the friction stirring machine design and
allowed for the production of complicated non-
linear weld patterns. Concave shoulder tools
also have a tendency to lift away from the work-
piece surface when the tool travel speed is
increased. Replacing the concave shoulder with
a scrolled shoulder reduces the tool lift and
increases the welding speed. An additional
advantage of the scrolled shoulder tool is elimi-
nation of the undercut produced by the concave
tool and a corresponding reduction in flash.
Also, because the tool is normal to the work-
piece, the normal forces are lower than concave
shoulder tools, which must apply load in both
the normal and transverse directions to keep the
shoulder in sufficient contact. In addition, the
material within the channels is continually
sheared from the plate surface, thereby increas-
ing the deformation and frictional heating at the
surface (Ref 80).

Scrolled shoulder tools are operated with
only 0.1 to 0.25 mm (0.004 to 0.01 in.) of the
tool in contact with the workpiece; any addi-
tional workpiece contact will produce signifi-
cant amounts of flash. If the tool is too high
(insufficient contact), the shoulder will ride on a
cushion of material that will smear across the
joint line and make a determination of weld
quality difficult (Ref 80). Thus, use of the
scrolled shoulder requires more positional care
than the concave shoulder. The limitations of
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Fig. 2.7 Photograph of a scrolled shoulder tool and a trun-
cated cone pin containing three flats

Fig. 2.8 Depictions of the convex shoulder having either (a)
curved or (b) tapered geometries

(a)

(b)

scrolled shoulder tools include the inability to
weld two plates with different thicknesses, an
inability to accommodate for workpiece thick-
ness variation in the length of the weld, and
welding of complex curvatures (especially tight
curvatures). Scrolled shoulder tools can weld
two plates of different thicknesses, but some
amount of material from the thicker plate is
expelled in the form of flash.

Convex Shoulders. Friction stir tool shoul-
ders can also have a convex profile (Ref 22, 79,
82–84). Early attempts at TWI to use a tool with
a convex shoulder were unsuccessful, because
the convex shape pushed material away from
the pin. The only reported success with a
smooth convex tool was with a 5 mm (0.2 in.)
diameter shoulder tool that friction stir welded
0.4 mm (0.015 in.) sheet (Ref 22). Convex
shoulder tools for thicker material were only
realized with the addition of a scroll to the con-
vex shape (Ref 82–84). Like the scrolls on the
flat profile shoulders (see the section “Scroll
Shoulder” in this chapter), the scrolls on the
convex shoulders move material from the out-
side of the shoulder in toward the pin. The
advantage of the convex shape is that the outer
edge of the tool need not be engaged with the
workpiece, so the shoulder can be engaged with
the workpiece at any location along the convex
surface. Thus, a sound weld is produced when
any part of the scroll is engaged with the work-
piece, moving material toward the pin. This
shoulder design allows for a larger flexibility in
the contact area between the shoulder and work-
piece (amount of shoulder engagement can
change without any loss of weld quality), im -
proves the joint mismatch tolerance, in creases
the ease of joining different-thickness work-
pieces, and improves the ability to weld com-
plex curvatures. The profile of the convex
shoulder can be either tapered (Ref 82, 83) or
curved (Ref 79, 84) (Fig. 2.8).

2.2.3 Pin Designs
Friction stirring pins produce deformational

and frictional heating to the joint surfaces. The
pin is designed to disrupt the faying, or contact-
ing, surfaces of the workpiece, shear material in
front of the tool, and move material behind the
tool. In addition, the depth of deformation and
tool travel speed are governed by the pin design.
The focus of this section is to illustrate the dif-
ferent pin designs found in the open literature,
including their benefits and drawbacks. In addi-
tion to the pins presented in this section, many
other viable pin designs are contained within
patent or patent application documents that are
not contained within the known literature (e.g.,
Ref 79). The reader is encouraged to search the
patent literature for additional information
about pins not contained within this chapter.

Round-Bottom Cylindrical Pin. The pin
cited in the original FSW patent (Ref 2) consists
of a cylindrical threaded pin with a round bot-
tom (Fig. 2.9). This pin design was achieved
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Fig. 2.9 Photograph of a concave shoulder with a round-
bottom pin Fig. 2.10 Photograph of a flat-bottom pin

during the TWI group-sponsored project num-
ber 5651 (Ref 85) and is commonly referred to
as the 5651 tool in the friction stir community.

Threads are used to transport material from
the shoulder down to the bottom of the pin; for
example, a clockwise tool rotation requires left-
handed threads. A round or domed end to the
pin tool reduces the tool wear upon plunging
and improves the quality of the weld root
directly underneath the bottom of the pin. The
best dome radius was specified as 75% of the
pin diameter. It was claimed that as the dome
radius decreased (up to a flat-bottom tool), a
higher probability of poor-quality weld was
encountered, especially directly below the pin
(Ref 85). The versatility of the cylindrical pin
design is that the pin length and diameter can
readily be altered to suit the user’s needs. Also,
machining a radius at the bottom of the threads
will increase tool life by eliminating stress con-
centrations at the root of the threads.

Flat-Bottom Cylindrical Pin. Contrary to
the statements made in the previous section
about the negative aspects of the flat-bottom
cylindrical pin (Fig. 2.10), the flat-bottom pin
design is currently the most commonly used pin
design (Ref 8–10, 16, 17, 20, 53, 73, 74, 77, 78).
Changing from a round-bottom to a flat-bottom
pin is attributed to a geometrical argument (Ref
86). The surface velocity of a rotating cylinder
increases from zero at the center of the cylinder
to a maximum value at the edge of the cylinder.
The local surface velocity coupled with the fric-
tion coefficient between the pin and the metal
dictates the deformation during friction stirring.
The lowest point of the flat-bottom pin tilted to
a small angle to the normal axis is the edge of
the pin, where the surface velocity is the highest
(Fig. 2.11a). In contrast, the lowest point of a

round-bottom pin is not far from the center of
the pin exhibiting a slower surface velocity (Fig.
2.11b). The surface velocities at the lowest
points of flat-bottom and round-bottom pins are
compared in Table 2.2, assuming a 3° tool tilt, 
5 mm (0.2 in.) diameter pin, and a 3.8 mm 
(0.15 in.) round-bottom pin radius. A larger
round-bottom pin radius will reduce the veloc-
ity differential, while a smaller pin radius will
increase the velocity differential. For this exam-
ple, the flat-bottom pin has a surface velocity
27.9 times the round-bottom pin. The increased
surface velocity at the bottom of the pin would
increase the throwing power of the pin, or the
ability of the pin to affect metal below the end
of the pin. In addition, the flat-bottom pin is eas-
ier to machine, and the defects mentioned in the
previous section can be eliminated with correct
tool parameters and sufficient forging load.

Truncated Cone Pins. Cylindrical pins
were found to be sufficient for aluminum plate
up to 12 mm (0.5 in.) thick, but researchers
wanted to friction stir weld thicker plates at
faster travel speeds. A simple modification of a
cylindrical pin is a truncated cone (Ref 14, 35,
81) (Fig. 2.12). Truncated cone pins have lower
transverse loads (when compared to a cylindri-
cal pin), and the largest moment load on a trun-
cated cone is at the base of the cone, where it is
the strongest.

A variation of the truncated cone pin is the
stepped spiral pin (Fig. 2.13), a design devel-
oped for high-temperature materials (Ref 41,
47, 48, 66, 68, 87). During the friction stir pro-
cessing (FSP) of Ni-Al bronze, a threaded pro-
file distorted, and threadless tools did not pro-
duce sufficient material flow to obtain 6 mm
(0.25 in.) deep deformation regions. Thus, the
stepped spiral tool was designed with robust
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Fig. 2.11 Geometry used to compare surface velocities at calibration point for (a) flat-bottom and (b) round-bottom pins. Source:
Ref 86

(a) (b)

features that survived the 1000 °C (1830 °F)
temperatures. The stepped spiral has a square
edge and never forms a recess between a step
and the following step. Also, the stepped spiral
profile can be ground into ceramic tools, where
threaded features are not possible. Thus, some
PCBN tools contain a stepped spiral pin that
increases the volume of material deformed by
the pin (Ref 63, 68, 84).

Addition of Machined Flats on Pins.
Thomas et al. (Ref 79) found that the addition of
flat areas to a pin (as shown in Fig. 2.7) changes
material movement around a pin. The effect of

adding flat regions is to locally increase the
deformation of the plasticized material by act-
ing as “paddles” and producing local turbulent
flow of the plasticized material. Colligan, Xu,
and Pickens (Ref 14) used 25.4 mm (1 in.) thick
5083-H131 to demonstrate that a reduction in
transverse forces and tool torque was directly
proportional to the number of flats placed on a

Table 2.2 Calculated surface velocities of
lowest pin locations

Surface velocities, cm · min–1

Flat-bottom pin Round-bottom pin

200 314 11
400 628 22
600 942 34

Tool rpm

Fig. 2.12 Truncated cone pin and convex shoulder friction
stir welding tool
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Fig. 2.14 Schematics of the Whorl pin variations. (a) Oval-shaped probe. (b) Paddle-shaped probe. (c) Three-flat-sided probe. (d)
Three-sided re-entrant probe. (e) Changing spiral form and flared probe. Source: Ref 89

Fig. 2.13 Photograph of a stepped spiral pin

truncated cone (up to four flats). Recently,
Zettler et al. (Ref 76) have examined the FSW
of 4 mm (0.16 in.) thick 2024-T351 and 6056-
T4 Al alloys as a function of FSW tool parame-
ters for three different pin designs: a non-
threaded truncated cone pin, a threaded
truncated cone pin, and a threaded truncated
cone pin with flats. Welding trials quickly
showed that the nonthreaded pin produced
voids, while the two threaded pins (with and
without flats) produced fully consolidated fric-
tion stir welds. Adding the flats was shown to
increase the weld nugget area and the workpiece
temperature measured at the plate midthickness
12.3 mm (0.5 in.) from the joint centerline when
compared to the pin without flats.

Whorl Pin. The next evolution in pin
design is the Whorl pin developed by TWI (Ref
88, 89). The Whorl pin reduces the displaced
volume of a cylindrical pin of the same diame-
ter by 60%. Reducing the displaced volume also
decreases the traverse loads, which enables
faster tool travel speeds. The key difference
between the truncated cone pin and the Whorl

pin is the design of the helical ridge on the pin
surface. In the case of the Whorl pin, the helical
ridge is more than an external thread, but the
helical ridge acts as an auger, producing a clear
downward movement. Variations of the Whorl
pin include circular, oval, flattened, or re-
entrant pin cross sections (Fig. 2.14) (Ref 89).
The significant advantage of the Whorl pin is
the ratio of the volume swept by the pin to the
pin volume. Cylindrical pins have a ratio of 1.1
to 1, while the Whorl pin has a 1.8 to 1 ratio
(when welding 25 mm, or 1 in., thick plate).

MX Triflute Pin. The MX Triflute pin
(TWI) is a further refinement of the Whorl pin
(Fig. 2.15) (Ref 88, 89). In addition to the heli-
cal ridge, the MX Triflute pin contains three
flutes cut into the helical ridge. The flutes
reduce the displaced volume of a cylindrical pin
by 70% and supply additional deformation at
the weld line. Additionally, the MX Triflute pin
has a pin volume swept to pin volume ratio of
2.6 to 1 (when welding 25 mm thick plate). Pub-
lished examples using Triflute-type pins include
FSW 5 mm (0.2 in.) thick 5251 Al (Ref 90) and
up to 50 mm (2 in.) thick copper (Ref 33). Ced-
erqvist (Ref 33) cited that changing to an MX
Triflute increased the tool travel speed by 2.5
times over the previous tool design. In addition
to welding thick-section copper, the MX Tri-
flute has shown promise for thick-section alu-
minum alloys. Ma et al. (Ref 91) used the FSP
of cast A356 Al to demonstrate that a modified
Triflute pin (cylindrical pin with three flutes) is
more effective in breaking up silicon particles
and healing casting porosity than either cylin-
drical or truncated cone pins.

Trivex Pin. Two-dimensional (2-D) com-
putational fluid dynamics simulations were used
to examine material flow around a series of pin

(a) (b) (c) (d) (e)
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designs (Ref 92, 93). The simulations used a
novel slip model on the 2-D pin profiles to
establish the profile that produced the minimum
traverse force. The optimal 2-D pin profile was
used to produce two versions: the featureless
Trivex pin (TWI) and the threaded MX-Trivex
pin (TWI) (Fig. 2.16). Friction stir welding
experiments of 6.35 mm (0.25 in.) thick 7075-
T7351 Al demonstrated that the Trivex and
MX-Trivex pin produced an 18 to 25% reduc-
tion of traversing forces and a 12% reduction in
forging (normal) forces in comparison to an MX
Triflute pin of comparable dimensions (Ref 92,
93). In addition, both the Trivex and Triflute

tools produced friction stir welds with compara-
ble tensile strengths.

Threadless pins are useful in specific FSW
applications where thread features would not
survive without fracture or severe wear. Tools
operating under aggressive environments (high
temperature or highly abrasive composite
alloys) cannot retain threaded tool features
without excessive pin wear; pins for these con-
ditions typically consist of simple designs with
robust features. For example, early PCBN pins
designed to friction stir weld stainless steels
consisted of a truncated cone with three flats at
the tip (Fig. 2.17). Also, Loftus et al. used a fea-
tureless cylindrical pin to friction stir weld 
1.2 mm (0.05 in.) thick beta 21S Ti (Ref 42).
Tools used to friction stir weld thin sheet com-
monly have fine pins with little surface area for
features. The addition of any threads would
severely weaken the pin, causing premature pin
failure. Thus, thin sheet, for example, 0.4, mm
(0.015 in.) thick Mg AZ31 (Ref 22), is com-
monly friction stir welded with threadless tools.
Threadless pins have also been used to pur-
posely produce defective welds (Ref 9) and to
study material flow (Ref 76).

Retractable Pins. The retractable pin tool
(RPT) consisted of an actuated pin within a
rotating shoulder (Ref 94, 95) to allow pin
length adjustment during FSW (Fig. 2.18). The
normal operational mode for these tools was to
retract the pin at a prescribed rate as the tool tra-
versed forward. This allowed the closure of the
exit hole in circumferential friction stir welds.Fig. 2.15 Schematic of MX Triflute pin. Source: Ref 89

Fig. 2.16 Photos showing details of (a) Trivex and (b) MX Trivex pins. Scale is in millimeters. Source: Ref 93

(a) (b)
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Fig. 2.17 Example of a threadless pin tool. Polycrystalline
cubic boron nitride pin tool with three flats at pin 

tip. Source: Ref 57

Also, pin lengths could be adjusted to ensure
full penetration welds in workpieces with
known thickness variations.

2.2.4 Bobbin Tools
Bobbin tools consist of two shoulders, one on

the top surface and one on the bottom surface of
the workpiece, connected by a pin fully con-
tained within the workpiece (Fig. 2.19). The
bobbin tool concept was included in the first
FSW patent by TWI (Ref 2), but initial trials had
problems with weld nugget containment due to
improper shoulder design. The next iteration of
bobbin tools used a fixed shoulder-to-shoulder
distance and the scrolled shoulder tool (Ref 88),
which eliminated the need to tilt the tool. How-
ever, subsequent FSW trials showed that the
fixed shoulder distance bobbin tools had issues
with pin fractures that were attributed to thermal
expansion stresses between the tool and work-
piece. The final bobbin tool iteration included
the RPT (Ref 94), which allowed the relative
movement between the shoulders to maintain a
constant force between the shoulders. The bob-
bin tool works by placing the bottom or reacting
scrolled shoulder onto the end of a retractable
pin. This is typically done by first drilling a hole
through the workpiece, inserting the threaded
pin, and securing the second shoulder to the pin.
During FSW, the bottom shoulder is drawn
toward the top shoulder (using the RPT technol-
ogy) until the desired force is reached. Because
the two shoulders are reacting together to form
the friction stir weld, the bobbin tool is also
known as the self-reacting tool. The primary

advantages of bobbin tools include ease of fix-
turing (no anvil is needed), the elimination of
incomplete root penetration, and increased tool
travel speeds due to heating from both shoulders
(Ref 96). Fixed shoulder-to-shoulder distance
bobbin tools are now possible with the convex
scrolled shoulder (Ref 82, 83). This bobbin tool
configuration does not require the bottom shoul-
der actuation (RPT) to produce a sound weld
and simplifies the design of FSW machines.

Bobbin tools have successfully joined thick
aluminum plates from 8 to 25.4 mm (0.3 to 
1 in.) (Ref 96) and thin aluminum plate from 1.8
to 3 mm (0.07 to 0.12 in.) (Ref 97). However,
several considerations must be made when deal-
ing with the bobbin tools (Ref 96). Careful
cleaning of the tools after each weld is neces-
sary to maintain the needed load by actuating
the pin and bottom shoulder. During welding,
material can extrude between the pin and shoul-
der, making removal of the bottom shoulder dif-
ficult. Thermal comparisons between the bob-
bin and conventional tools show that the
maximum temperature for the bobbin tools is 
50 °C (90 °F) higher than the conventional tool
(Ref 98). This behavior is attributed to the back-
ing anvil in conventional FSW acting as a heat
sink. As would be expected with higher temper-
atures, the forging forces were 4 to 8 times less
for the bobbin tool than conventional FSW.

2.2.5 Lap Joint Tools
While many have demonstrated that two

plates in the butt joint configuration can be read-
ily friction stir welded, it is the lap joint that
offers the most applications. Lap joints are fre-
quently used in industry, and the replacement of
fasteners (rivets or bolts) with FSW would be
faster if significant modifications of current pro-
duction parts were not necessary. The lap joint
interface (and corresponding surface oxides)
resides in a horizontal layer that is more difficult
to break up than the vertical interface encoun-
tered in butt joints.

Cylindrical pin butt joint tools were used in
the first friction stir lap welding (FSLW)
attempts. These tools produced uplift adjacent
to the friction stir zone and thinning of the upper
sheet (Fig. 2.20). Interface uplift is produced by
vertical flow adjacent to the pin, which sharply
moves the joint interface upward (typically on
the advancing side of the tool). The angle of
uplift can reach 90° and greatly reduces the
fatigue resistance of the joint. Thinning of the
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Fig. 2.18 Example of the retractable pin tool technology, where the pin is fully withdrawn into the shoulder (from left to right),
thereby eliminating the exit hole (as shown by the region of deformation)

upper workpiece occurs concomitantly with a
continuous layer of oxide on the retreating side
of the pin. The retreating side material flow pro-
duced by cylindrical threaded pins produces
uplift and insufficient deformation on the
retreating side of the pin. Combining the severe
thinning and continuous oxide produces lap
joints with low tensile and peel strengths. A
small amount of uplift and top sheet thinning
can be tolerated, depending on how the joint is
loaded.

Modification of Butt Joint Pins. Deriva-
tives of butt joint tools have shown some prom-
ise to produce quality lap joints. One such tool
used a scrolled shoulder and a partially threaded
pin. Threads were on the upper part of the pin

but not the lower part. The lack of threads on the
bottom of the pin changed the material flow in
the bottom sheet. Removing the threads elimi-
nated the horizontal material flow induced by
the threads, which the authors claim is the pri-
mary cause of weld defects (Ref 99).

Threadless Tools. A simple lap welding
tool consisting of a tool with two shoulders (Fig.
2.21) was developed by TWI and designated the
MultiStage tool (Ref 100). The first shoulder
rested on the top surface of the overlapping
plates. The second shoulder was located at the
interface between the two lapped plates and was
designed to disrupt the oxides at the lap joint
interface. A variation of the MultiStage tool was
later used to friction stir weld 2.4 mm (0.09 in.)

Fig. 2.19 Schematic of a bobbin tool consisting of a top shoulder, pin, and bottom shoulder attached to the pin. The friction stir
weld is produced when the pin is moved upward, forcing the bottom shoulder to react against the top shoulder.
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Fig. 2.21 MultiStage friction stir lap welding probe tool. Source: Ref 101

Fig. 2.20 Friction stir lap weld produced by cylindrical pin
tool

thick 7075-T7351 Al (Ref 101). A series of
threadless tools were used to friction stir lap
weld 2.11 mm (0.0831 in.) thick aluminum-clad
2024-T3 to 2.16 mm (0.0850 in.) thick 7075-T6
(Ref 102). The short pin lengths used in this
work necessitated the exclusion of threads. The
shear strength was maximized with two slightly
offset FSW passes, one pass in opposite rota-
tional direction of the other, such that the two
retreating sides were on the edges of the FSW
nugget and the advancing sides were on the inte-
rior of the FSW nugget. Sheet thinning on the
retreating side was minimized with shorter pin
lengths; this was attributed to less vertical mate-
rial flow near the bottom of the pin than the mid-
dle of the pin.

MX Triflute and Flared-Triflute Pins. Two
studies have examined the use of Flared-Triflute
and MX Triflute-based pins (TWI) for lap
joints. In a Flared-Triflute pin, the bottom of the
pin is flared outward, causing a whisk-type pro-

file (Fig. 2.22) (Ref 89). This profile increases
the swept and static volumes of the pin and
changes the flow pattern around the bottom of
the pin for improved FSLW quality. Mishina
and Norlin (Ref 103) compared the difference
of lap weld quality in 6082 Al using an MX Tri-
flute and Flared-Triflute pins. Lap joint thinning
of the upper workpiece was reduced with either
a double-pass friction stir weld (alternating
advancing and retreating side of the tool on sub-
sequent passes) using an MX Triflute tool or a
single-pass friction stir weld using the Flared-
Triflute pin. Ericsson and Sandström (Ref 104)
used two different MX Triflute pins to produce
lap welds; one MX Triflute pin had a convex
bottom, and the other MX Triflute pin had a
concave bottom. The best lap joint fatigue
results were observed with a larger shoulder 
(18 mm, or 0.7 in., diameter) and concave pin.
The improved fatigue results were attributed to
an increased contact area from the shoulder and
improved flow path at the hollowed-out end of
the pin (Ref 104).

Trivex Pins. Friction stir lap welding trials
with the MX Trivex pins (see the section
“Trivex Pin” in this chapter) (Ref 105) were
performed because the MX Trivex pins showed
less vertical movement than Triflute tools (Ref
93). However, not all of the downward interfa-
cial movement could be eliminated with the MX
Trivex pins. The MX Trivex pins produced as
much as 1 mm (0.04 in.) of retreating side plate
thinning (on 6.35 mm, or 0.25 in., thick plates).
However, the fatigue results demonstrate that
the MX Trivex pin is comparable to the A-Skew
pin (see the section “Skew-Stir Tool” in this
chapter). The best fatigue results were produced
with the Re-Stir tool (see the section “Re-Stir
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Tool” in this chapter), which requires complex
machinery.

2.2.6 Complex Motion Tools
Wayne Thomas at TWI has recently focused

on FSW tool designs that increase the tool travel
speed, increase the volume of material swept by
pin-to-pin volume ratio, and/or increase the
weld symmetry (Ref 106, 107). Many of these
tool designs have focused on tool motion and

not specifically on the tool pin design, although
each type of complex motion can have an opti-
mal tool design. Most complex motion tools
require specialized machinery or specially
machined tools, making these tools unsuitable
for basic applications.

Skew-Stir Tool. The Skew-Stir tools (TWI)
increase the volume of material swept by pin-to-
pin volume ratio by offsetting the axis of the pin
from the axis of the spindle (Fig. 2.23), thus pro-

Fig. 2.22 Schematics of four different Flared-Triflute pin tool variations containing (a) neutral flutes, (b) left-hand flutes, (c) right-
hand flutes, and (d) ridge detail, showing that the ridge grooves (threads) can be neutral, left, or right handed. Source: 

Ref 89

(a) (b) (c) (d)

Fig. 2.23 Schematic of Skew-Stir tool showing different focal points and detail of the A-Skew pin. Source: Ref 89
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Fig. 2.24 Principle of the Com-Stir tool. Source: Ref 109

ducing an orbital motion (Ref 89, 106, 107).
The focal length of the tool can be changed to
alter the amplitude of tool motion, ranging from
rotary to orbital motion. Due to the orbital tool
motion, only a portion of the pin is in constant
contact with the workpiece. Thus, the A-Skew
pin (TWI) takes advantage of the partial pin
contact by removing the inner portion of the tool
and improves the material flow during friction
stir (Ref 106, 107). The resulting weld nugget
produced by the Skew-Stir tool is greater than
the pin diameter. Also, the orbital motion cre-
ates more deformation at the bottom of the pin,
decreasing the incidence of root defects. Skew-
Stir tools are also advantageous for lap joints,
where the A-Skew pin orbital motion produces
no plate thinning or interfacial movement adja-
cent to the pin.

Com-Stir tools (TWI) combine rotary
motion (tool shoulder) with orbital motion (tool
pin) to maximize the volume of material swept
by pin-to-pin volume ratio (Ref 108) (Fig. 2.24).
Moving the pin in an orbital motion produces a
wider weld and increases oxide fragmentation
on the interfacial (also known as faying) sur-
faces. In addition, the motion of the Com-Stir
tool produces lower torque than the typical
rotary motion FSW tool, reducing the amount of
fixturing necessary to secure the workpiece.

Re-Stir Tool. The Re-Stir tool (TWI) avoids
the inherent asymmetry produced during fric-
tion stirring by alternating the tool rotation,
either by angular reciprocation (direction rever-
sal during one revolution) or rotary reversal
(direction reversal every one or more revolu-
tions) (Ref 109). Alternating the tool rotation
produces alternating regions of advancing and

retreating side material through the length of the
weld, thus eliminating the asymmetry issues
(e.g., lack of deformation on the retreating side)
found in rotary friction stir welds. An example
of the microstructure produced by a Re-Stir tool
and a Flared-Triflute pin is shown in Fig. 2.25.

Dual-Rotation Tool. In dual-rotation tools,
the pin and shoulder rotate separately at differ-
ent speeds and/or in different directions (Ref
110). In conventional FSW, the pin and shoul-
der are rotated at the same speed, so the veloc-
ity at the edge of the shoulder is much higher
than the velocity at the edge of the pin. When
the shoulder velocity is too high, workpiece
overheating can occur, producing defects along
the weld surface. The dual rotation allows the
pin to be rotated at a high speed without the cor-
responding increase in shoulder velocity. Peak
workpiece temperature measurements show
that the dual-rotation tool produces as much as
66 °C (119 °F) lower temperatures in 7050-
T7451 Al, when compared to conventional
rotary friction stir welds produced with similar
pin design and process condition. The decrease
in workpiece temperature produced an increase
in microhardness after two months of natural
aging and a reduction in corrosion susceptibility
(Ref 110).

Two or More FSW Tools. The speed and
efficiency of FSW can be improved with the use
of two or more FSW tools (Ref 111). Thick
plates can be welded with two counterrotating
FSW tools on either side of the plate. Counter-
rotating tools reduce the fixturing required to

Fig. 2.25 Plane view (top view) of microstructure produced
by Re-Stir friction stir welding technique in 6 mm 

(0.24 in.) thick 5083-H111 Al plates at 10 reversals per interval,
at a welding speed of 198 mm · min–1 (7.8 in. · min–1). Source:
Ref 110
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secure the workpiece due to a decrease in
torque, as observed with the bobbin tool, but do
not need the added complexity produced by the
RPT. The use of two FSW tools in close prox-
imity was initially suggested in 1999 (Ref 112)
and later saw additional attention (Ref 113,
114). Currently, the two-FSW-tool concept is
being developed at TWI in several variations
and is referred to as Twin-Stir (Ref 111). Paral-
lel Twin-Stir uses two counterrotating side-by-
side tools to produce lap welds. The two tools
locate the retreating side plate thinning defects
between the two tools, where the thinning will
not affect the mechanical properties of the joint.
Tandem Twin-Stir uses two FSW tools (with or
without counterrotation) positioned one in front
of the other to reduce workpiece fixturing,
improve the welding speed, and increase defor-
mation and fragmentation of the faying surfaces
oxide layer. The motion produced by the coun-
terrotating tandem Twin-Stir is similar to the
Re-Stir tool, but the Twin-Stir produces faster
travel speeds. The third Twin-Stir variation is
with two staggered tools (one tool positioned
slightly in front of and to the side of the other
tool) that together produce an extremely wide
weld nugget. Lap welds will benefit from the
increased oxide dispersion and wide nugget
width produced by the staggered Twin-Stir tool.
The wide nugget is also advantageous for FSP,
where overlapping passes are commonly used
to friction stir process a desired region.

2.2.7 Tool Dimensions
The pin length is determined by the work-

piece thickness, the tool tilt, and the desired
clearance between the end of the pin and the
anvil. Pin diameters need to be large enough to

not fracture due to the traverse loads but small
enough to allow consolidation of the workpiece
material behind the tool before the material
cools. In the early TWI work (Ref 85), an opti-
mal ratio of shoulder diameter to pin diameter
was suggested to assist with tool design. How-
ever, the ratio (between 2.5 to 1 and 3 to 1) (Ref
85) was dependent on the aluminum alloy com-
position and only applied to 6 mm (0.24 in.)
thick plate. As the workpiece thickness in -
creases, the thermal input from the shoulder de -
creases, and the pin must supply more thermal
energy. Thus, while the ratio of shoulder diam-
eter to pin diameter determined for 6 mm plate
may produce a void-free weld, this may not be
the optimal ratio for plates thicker than 12 mm.
Also, workpiece materials with lower thermal
conductivity values than aluminum can be fric-
tion stirred with smaller shoulder diameters
(reducing normal loads) than tools used in alu-
minum. An example of some tool dimensions
for only flat-bottom pins is given in Table 2.3.

Several researches have examined the effect
of tool dimensions on friction stir weld quality.
Reynolds and Tang (Ref 11) used several dif-
ferent variations of cylindrical pins with a con-
cave shoulder to show that defect-free friction
stir welds in 8.1 mm (0.32 in.) thick 2195 alu-
minum alloys could be produced with pin diam-
eter to shoulder diameter ratios ranging from 2
to 1 to 3.125 to 1. Peel et al. (Ref 115) evaluated
cylindrical pins with either a standard metric
M5 thread (5 mm wide with 0.8 mm pitch) or a
wider pin (6 mm wide) with a coarser thread (1
mm pitch). At higher travel speeds (200
mm/min, or 8 in./min), the broader 6 mm tool
with the coarser threads was more effective in
disrupting the faying interface between the two
joined workpieces. This change of pin design

Table 2.3  Summary of friction stirring tool dimensions for a given workpiece material
Shoulder diameter Cylindrical pin diameter

mm in. mm in.

13 0.5 5 0.2 2.6:1 6061-T6 Al, 3 mm 9
20–30 0.8–1.2 8–12 0.3–0.5 2.5:1, 1.6:1 7050, 2195, 5083, 2024, 7075 Al, 6.35 mm 11
23 0.9 8.2 0.32 2.8:1 2024-T351 Al, 6.4 mm 20
20,16 0.8, 0.6 6 0.24 3.3:1, 2.7:1 5083 and 6061 Al, 5.5 mm 21
12 0.5 4 0.16 3:1 1050 Al and oxygen-free copper, 1.8 mm 23
25.4 1.0 7.87 0.31 3.22:1 7075-T7351 Al, 9.53 mm 24
23 0.9 8.4 0.33 2.7:1 2524-T351 Al, 6.4 mm 26
20 0.79 4 0.16 5:1 6064 Al to carbon steel, 4.5 mm 54
23 0.9 8.2 0.32 2.8:1 2024-T351, 7 mm 72
10 0.4 3.8 0.15 2.6:1 2095 Al, 1.63 mm 74
25 1.0 9 0.35 2.8:1 5251 Al, 5 mm 101

Shoulder-to-pin ratio Workpiece material and thickness, mm Ref
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Fig. 2.26 Schematic of filled exit hole friction stir spot welding showing (a) initial penetration of the pin, (b) continued penetration
of the pin into the bottom sheet and withdrawal of the shoulder to allow material to flow around the pin and under the 

shoulder, (c) withdrawal of the pin with a concomitant plunging of the shoulder to push material back into the void left by the pin, and
(d) a completed friction stir spot weld. Adapted from: Ref 117

produced a 16% increase in joint efficiency
(tensile strength of weld divided by tensile
strength of base material).

2.2.8 Friction Stir Spot Welding Tools
Friction stir spot welding (FSSW) uses the

deformation produced by a rotating tool to
locally join overlapping parts. Applications for
FSSW include substitution for rivets or resis-
tance spot welding and the elimination of fixtur-
ing by tacking parts prior to FSW. There are two
different FSSW methods: one that retains the
exit hole produced by the FSSW tool, some-
times referred to as “poke or plunge” FSSW,
and one that fills in the exit hole, known as
“filled” FSSW. The filled method of FSSW was
developed by GKSS (Ref 116) and requires a
tool with three parts: pin, shoulder, and outside
retaining clamp (Fig. 2.26). First, the pin is
plunged into the workpiece, and displaced
material fills the gap between the shoulder and
the workpiece. When the pin reaches the desired
plunge depth, the pin is then retracted as the
shoulder is pushed down to the workpiece,
pushing the displaced material back into the
workpiece. Once the shoulder has reached the
workpiece surface, the pin and shoulder dwell to
ensure proper mixing and the production of a
defect-free FSSW. Finally, the retaining clamp,
shoulder, and pin are retracted from the work-
piece, leaving an FSSW. This FSSW method is
quite effective but requires complex control to
produce an optimal weld (Ref 116, 117).

Poke or plunge spot welds are produced by
plunging and retracting the FSSW tool. Due to
the simple control and implementation, this type
of FSSW has seen more research (Ref 118–120)
than the filled exit hole (Ref 116, 117). Any pin

design can be used to produce friction stir spot
welds. However, Addison and Robelou (Ref
120) demonstrated that an MX Triflute pin pro-
duces higher failure loads in 2 mm (0.08 in.)
thick 6061-T4 Al, than either a Flared-Triflute
or threaded cylindrical round-bottom pin.

2.2.9 Friction Stir Processing Tools
In certain applications, it is desirable to fric-

tion stir process a large surface area, which
requires many overlapping passes. While many
of the pin tools described previously can pro-
duce a fine-grained microstructure beyond 
12 mm deep, some applications call for a layer
of fine-grained material across a large surface
area. One way to produce the thin, fine-grained
layer is with pinless tools (Ref 121, 122). The
advantage to the pinless tools includes less
passes (due to large shoulder diameter) and
lower transverse forces, allowing increased tool
travel speeds over tools with pins. Shinoda and
Kawai (Ref 121) friction stir processed a cast
aluminum (AC2B, 6% Si, and 3.2% Cu) using a
20 mm (0.8 in.) diameter cylinder. The influ-
ence of the tool was observed as far as 4 mm
(0.16 in.) into the plate and was directly propor-
tional to the normal load. Later Fuller,
Mahoney, and Bingel (Ref 122) used a 38 mm
(1.5 in.) diameter scrolled shoulder tool to pro-
duce a 3 mm (0.12 in.) deep fine-grained region
in 6061/5356 Al fusion welds.

2.3 Tool Coatings

Tool coatings are commonly used for
machining tools to improve tool life by decreas-

(a) (b) (c) (d)



Chapter 2: Friction Stir Tooling: Tool Materials and Designs / 27

ing tool wear and thermally protecting the tool.
However, traditional coatings have difficulty
surviving the aggressive thermal and stress con-
ditions produced during friction stirring, which
are extreme environments for most tool coat-
ings, especially with composite and high-
temperature materials. A coating of Ti:N was
used on H13 tool steel tools used to friction stir
weld 2195-T8, 5083-O, 6061-T6, 2219-T8,
2024-T3, 7075-T6, and 7050-T7 Al alloys, but
no comment is made on the condition of the
coating after FSW (Ref 11). A B4C coating was
used on H13 tool steel to reduce wear during the
FSW of 6092 Al 17.5% SiC composites, but the
coating was worn away after only a few cen-
timeters of welding (Ref 123). Proprietary Gen-
eral Electric chemical vapor deposition and
physical vapor deposition tool coatings were
used to friction stir weld Ti-17 and Ti-6-4 alloys
(Ref 124), but neither coating reduced tool
wear, because minor tool wear was noticed on
the pin, and debris was detected in the stir zone
of the weld. Currently, there is no published
work that carefully examines the benefits and
impacts of tool coatings.

2.4 Thermal Management

The thermal management system consists of
the tool (and connection to spindle), workpiece,
and backing anvil. Proper thermal management
concentrates sufficient heat to the friction stir
region to allow efficient thermomechanical
deformation while dissipating heat from un -
wanted regions in the friction stir system (e.g.,
spindle and machine bearings). Depending on
the type of workpiece material, the friction stir-
ring tools and anvil can either be heated or
cooled. Tools can be cooled by ambient air,
forced air, or a circulating coolant, or tools can
be electrically heated. The anvil can be cooled
by ambient air, forced air, or a circulating
coolant and heated with resistance heaters. In
addition, thermal conductivity of the anvil and
tool affects the heat input into the workpiece.

Aluminum and magnesium alloys are com-
monly friction stir welded with ambient air-
cooled tools and anvils. Coolant cooling of the
tool is not required with aluminum, and magne-
sium alloys, but the coolant does provide an
equilibrium tool temperature for the entire tool
usage, especially for long welds, and rapid tool
changes are easily performed. Midling and

Rorvik (Ref 31) demonstrated that a zirconia-
coated steel anvil retained more heat, with the
workpiece allowing the tool to travel three times
faster to obtain the same heat-affected zone
width produced with a steel anvil. A statistical
analysis of nine input parameters determined
that cooling the anvil had a minimal impact on
the friction stir weld; in fact, tool rotation rate,
travel speed, and tool depth were more impor-
tant (Ref 24). Weld quality and performance is
affected by differences in heat transfers
observed when comparing the friction stir weld-
ing of flat plate versus extrusions (Ref 97). Ex -
trusions typically have complicated cross sec-
tions, with features that quickly draw heat away
from the friction stir weld. This dissipation of
heat through the extrusion increases the tool
heat input necessary to create a quality friction
stir weld.

Steel, titanium, stainless steel, and other
higher-temperature alloys are commonly fric-
tion stirred with coolant-cooled tools. The
higher temperatures produce a dynamic FSW
process that is subject to large temperature 
and load gradients. As opposed to the lower-
temperature aluminum alloys where the work-
piece governs the heat flow of the welding
process, in FSW of the higher-temperature
alloys, the tool governs the heat flow (Ref 58).
Cooling of the friction stirring tools is necessary
to produce a consistent heat flow at the tool and
to prevent thermal energy from moving into the
FSW system spindle and away from the work-
piece. The FSW trials by Packer et al. (Ref 58)
demonstrated that passive cooling (cooling of
only the spindle bearings) or no liquid cooling
of the tool produced excessive heating of the
spindle, and a steady-state FSW condition was
not achieved.

In contrast to cooling the tool during the
weld, other published thermal management
methods include the heating of the workpiece or
tool (Ref 66, 112, 125–127). The heating is per-
formed to minimize tool wear (especially in the
plunge) and increase the tool travel speed. The
key to heating the workpiece is to not input too
much thermal energy to allow surface melting
to occur and to localize the thermal input to the
FSW region. Preheating of the 6 mm thick 1018
steel workpiece with induction heating reduced
the thrust load by 30%, the side load by 110%,
the normal load by 10%, and the tool torque by
20% (Ref 66). Workpiece surface heating dur-
ing FSW for improved tool travel speed has
been demonstrated with flame or arc/plasma



28 / Friction Stir Welding and Processing

(Ref 112, 125) and lasers (Ref 126). Also, a
finite element model has shown that a current
passing between the tool and anvil can reduce
the normal forces during tool plunge and at least
double the tool travel speed, when compared to
conventional FSW (Ref 127).
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CHAPTER 3

Temperature Distribution and 
Resulting Metal Flow
J.A. Schneider, Mechanical Engineering Department 

Mississippi State University

A PHYSICAL UNDERSTANDING of the
friction stir welding (FSW) process can be
described by combining the complementary
efforts of experimental examination and analyt-
ical modeling. Early experimental work on
FSW was done primarily to refine, not under-
stand, the FSW process. As the process was
refined, attention turned to understanding the
mechanisms of joint formation and how they
were influenced by weld process parameters,
tool design, and materials. Generalized assess-
ments were made of the temperature field dur-
ing welding and the path of material flow. The
next phase of development has been to quantify
the effects of process parameters, tool design,
and materials on the temperature and flow path.
Research still remains to determine the level of
plasticity required for the FSW process to be
effective and the role of flow mixing in obtain-
ing a good weld.

The coupling of thermal and mechanical work
in the FSW process produces an asymmetrical
weld nugget. Heating softens the metal for the
subsequent stirring and/or extrusion processes.
The conventional FSW tool, discussed in Chap-
ter 2, “Friction Stir Tooling: Tool Materials and
Designs,” incorporates a shoulder and pin. The
weld tool may form an angle with the workpiece,
especially if the shoulder is smooth. To form a
butt weld, two metal plates are clamped to a back-
ing anvil. The shoulder rides on the surface of the
metal plates being joined, while the pin pene-
trates into the metal plate thickness. Unique to
this process is the generation of heat produced by
friction between the tool and workpiece and from
plastic dissipation within the workpiece.

In spite of the promise of this joining tech-
nique, very little information exists on actual
material behavior under FSW conditions. The
vast differences in the pin tool geometry and
materials used in the various experimental and
modeling studies have made it difficult to corre-
late the processing parameters with the mi -
crostructure development. However, some im -
portant aspects of FSW formation mechanisms
have been illuminated that provide an effective
framework for more focused investigations into
some of the fundamentals of the joining process.

3.1 Generation of Heat

In FSW, heat is generated by a combination
of friction and plastic dissipation during defor-
mation of the metal. The dominating heat-
generation mechanism is influenced by the weld
parameters, thermal conductivities of the work-
piece, pin tool and backing anvil, and the weld
tool geometry. General guidelines apply to
selection of the weld parameters that empiri-
cally correlate hotter welds with high rpm and
low travel speed, and colder welds with low rpm
and high travel speeds. The temperature field
around the pin tool is asymmetric, with slightly
higher temperatures reported on the retreating
side (RS) of the FSW in aluminum alloys (Ref
1). This correlates with tensile test failures that
occur predominantly on the RS of the FSW in
the heat-affected zone (HAZ) region (Ref 2). To
avoid overheating in welds at higher rotational
speeds (>15,000 rpm), successful welds have
been made with a nonrotating shoulder (Ref 3).
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Table 3.1  Measured temperatures in conventional friction stir welding of aluminum alloys

Thickness
Shoulder 
diameter

Pin 
diameter

mm in. mm in. mm in. rpm

AA2195-T8 (Ref 11)

8.1 0.32 25.4 1.0 10 0.4 240 2.4 693 60
8.1 0.32 25.4 1.0 10 0.4 240 3.3 698 60

AA6061-T6 (Ref 4)

6.35 0.25 19 0.75 6.4 0.25 300 2 698 None

6.35 0.25 19 0.75 6.4 0.25 400 2 723 None

6.35 0.25 19 0.75 6.4 0.25 1000 2 750 None

AA70575-T651 (Ref 14)

6.35 0.25 N/A N/A N/A N/A 2.1

Temperature 
difference (through

Peak 
temperature,Travel

60748

mm/s K thickness), K

Early experimental studies showed that the
majority of the heat generation occurs at the
shoulder/workpiece interface (Ref 4). The con-
trolling mechanism of heating is due to either
friction or plastic dissipation, depending on the
contact conditions between the two surfaces.
The weld tool geometric features of both the pin
and the shoulder influence whether the two sur-
faces slide, stick, or alternate between the two
modes. More recent analytical studies have
indicated that the heat generated between the
pin tool and the workpiece is not insignificant
and should be included in defining the heat field.

Mechanisms of heat generation between the
pin tool and the workpiece are also due to friction
or plastic dissipation, depending on whether
slide or stick conditions prevail at the interface.
The amount of heat input from deformational
heating around the pin tool has been estimated to
range from 2% (Ref 5) to 20% (Ref 6).

Two experimental approaches have been
reported toward understanding the temperature
field generated during FSW. The first is inter-
pretation of the microstructure by comparison
with aging curves for the alloy investigated.
Transmission electron microscopy studies (Ref
7–10) have attempted to correlate the precipita-
tion sequence of the microstructure in 6061 (Ref
7, 8), 6063 (Ref 9), and 2195 (Ref 10) aluminum
alloys with the weld temperature of the metal.
Variations in the precipitation state are reported
that range from complete dissolution of precip-
itates in the weld nugget to incomplete dissolu-
tion, with the possibility of precipitate overag-
ing. The temperature field during the FSW
process is transient, thus making it difficult to

correlate an exact temperature with precipita-
tion sequence data obtained from the steady-
state experimental aging curves. However,
these microstructural studies do give an approx-
imation of the maximum temperature in the
weld of these aluminum alloys to be in the range
of 723 to 753 K. No evidence of localized melt-
ing was reported in the microstructural studies
cited (Ref 7–10).

Detailed temperature measurements with em -
bedded thermocouples (TCs) have been used to
map out the temperature field (Ref 4, 11–14).
Interpretation of these measurements is affected
by the coupled thermal conductivity of the work-
piece, the backing anvil, and the weld tool. Table
3.1 summarizes the variation in peak temperature
recorded in experimental studies in three alu-
minum alloys (Ref 4, 11, 14). The welds were
made in panels with different thicknesses and
different weld tool geometries. Embedded type
K thermocouples were placed at various loca-
tions and depths in the weld panels.

Depending on the TC location, embedded
TCs near the pin tool are generally consumed in
the weld process. The measured data suggest
that the region near the pin tool is nearly isother-
mal, indicating that the maximum temperature
may occur in the shearing at the boundary of a
rotating plug of metal around the weld pin tool
(Ref 4). In thicker materials, measured temper-
ature gradients suggest a limit to the depth
affected by the surface heating of the shoul-
der/workpiece interaction (Ref 11).

Figure 3.1 summarizes the peak temperatures
measured around the stirred zone as a function
of distance from the stirred zone and through the
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Fig. 3.1 Peak temperature distribution adjacent to a friction stir weld (FSW) in 7075Al-T651. The line on the right side of the figure
shows the nugget boundary. Source: Ref 14

thickness of a 6.35 mm (0.25 in.) thick
AA7075-T651 plate. The temperature mapping
shows the highest temperatures adjacent to the
stir zone and near the top surface. A through-
thickness temperature decrease is observed
from the shoulder to the bottom, in addition to
temperature decreases as the distance from the
shear zone increases.

Recently, London and Mahoney (Ref 15)
have made significant efforts to measure tem-
perature in Ni-Al bronze. Figure 3.2 shows an
illustrative example from this study. The mea -
surement was taken from three locations in the
nugget: centerline, advancing side, and retreat-
ing side. The peak temperature approaches 
1000 °C (1830 °F) in Ni-Al bronze.

Because of the difficulty in obtaining spatial
resolution with embedded TCs, the experimen-
tal data are often interpreted through the use of
analytical and mathematical models. A reverse
engineering approach is used to select the
boundary conditions, either stick or slide or a
combination, in an effort to match the tempera-
ture field obtained from the embedded TCs. The
various process modeling approaches are dis-
cussed in Chapter 10, “Process Modeling.”

As the temperature of the weld metal rises, the
metal softens, torque is reduced, and less heat is
imparted to the metal by mechanical work (Ref
16). This constitutes a temperature-regulating

mechanism that tends to stabilize the tempera-
ture and avoid melting of the weld metal. Control
of the temperature may occur by alternating the
conditions at the interface be tween stick and
slide. As the metal cools below a critical temper-
ature, where the deformational flow stress rises
above the frictional slip stress, the interaction
between the weld tool and workpiece may
change from deformational to frictional. If slide
occurs between the weld tool and the workpiece,
the heat input could decrease and reduce the tem-
perature of the material (Ref 17). Alternating
boundary conditions at the interface may act to
destabilize the temperature and may cause stick-
slide oscillations. Figure 3.3 illustrates how the
boundary condition at the weld tool shoulder is
theorized to affect the material flow nugget.

3.2 Metal Flow

The sharp temperature gradient at or near the
tool/workpiece interface constrains the ther-
mally softened, plasticized zone within the
region bounded by the tool shoulder, anvil, and
parent material. Weld parameters, coupled with
the pin tool design and materials, control the
volume of metal heated, of which a portion is
then swept by the mechanical working portion
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Fig. 3.2 Location of thermocouples (TCs) and temperature plots showing maximum temperatures for friction stir process (FSP) 1429
(1000/6). TC-1: centerline; TC-2: advancing side; TC-3: retreating side. Source: Ref 15
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Fig. 3.3 Alternating boundary conditions at the interface of the weld tool shoulder and the workpiece affect the boundary condi-
tions for heat generation.

of the process. The thermally softened material
is transported around the tool in the direction of
rotation and deposited in bands in the wake of
the weld. Viewed in the plan section of an FSW,
the spacing of the bands left in the wake of the
FSW are equivalent to the longitudinal distance
the weld tool travels during a single rotation, as
illustrated in Fig. 3.4. Geometric and mi cro -
structural differences within the refined weld
nugget reflect asymmetrical flow processes that
occur around the weld centerline. This flow, or
thermomechanical hot working of the metal 
in the weld zone, results in various microstruc-
tural evolutions that are discussed in Chapters 4,
6, 7, and 8, covering low- and high-melting-
temperature alloys.

The microstructure of a transverse section of
an FSW is presented in Fig. 3.5. The weld
nugget is bounded by the HAZ and the thermo-
mechanically affected zone. The generated heat
controls the size of the swept volume, because
hotter welds are reported to have a larger nugget
than colder welds. The “onion ring” pattern (Ref
18) observed in the weld nugget in Fig. 3.5 is
not always apparent in the weld macrostructure.
Studies document visible patterns in colder
welds, with no discernable ring pattern at hotter
welds (Ref 19). The disappearance of the onion
rings may result from slide conditions existing
at the tool/workpiece interface at higher temper-
atures, when the FSW process becomes domi-
nated by extrusion (Ref 18). Crystallographic
orientation texture maps have shown the onion
ring pattern corresponds to bands of shear-
induced fiber texture in the weld nugget (Ref
20–22). Although the onion ring pattern is of

benefit in interpreting the thermomechanical
processing of the metal in the FSW process,
there has been no reported correlation with the
resulting quality of the weld nugget (Ref 4, 23).

Although the coupling between the metal
flow, the heat-generation model, the weld tool
material, and features of the shoulder and pin is
complicated, some generalizations have been
made regarding the mechanisms of the metal
flow. Most of what is known about the defor-
mation flow path is deduced from the asymmet-
ric flow patterns inferred from tracer studies.
Initial tracer studies used preferential etching to
study the mixing of dissimilar alloys (Ref 23,
24). Definition of the flow paths in the FSW
process was first obtained in a study by Colligan
(Ref 25), in which the faying surface of the weld
joint was embedded with 0.38 mm (0.015 in.)
diameter steel balls placed at various linear
positions through the weld thickness and to
either side of the weld tool. Postweld position-
ing of the steel balls, as investigated by x-ray
radiography, suggested an orderly flow of the
metal around the pin tool. Based on the entrance
into the weld zone, only some of the metal flow
appeared to be forced downward by the
threaded pin, while the rest appeared to be sim-
ply rotated from the front to the back of the pin
tool (Ref 25).

Subsequent studies have looked at inserted
copper foil, plated surfaces, and composite
markers to further investigate these observations
(Ref 26–28). All studies indicated that the flow
was orderly, with the weld metal appearing to
flow along defined paths or streamlines. Varia-
tions were observed in individual streamlines at
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Fig. 3.5 Transverse section of a friction stir weld showing different regions of the weld. HAZ, heat-affected zone; TMAZ, thermo-
mechanically affected zone

some weld parameters, with differences ob -
served in the deposition dependent on advancing
side (AS) versus RS insertion into the weld zone.
These variations were attributed to metal either
being stirred or extruded around the pin.

The marker approach has been further refined
by placing 25 μm (1.0 mil) diameter wires at var -
ious positions within the weld panel (Ref 29).
Figure 3.6 shows inverted x-ray radiographs of
the postweld FSW segments, with the position 
of the wire marker enhanced. The white area in
Fig. 3.6 denotes where the weld tool was
removed at the E-stop termination of the weld.
These FSWs were made using weld parameters
of 36 kN (8100 lbf ), 200 rpm, and 2 mm/s (0.08
in./s). The wire segments can be observed to fol-
low streamlines that are either stirred, when
introduced at the weld center or toward the AS,
or extruded, when introduced toward the RS
(Ref 29). The wire marker was introduced mid-
material thickness into the weld nugget, with the
pin tool located at the center of the panels in 
weld C08, whereas in weld C05, the pin tool was
offset so the wire was introduced into the 

weld nugget at 3 mm (0.12 in.) RS. Figure 3.7
presents regular x-ray radiographs of the weld
termination area. In C05, the side view of the
weld shows minimal movement in the through-
thickness position of the wire, whereas in C08,
the wire can be observed to be pulled upward 
and deposited near the shoulder surface.

Figure 3.8 presents the x-ray radiographs of a
weld panel where the tracer wire was introduced
1.27 mm (0.05 in.) below the tool shoulder at the
weld centerline. Unlike Fig. 3.6, the inverted 
x-ray radiographs shown in Fig. 3.8(a) and (b)
show an unorganized scattering of tracer wire
segments that range from the AS to the RS. The
normal x-ray radiograph of the side view of the
exit hole, Fig. 3.8(c), shows the tracer wire being
drawn up toward the shoulder and then pushed
downward, exiting in the wake at the AS of the
weld panel.

Each band in the FSW zone of the welds in
Fig. 3.6(b) contains one marker wire segment. In
Fig. 3.8(c), where the wire markers show evi-
dence of the metal being pushed downward from
the shoulder surface to the anvil surface close to
the pin tool, the scattered wire markers no longer
correlate with the banded structure. A metallo-
graph shown in Fig. 3.9. (Ref 30) shows the post-
weld positioning of a composite marker in which
tracers of the marker can be observed upstream
of the weld zone. These data suggest that not all
the metal in an FSW zone is simply rotated
around the pin tool, exiting in the wake of the
FSW. Figure 3.8(c) shows that some of the metal
is pushed downward in the material thickness
direction. Figure 3.9 shows evidence that some
metal may rotate multiple times around the weld
pin tool before exiting in the wake.

Fig. 3.4 The spacing of the bands, formed by weld material
swept around the pin tool and deposited in the 

wake, is approximately equal to the longitudinal velocity (V)
divided by the rotational speech (⏐).
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Computed tomography was used in a recent
study to record the postweld position of a lead
tracer wire (Ref 31). At the expected welding
temperature of aluminum alloys, the lead wire
would be molten. The constraint of the molten
metal between the rotating plug of metal and the
parent material allowed the lead to trace out a
continuous flow path. The FSW was made with
a 250 μm (10 mils) lead wire placed in the fay-
ing surfaces 1.3 mm (0.05 in.) from the shoulder
surface and 6.4 mm (0.25 in.) offset to the AS in
a 0.82 cm (0.32 in.) thick panel of 2195-T81

alloy. An inverted x-ray radiograph of the post-
weld position of a lead marker wire is presented
in Fig. 3.10. Traces of the lead wire can be seen
in the plan view that, similar to Fig. 3.8, do not
correspond with the normal banded structure of
the weld metal in the wake. Evidence of the
movement of the lead wire through the material
thickness can be observed in a side view of the
weld panel, shown in Fig. 3.10(b). The initial
placement of the lead wire can be observed on
the AS of the exit hole of the weld tool. The
grouping of lead traces through the weld metal

Fig. 3.7 Normal x-ray radiographs of the side view of the exit hole of the friction stir weld where the weld tool was removed follow-
ing an E-stop. The initial wire placement is observed on the right side of the images. (a) C08 side view. (b) C05 side view

Fig. 3.6 Inverted x-ray radiograph of the plan view of the friction stir welded segments showing the variation in weld marker place-
ment with respect to the entrance into the weld zone. The white circle is the hole left after E-stop removal of the weld tool. 

(a) C08 plan view. (b) C05 plan view. AS, advancing side; RS, retreating side

(a) (b)

(a) (b)
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may also be an indication that stick-slide condi-
tions are operating.

Based on the experimental studies using trac-
ers, two models have been published that de -
scribe the metal flow as influenced by the pro-
cessing parameters and weld tool geometry (Ref
22, 32, 33).

Nunes Kinematic Model. Nunes (Ref 22,
32) has based his physical model of the metal
flow in the friction stir process in terms of kine-
matics describing the metal motion. Figure 3.11
illustrates the deconvolution of the FSW
process into three incompressible flow fields
that combine to form two distinct currents. In

this model, a rigid body rotation field imposed
by the axial rotation of the pin tool is modified
by a superimposed ring vortex field encircling
the pin imposed by the pitch of the weld pin
threads. These two flow fields, bound by a shear
zone, are uniformly translated down the length
of the weld panel. Metal not entrained in the
ring vortex flow simply passes around the pin
tool in a straight-through current, while metal
entrained in the ring vortex flow experiences a
high degree of thermomechanical processing,
because it may pass around the pin tool more
than once. Variations in features on the pin tool
are reflected in the upward or downward motion
of the metal as described by the vortex flow.

In the Nunes kinematic model, the metal on
the RS of the weld is picked up at the front of the
tool and deposited directly behind the tool, with
minimal residence time in the rotational field
around the tool. This is referred to as the
straight-through current flow of metal. The weld
material from the AS of the pin resides long
enough in the rotational flow around the tool to
become trapped by a gradual radial influx of
metal at the top of the pin. The radial influx of
metal is part of a ring vortex circulation induced
by threads on the pin. The circulation drives the
trapped metal down the pin. Superposition of
the rotation around the pin with this downward
flow results in a whirlpool pattern or maelstrom
current, where the flow of weld metal emerges
further down the pin as the circulation begins to
move outward. Reversal of the direction of the
threads reverses the direction of the flow of the
weld metal in the maelstrom current from
downward to upward along the pin. The two
currents proposed by the Nunes kinematic
model would impose a variation in the amount
of thermomechanical processing experienced
by each metal flow current. Variations in the hot
working history have been used to explain the
resulting textures, or onion rings, observed in
the FSW nugget (Ref 32). This model has also
been used to explain the occurrence of a weld
defect reported to be based on entrained oxide
films (Ref 34).

The interleaving of the two flow paths pro-
posed by Nunes is illustrated in the plan view
shown in Fig. 3.12. Similar macrostructures have
been observed in welds of dissimilar metals (Ref
23). The occurrence of stick-slide modes due to
the interface between the weld tool and the work-
piece would explain the origin of interleaving.
The residue of the straight-through current metal
flow predominates on the RS and the upper

Fig. 3.8 Weld panel C22 with weld parameters of 31 kN
(7000 lbf) , 114 mm/m (1.37 in./ft), and varying tool 

rotation. Tracer wire is introduced to the weld nugget at the
panel centerline and at a depth of 1.27 mm (0.05 in.). (a) Inverted
x-ray radiograph of the weld termination showing pin tool exit
hole with tool rotation of 300 rpm. AS, advancing side; RS,
retreating side. (b) Inverted x-ray radiograph of the section of
plan view at 150 rpm tool rotation. (c) Normal x-ray radiograph
of the side view of the pin tool exit hole at 300 rpm

(a) (c)

(b)
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Fig. 3.9 Continuous marker study (introduced 0.9 mm, or 0.035 in., to the advancing side, or AS, plate midplane) shows evidence
of marker material being transported multiple times around the weld pin tool. RS, retreating side. Source: Ref 30

Fig. 3.10 Inverted x-ray radiograph of the postweld position of a lead marker wire in the (a) plan view and (b) side view. Note the
through-material thickness traces of the lead wire in the side view. The initial placement of the lead wire can be observed 

on the right side of the exit hole of the weld tool. RS, retreating side; AS, advancing side

regions of the tool; the maelstrom residue of
metal flow predominates on the AS and lower
regions of the tool. This variation on the AS of the
weld is in agreement with marker studies show-

ing a chaotic streamline when the marker is intro-
duced on the weld AS (Ref 25, 29).

Arbegast Metalworking Model. The Arbe-
gast model (Ref 33) treats the FSW as a metal-
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Fig. 3.11 Three incompressible flow fields of the friction stir weld. (a) Rigid body rotation, (b) uniform translation, and (c) ring vor-
tex combine to form (d) two flow currents. RS, retreating side; AS, advancing side

Fig. 3.12 (a) Side view of two flow streams. (b) Plan view showing interleaving

working process that involves five zones: pre-
heat, initial deformation, extrusion, forging, and
postweld cooldown. These zones are illustrated
in Fig. 3.13. The heat generated by the rotating
weld tool preheats the metal in advance of the
weld tool travel. The rotating motion of the
weld tool forms the initial deformation zone in
the softened metal. In this zone, the metal is
forced upward into the shoulder and then down-
ward into the extrusion zone. In the extrusion

zone, the metal in front is moved around the pin
tool to the exiting wake of the weld in the cav-
ity being vacated by the pin as it moves forward.
This model provides for an interleaving effect
between the upper and lower extrusion zones.
The back or heel of the shoulder passes over the
metal exiting the extrusion zone and forges it,
ensuring consolidation. As the weld tool leaves
the area, the metal is cooled by either passive or
forced means, analogous to quenching during
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Fig. 3.13 Metallurgical processing zones developed during friction stir joining. Adapted from: Ref 33

heat treating operations. Marker studies by
Reynolds (Ref 26, 35) also describe the process
as one of extrusion followed by forging.

The Arbegast model can be used to explain
two of the more common weld defects in terms of
the processing parameters. The first is a worm-
hole or tunnel defect that runs the length of the
weld and is attributed to insufficient forming
pressure under the tool shoulder, which prevents
the material from consolidating. The second
defect is a lack of penetration on the root surface
next to the anvil. This can result when the weld
tool does not sufficiently penetrate into the metal
plates, most likely from a too short pin tool.

3.3 Thermomechanical Working—The
Coupled Process

The conceptual understanding of the FSW
process is dominated by the mechanical defor-
mation of the hot weld metal. To complete the
physical understanding of this process, the hot
metal deformation must be coupled with auxil-
iary issues, including grain size refinement, dis-
location theory, thermophysical properties, and
mixing. The next area of physical understanding
is the influence of the tool pin geometry and
material on the temperature field, microstruc-
tural refinement, resulting material flow, and the
influence of flow variations on the subsequent
mechanical properties of FSW butt joints in var-
ious materials.

The hot metal deformation portion of the
FSW is complicated, and methods to decouple

physical interactions are required to verify and
validate the physical models. The resulting flow
process may change from being mixing-domi-
nated to extrusion-dominated or a mixture of the
two flow paths as the processing parameters,
weld tool geometry, and workpiece metal are
changed. The challenge remains to understand
the level of plasticity required for an effective
FSW process and the role of mixing in obtain-
ing a good weld.
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CHAPTER 4

Microstructure Development in 
Aluminum Alloy Friction 
Stir Welds
A.P. Reynolds, Department of Mechanical Engineering 

University of South Carolina

THE MICROSTRUCTURE and consequent
property distributions produced during friction
stir welding (FSW) of aluminum alloys are
dependent on several factors. The contributing
factors include alloy composition, alloy temper,
welding parameters, gage of the welded plate,
and other geometric factors. Alloy composition
determines the available strengthening mecha-
nisms and how the material will be affected by
the temperature and strain history associated
with FSW. The alloy temper dictates the start-
ing microstructure, which can have an impor-
tant effect on the alloy response to FSW, partic-
ularly in the heat-affected zone (HAZ). Welding
parameters (e.g., tool rotation rate and welding
speed) dictate, for given tool geometry and ther-
mal boundary conditions, the temperature and
strain history of the material being welded. Plate
gage and other geometric factors (e.g., shoulder
size, heat sinks associated with clamping, etc.)
may affect the temperature distribution within
the weld zone and, in particular, through the
thickness of the welded plates.

In this chapter, the FSW process parameters
that can affect microstructure/property distribu-
tions in aluminum alloy friction stir welds are
described. The chapter includes a brief descrip-
tion of the main classes of aluminum alloys, 
the processing routes (thermomechanical treat-
ments) typically associated with each class, and
how FSW parameters can be manipulated, in a
general way, to modify the microstructure and

property distribution in friction stir welds of each
class of alloy.

4.1 Aluminum Alloy Metallurgy

For the purposes of discussion, it is conve -
nient to first classify aluminum alloys by their
available strengthening mechanisms (Ref 1).

Non-Heat-Treatable Alloys. Non-heat-
treatable aluminum alloys are defined primarily
by what they are not. They are not strengthened
by second-phase particles and may be better
described as non-precipitation-hardening alloys.
The non-heat-treatable alloy classes are the
1xxx, 3xxx, and 5xxx alloys.

The simplest aluminum alloys are the 1xxx
series. These are essentially commercially pure
aluminum and are strengthened either by strain
hardening (cold work) or by microstructural
refinement (i.e., reduction of grain size or sub-
structure formation). The 3xxx-series alloys are
very similar to the 1xxx, but due to the addition
of a small amount of manganese, some disper-
soid is formed that affects the grain size, crys-
tallographic texture, and grain morphology. The
1xxx and 3xxx alloys are relatively low strength.
The 5xxx alloys contain a substantial amount of
magnesium, which is a potent solid-solution
strengthener. As such, the 5xxx alloys are strong
relative to the other non-heat-treatable alloys. In
addition to the solid-solution strengthening due
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to the magnesium content, the strength of 5xxx
alloys can be improved by strain hardening.
Under some conditions, second-phase Mg2Al3
precipitates may form in 5xxx alloys; however,
these precipitates do not provide a strengthen-
ing increment, and their formation is generally
undesirable.

The only heat treatment applicable to non-
heat-treatable alloys is an annealing heat treat-
ment. The processes that may occur during an -
nealing of non-heat-treatable alloys include
recovery, recrystallization, and grain growth.
Generally, an annealing heat treatment is ap -
plied to a cold-worked material in order to
reduce hardness and increase the capacity for
further deformation. A fully annealed alloy is
designated as “O temper,” while alloys with
some level of strengthening by cold deforma-
tion are designated as “Hxxx,” where the xxx are
numbers indicating the amount of cold work.

Heat Treatable (Precipitation-Hardening)
Alloys. The heat treatable alloys are drawn
from the 2xxx, 6xxx, and 7xxx alloy families. The
primary alloying elements for the three alloy
series are, respectively, copper (2xxx), magne-
sium and silicon (6xxx), and magnesium and
zinc (7xxx). Typically, a particular alloy will be
strengthened mainly by a single precipitate
phase; however, there may be multiple precipi-
tate phases present. The situation is further com-
plicated by the fact that, in general, the strength-
ening phase is not an equilibrium phase.
Although the details of the phase distributions
for the three alloy families may be quite com-
plex, simply put, for optimal strengthening, it is
critical to obtain a homogeneous distribution of
very fine second-phase particles (precipitates).

The general form of the heat treatments
required for obtaining the desired structure is the
same for all three classes of alloys (although it
may differ greatly in detail from alloy to alloy).
The first step in forming a precipitation-hardened
structure is the solution heat treatment (SHT).
The SHT is a high-temperature step that is meant
to put the alloy into a single-phase solid-solution
condition. For many technologically important
alloys, a single phase cannot be obtained; regard-
less, as much of the alloying content should be
put into solution as possible without inducing
local melting. Subsequently, the solution heat
treated alloy is quenched (normally to room tem-
perature, or T ), producing a supersaturated solid
solution. After quenching, the supersaturated
solid solution is allowed to decompose into a
two-phase mixture of the matrix solid solution

and a strengthening phase (the precipitate). The
decomposition may take place either at room
temperature (natural aging) or at a somewhat ele-
vated temperature (artificial aging). The aging
time and temperature are chosen in order to
develop particular desired combinations of prop-
erties. For some alloys (notably, many 2xxx), the
precipitation process is enhanced by the applica-
tion of limited cold work (normally 1.5 to 3%)
prior to the aging treatment; the cold work in -
creases the dislocation density, and the disloca-
tions provide sites for heterogeneous nucleation
of precipitate particles. Artificial aging for a
period of time less than necessary to obtain the
peak strength results in an underaged microstruc-
ture; aging for a time greater than that required
for peak strength is overaging. Excessive aging
times or temperatures can result in greatly
degraded properties relative to the peak strength.
This occurs as a result of coarsening of the pre-
cipitate distribution and/or excessive precipita-
tion on grain boundaries.

Common temper designations in the heat
treatable alloys are as follows:

• T3: SHT + cold working + natural aging
• T4: SHT + natural aging
• T6: SHT + artificial aging to the peak

strength
• T8: SHT + cold working + artificial aging to

peak strength
• T7: SHT + artificial aging beyond the peak

aging time

The 6xxx alloys are normally used in the T6
condition. The 7xxx alloys are used in the T6 or
T7 conditions. Some alloys of the 2xxx series
are used in the T3 condition, while others are
used in the T6 or T8 conditions. The T4 condi-
tion is typically only an intermediate stage;
parts formed or assembled in the T4 condition
are normally subsequently heat treated to the
T6. The 7xxx alloys may also be provided in a
“W” temper, which is an unstable, naturally
aging temper. The properties of alloys in the W
temper may continue to evolve over the course
of years of natural aging. The W temper is not
used in service.

Aluminum Alloy Texture and Grain Struc-
ture. Aluminum alloys exhibit a variety of grain
sizes, grain morphologies, and crystallographic
textures that depend not only on the composition
but also on the product form and temper. While
the texture and grain structure of an aluminum
alloy may have a significant effect on its proper-
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ties, the texture and grain structure in the highly
deformed region of a friction stir weld are not
profoundly affected by the starting condition.

Recrystallization in Aluminum Alloys.
The subject of recrystallization mechanisms in
aluminum alloys is somewhat contentious. The
prevailing understanding is that under “normal”
circumstances, meaning conditions encountered
during conventional thermomechanical pro-
cessing, aluminum alloys do not dynamically
recrystallize in the traditional sense (Ref 2, 3).
This is believed to be due to the very high stack-
ing fault energy in aluminum, which facilitates
cross slip of screw dislocations, easing recovery
at the expense of recrystallization. On the other
hand, the process of continuous dynamic recrys-
tallization (CDRX) (sometimes called extended
recovery) has been suggested to explain the pro-
duction of small, relatively equiaxed grains sep-
arated by high-angle boundaries (Ref 4). The
grains are believed to develop from a cellular
deformation structure by a gradual process of
deformation-induced grain rotation. Static
recrystallization (SRX) is the formation of new
grains after the cessation of deformation. The
SRX may occur upon heating after cold defor-
mation or, potentially, after high-rate deforma-
tion at elevated temperature (when the deforma-
tion rate is high enough so that at the end of
deformation, there is still a substantial disloca-
tion density). Generally, in aluminum alloys, it
can be difficult to unambiguously distinguish
between SRX, DRX, CDRX, and subsequent
grain growth processes.

4.2 Thermomechanical Processes
Associated with FSW

A fundamental difference between FSW and
conventional fusion welding techniques is that
in a fusion weld, the highest temperature expe-
rienced by solid metal is the melting tempera-
ture. Hence, at the weld pool boundary, it can be
unambiguously determined that the temperature
in the solid was the melting temperature of the
alloy. In a friction stir weld, the highest temper-
ature experienced by the material comprising
the weld may be significantly lower than the
bulk alloy melting temperature (Ref 5, 6). The
potential for variation of the peak temperature
in FSW can enable the production of a wide
range of microstructure and properties that can-
not be achieved in fusion welds. The processes

that occur in some of the FSW regions will be
dependent on the peak temperature achieved in
the weld. In this section, a general overview of
the possible thermomechanical processes and
resulting microstructures is broken down by
weld region. In a subsequent section, the vari-
ous possibilities are illustrated by examples
from the various alloy classes; these examples
include details regarding the effects of welding
parameter variations on the microstructures and
properties.

Thermomechanical Processes Occurring
in the Weld Nugget. The weld nugget is typi-
cally described as the region of the thermome-
chanically affected zone that has experienced
sufficient deformation at elevated temperature
to undergo recrystallization (by whatever mech-
anism). The region will be narrower in recrys-
tallization-resistant alloys than in those alloys
that are readily recrystallized (e.g., 2195 versus
6061). The two key variables that determine the
properties of the material in the weld nugget are
the peak temperature and the quenching rate
from that temperature.

According to Sato et al. (Ref 5), the statically
recrystallized grain size in the nugget region is
determined predominantly by the peak temper-
ature in the weld; the higher the peak tempera-
ture, the larger the grain size. Some effect of
welding speed may also be involved, but
because the grain size (for static grain growth)
is exponential with temperature and linear with
time, the peak temperature will exert the domi-
nant influence. Similar functional relationships
between time, temperature, and grain size are
also expected for CDRX (Ref 7); however, esti-
mates of the strain and temperature history for
materials in the weld nugget are not well estab-
lished (Ref 8). While it is conceivable that FSW
could be performed without producing a recrys-
tallized structure in the weld nugget (by, for
example, welding with a very low tool rotation
rate), to this author’s knowledge, this has never
been successfully performed. It has, however,
been shown that a very wide range of nugget
grain sizes can be achieved by manipulation of
welding process parameters. Grain sizes on the
order of 10s of micrometers and less than 1 μm
have been reported (Ref 9, 10).

The important processes occurring in the weld
nugget (other than recrystallization) will differ
somewhat, depending on the type of alloy con-
sidered. For non-heat-treatable alloys, the only
heat treatment that can occur in the nugget is an
annealing cycle. If the starting temper of the alloy
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is O, then the properties in the weld region will be
similar to those in the base metal. Depending on
the nugget grain size, there may be some incre-
ment of strengthening due to microstructural
refinement. If the base metal is in a strain-hard-
ened condition, then the recrystallized nugget
region will normally exhibit a substantial reduc-
tion in hardness relative to the base metal.

In heat treatable alloys, the processes occur-
ring in the nugget may be more complex.
Depending on the particular combination of
alloy and welding parameters, the nugget may be
left in an overaged condition, a partially solution
heat treated condition, or a single-phase solid
solution (Ref 6, 9, 11). The weld nugget mi -
crostructural condition may be assessed directly
(e.g., by transmission electron mi cro scopy) or
inferred by its response to a postweld aging treat-
ment. If the weld nugget is overaged, then one
expects that an aging treatment will have either
no effect or a negative effect on the nugget hard-
ness. If the nugget is partially solution treated,
then some hardening should result from the post-
weld aging. If the nugget has been left in a solid-
solution condition, then postweld aging should
enable recovery of properties similar to that of
the base metal.

While FSW is a nominally solid-state process,
in a heterogeneous material (essentially all 
technologically important alloys are heteroge-
neous on some scale), there may be low-melting
regions distributed within a higher-melting 
bulk. Deformation heating in the bulk may, in
some cases, result in the temperature exceeding
the melting temperature of some low-melting
phases. This may, in turn, result in grain-
boundary liquation and the formation of brittle
structures within the weld region. This local
melting phenomenon may be described as over-
heating (Ref 12, 13).

Thermal Processes in the HAZ. The HAZ
is, by definition, not mechanically deformed, so
processes occurring in the HAZ are the result
only of a temperature transient. The transient is,
of course, more severe close to the weld center-
line and lessens in severity farther from the
weld. At some distance from the weld, depend-
ing again on the peak temperature and the tem-
poral length of the transient, the effect of the
transient will be negligible, and the HAZ will
have transitioned to base metal. As for the
nugget, the processes that occur in the HAZ will
depend on the type of alloy being considered.

For non-heat-treatable alloys in the O temper,
there will normally be no effect of the thermal

transient. The material is already as soft as it can
be, and further heating does not lower its hard-
ness; however, it is possible that the temperature
transient could lead to grain growth. If the alloy
is in a strain-hardened temper, then there will
generally be a range of microstructural transfor-
mation occurring, with a dependence based on
the distance from the weld centerline. Close to
the nugget, the strain-hardened material will
likely be completely recrystallized. The fraction
of recrystallized material will fall to zero as the
distance from the weld increases, at which point
there will normally be a recovered zone that will
transition to the base metal.

In heat treatable alloys, the processes will
depend on the starting temper also. For alloys in
a peak or overaged condition (T6, T7, or T8),
there will normally be a region of reduced hard-
ness (relative to the base metal) in the HAZ. In
this region, the thermal transient was such that
the precipitate distribution has been signifi-
cantly coarsened; overaging of the alloy has
occurred. Depending on the welding parame-
ters, the minimum hardness region will be
found at various distances from the weld nugget
and will have varying depths (minimum hard-
ness values). The HAZ hardness minimum may
have the same hardness as the nugget (and be
adjacent to it), or it may be substantially softer,
depending on the thermomechanical processing
experienced by the nugget (Ref 6). If the alloy
was welded in a naturally aged condition, the
situation is more complex. For naturally aged
materials, there may be two local hardness min-
ima surrounding a local maximum (Ref 14). In
the inner minimum (the one closest to the weld),
overaging is the operating process (as in T6, T7,
and T8 alloys). The local maximum occurs as a
result of precipitation of a strengthening phase
by a process of artificial aging (with a very short
aging time). The mechanism by which the outer
minimum hardness region is produced is not
clear but may be due to re-solution of Guinier-
Preston zones or recovery of cold work (in T3
materials).

4.3 Illustrative Examples

Non-Heat-Treatable Alloys: AA5454. The
aluminum alloy AA5454 is a typical non-heat-
treatable alloy that is solid-solution strength-
ened by additions of magnesium and may be
obtained in strain-hardened or annealed tem-
pers. The nominal composition of the alloy in
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Fig. 4.1 Etched and scanned cross sections of 5454-O (top) and 5454-H32 friction stir welds

4 mm

weight percent is 2.7% Mg, 0.8% Mn, 0.12%
Cr, and balance Al (Ref 1). In this section, data
are presented for 3.8 mm (0.15 in.) thick 5454
sheet, friction stir welded in both the annealed
temper (O) and a strain-hardened (H32) temper
(Ref 15). Yield and tensile strengths for the 
O-temper base metal are, respectively, 115 and
220 MPa (16.7 and 32 ksi). For the H32 temper,
the yield and tensile strengths are 230 and 300
MPa (33 and 43.5 ksi), respectively. Welds
were made in the H32 at several welding speed
and rpm combinations. The O temper was stud-
ied less extensively. Figure 4.1 shows etched
and scanned cross sections of the O-temper and
H32 welds. The O-temper base metal is com-
prised of equiaxed recrystallized grains. The
weld nugget exhibits a finer grain structure than
does the base metal. The H32 base metal is com-
prised of unrecrystallized, pancake-shaped
grains that result from the cold rolling process.
The H32 weld nugget is similar to the O-temper
nugget; however, the H32 weld exhibits a grad-
ual transition from the nugget to the base-metal
grain structure. From the edge of the heavily
deformed nugget to the base metal, there is a
continuously declining area fraction of recrys-
tallized material. The recrystallized material

that is outside of the weld nugget is, presum-
ably, material that is produced by the thermal
transient associated with the welding process.
Recrystallization in this region is driven by the
cold work that is already present in the base
metal and not by the deformation associated
with the FSW process.

Figure 4.2 shows hardness traverses for welds
made in the H32 and O-temper material (both
welds made at 4.2 mm/s, or 0.17 in./s). The hard-
ness distributions are quite typical for the two
starting temper conditions. In the figure, it can be
seen that the O-temper weld exhibits a very slight
hardness maximum in the grain-refined region of
the weld (the nugget). Outside of this region, the
hardness decreases to the base-metal value. The
H32 nugget has a similar hardness to that of the
O-temper nugget (indicating similar grain size).
Outside the H32 nugget, the hardness transitions
smoothly to that of the strain-hardened base
metal. In some cases, the H32 weld nugget may
be placed in a mild local hardness maximum due
to the presence of the undeformed but recrystal-
lized material in the HAZ, as described in the pre-
ceding paragraph.

Figure 4.3 shows the tensile and yield
strengths of a series of H32 welds made using a
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Fig. 4.2 Hardness distributions on transverse cross sections from friction stir welds in 5454-O
(open symbols) and 5454-H32 (closed symbols)

Fig. 4.3 Transverse yield and transverse tensile strengths of 5454-H32 friction stir welds pro-
duced at a range of welding speeds
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range of welding speeds between 1.4 and 12.7
mm/s (0.06 and 0.5 in./s). These properties are
very insensitive to the welding speed and reflect
the properties of the weld nuggets, which are
uniformly low and similar to the O-temper base-
metal properties. In order to gain a fuller under-
standing of the properties of the nugget and
HAZ regions, digital image correlation (DIC)
was used to measure the full-field surface strain
on transversely loaded weld specimens (Ref
16). As described in several publications, the
local strain derived from DIC can be mapped to
the global stress to provide a reasonable approx-
imation of the local constitutive behavior of the
weld regions. Figure 4.4 shows the following
information: (1) an O-temper base-metal tensile
stress-strain curve (solid curve), (2) an H32
base-metal curve (solid curve), (3) the global
tensile response of the transversely loaded weld
(solid curve), (4) a DIC-derived local stress-
strain curve from the nugget region (closed cir-
cles, labeled “DRZ” in the figure), (5) a DIC-
derived local stress-strain curve from the
partially recrystallized HAZ (closed squares),
and (6) a DIC-derived local stress-strain curve
from the recovered but not recrystallized HAZ
(closed triangles). Important points include the
local curve for the nugget region is nearly iden-

tical to the O-temper base-metal curve with
respect to both the strength levels and the frac-
ture strains, while the partially recrystallized
HAZ and the recovered HAZ have properties
intermediate to the H32 and O-temper base met-
als. The strain levels observed in the partially
recrystallized and recovered HAZ regions are
limited by the strength of the nugget region.
That is, in a transversely loaded weld, no stress
greater than the tensile strength of the weakest
region can be transmitted to any other region.

In summary, non-heat-treatable alloys are
relatively insensitive to the welding parameters
(so long as no weld defects are generated). The
strength of a transversely loaded weld in O-tem-
per material will be similar to the base-metal
strength, and the failure location could be any-
where. Conversely, the strength of a trans-
versely loaded weld in strain-hardened material
(e.g., H32 temper) will be similar to that of 
O-temper base-metal material, but the strain
will be localized in the weld and HAZ, as will
the fracture location.

Peak or Overaged Heat Treatable Alloys:
7050-T7651. Alloy 7050 is a high-strength,
heat treatable alloy with a nominal composition
of Al-6.2%Zn-2.3%Cu-2.2%Mg and 0.12% Zr.
It is normally used in a slightly overaged temper

Fig. 4.4 Standard and digital image correlation-derived tensile stress-strain curves for base metal
(O temper and H32), overall transverse H32 weld, and local regions of the H32 weld. 

DRZ, dynamic recrystallization zone; HAZ, heat-affected zone
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Fig. 4.5 Typical hardness distributions from transverse sections of 7050-T7451 friction stir welds
made at two different welding speeds (no postweld heat treatment)

(T7xx) designed to provide a good combination
of strength, fracture toughness, and stress-cor-
rosion cracking resistance (Ref 1). The work
described in this section was performed on 
6.4 mm (0.25 in.) thick 7050-T7451 plate.

In an attempt to elucidate relationships
between FSW parameters and weld nugget and
HAZ hardness values in 7050, a series of welds
was made in 6.4 mm thick 7050-T7451 plate (Ref
6). Welds were made at speeds between 0.86 and
5.1 mm/s (0.034 and 0.20 in./s), using three dif-
ferent ratios of welding speed to tool rotation rate
(advance per revolution, or APR): 0.56, 0.42, and
0.28 mm/rev (0.022, 0.017, and 0.011 in./rev).
All welds were performed under z-axis force
control; the z-axis force was adjusted for the dif-
ferent welding speeds and tool rotation rates so as
to produce good-quality welds. An FSW tool
having a threaded cylindrical pin and a dished
shoulder was used for all welding. The shoulder
diameter was 20.3 mm (0.80 in.), the pin diame-
ter was 7.1 mm (0.28 in.), the pin length was 6.1
mm (0.24 in.), and the thread pitch on the pin was
0.85 mm/thread (0.033 in./thread). A lead angle
of 2.5° was used for all welds. During the weld-
ing process, the torque supplied to the spindle
motor was monitored continuously; the spindle
torque, after subtraction of the free running
torque, may be used to calculate the weld power.

For each weld, the Vickers hardness distribution
on a transverse section with and without post-
weld heat treatment (PWHT) was determined.
The PWHT was 24 h at 121 °C (250 °F). A finite
element modeling (FEM) simulation was used to
calculate the time/temperature history for a sub-
set of the welds.

Figure 4.5 shows two typical hardness distri-
butions (prior to PWHT) from the 7050 welds.
The two welds shown were made at welding
speeds of 0.85 and 3.8 mm/s (0.033 and 0.15
in./s) at the same APR, 0.42 mm/rev. Hence, the
spindle rotation rate for the slower weld was 120
rpm and for the faster weld, 540 rpm. The distinc-
tive “W”-shaped hardness distribution is typical
of many FSWs in precipitation-hardening alloys
(Ref 5, 6, 9, 11–13). In the following, important
features of the hardness distribution include the
average hardness in the central local maximum
(located in the weld nugget) and the minimum
hardness (located in the HAZ). For these two
welds, it is quite clear that the different weld
parameters have a substantial effect on the hard-
ness distributions. The faster weld exhibits
higher nugget and HAZ minimum hardness than
does the slower weld. Also, the HAZ minimum
hardness is located farther from the weld center-
line in the fast weld than in the slow weld. All
other things being equal, the higher hardness in
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Table 4.1 Friction stir welding process
parameters
Spindle rotation rate, rpm Welding speed, mm/s z-axis load, kN

90 0.85 28.9
135 1.27 30
180 1.7 27.8
270 2.54 37.8
315 2.96 37.8
405 3.81 45.6
120 0.85 24.5
180 1.27 24.5
240 1.7 24.5
360 2.54 30
540 3.81 41
720 5.1 37.8
180 0.85 20
270 1.27 22
360 1.7 24
540 2.54 33.5
630 2.96 36
810 3.81 39
900 4.2 36.5

the faster weld will result in greater transverse
tensile strength than in the slower weld. The criti-
cal questions to be answered are: (1) How do the
welding parameters affect the weld hardness dis-
tributions? and (2) Why?

In order to answer question 2 posed in the pre-
ceding paragraph, it is necessary to have some
understanding of the response to heat treatment
in 7xxx alloys. In general, the strengthening-
precipitate precipitation/dissolution sequences
are similar in many 7xxx alloys, and it is well
established that the primary strengthening pre-
cipitate in 7050-T7451 alloy is the coherent η�
phase (Ref 11). Examination of the literature
reveals the following regarding precipitate sta-
bility in the 7xxx-series alloys (Ref 17, 18):

• Dissolution of the strengthening η� phase
occurs at T >190 °C (375 °F).

• The incoherent η phase precipitates between
approximately 215 to 250 °C (420 to 480 °F).
This phase contributes much less to strength-
ening than does η�. Near 250 °C, η begins to
coarsen rapidly.

• η phase begins to dissolve at T >320 °C (610
°F).

• There is a maximum in the formation rate of
the high-temperature, nonstrengthening, in -
coherent M phase at approximately 350 °C
(660 °F). Hence, solute will be most rapidly
depleted from the matrix at this temperature.

Further, there is pertinent information regard-
ing the thermal conditions associated with HAZ
formation in welding of 7075 (which, it is
assumed, is similar to 7050 in this regard).
Mahoney et al. (Ref 19) found the minimum
HAZ hardness in a 7075 friction stir weld in a
region where the maximum temperatures were in
the range of 300 to 350 °C (570 to 660 °F).
Hwang and Chou (Ref 20) performed weld simu-
lation of alloy 7075 and found that the minimum
strength resulted from a weld thermal cycle with
a peak temperature of 377 °C (711 °F). This was
not necessarily the temperature that would result
in the absolute minimum hardness, because a
continuum of peak temperatures was not exam-
ined (adjacent temperatures were 288 and 445
°C, or 550 and 833 °F). Hwang and Chou
ascribed the low strength at 377 °C to rapid for-
mation of coarse η. Temperatures above 377 °C
were considered partial solution treatments, with
subsequent natural aging leading to higher
strength, while those below 377 °C resulted in
less dissolution of η� and hence higher strength.

Based on the work of Archambault and Godard
(Ref 18), it seems likely that the minimum hard-
ness at a peak temperature of 377 °C may also be
ascribed to rapid formation of the nonstrengthen-
ing M phase and concomitant solute depletion.
Regardless, based on the work of Mahoney et al.
and Hwang and Chou in welding of 7075, peak
temperatures near 350 °C appear to be most
effective in reducing the strength or hardness in
the HAZ when HAZ temperatures greater than or
equal to 350 °C are present.

As stated previously, a series of welds were
made in the 7050 plate material. Table 4.1 lists all
of the welding conditions. In order to correlate
weld properties with the welding parameters, it is
necessary to understand parameter effects on
weld power, specific weld energy, and, ulti-
mately, temperature history. Figures 4.6(a) and
(b) illustrate the relationships between weld
power and welding speed and specific weld
energy and welding speed. It is important to keep
in mind that weld power (like the torque) is not a
controlled variable in FSW; it is a response vari-
able. This is substantially different from, for
example, arc welding, where weld power may be
controlled to different levels by variation of the
arc current and voltage. Figure 4.6(a) shows that
the weld power increases with increasing weld-
ing speed in a nonlinear way. It should be borne in
mind that the rpm is increasing with welding
speed for a given APR as well. It is true, however,
that for a given rpm, the required power increases
with increasing welding speed. The increase in
required power for increasing welding speed is
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Fig. 4.7 Calculated peak nugget temperature (from finite element modeling simulation) plot-
ted vs. the weld power for a subset of the welds

Fig. 4.6 (a) Plot of weld power vs. welding speed for welds made using three different advances per revolution (APR). (b) Specific
weld energy for welds made using three different APR

intuitively reasonable, because more material is
processed per unit time at higher welding speed.
The energy per unit weld length (equal to the
power divided by the welding speed) declines
with increasing welding speed; essentially, the
relationship between weld power and unit weld
energy is inverse for this series of welds.

The peak temperatures for some of the welds
(calculated using the input torque FEM simula-
tion) (Ref 21) are plotted versus the weld power
in Fig. 4.7. The peak temperature in the welds

increases almost monotonically with the weld
power. A similar plot of peak T versus weld
energy reveals the opposite relationship for this
set of welds; that is, peak T drops with increasing
weld energy. This is an interesting note and wor-
thy of a sidebar. In the early days of FSW, the
terms hot weld and cold weld were typically
applied to, respectively, slow welds and fast
welds. This terminology came about be cause,
very often, a slow weld would be relatively hot
far from the weld line, while a fast weld would be

(a) (b)
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Fig. 4.8 Plots of temperature (T) vs. time for 7050-T7451 welds made at different welding speeds

relatively cool far from the weld line. The far-
field temperature can be very misleading in rela-
tion to the peak temperature in a friction stir weld.
The far-field temperature is more closely related
to the unit weld energy than to the power, while
the power is more important in determining the
peak weld temperature. This is again different
from the situation during fusion welding. In a
fusion weld, the highest temperature in the solid
metal (always at the fusion boundary) is the melt-
ing point. In a friction stir weld, the peak temper-
ature can be substantially less than the melting
temperature. So, in fusion welds, the peak tem-
perature in the solid is independent of the weld
parameters, but the far-field temperatures will be
higher in welds made with high specific weld
energy. In this series of welds, the fast welds are
generally the hotter welds with respect to the
peak temperature. One aspect of thermal history
that is true of both FSWs and fusion welds is that
the temporal length of the temperature transient
experienced by the weldment is closely related to
the welding speed. The higher the welding speed,
the shorter the heatup and cooldown times. 
This transient time controls the time available for
temperature-driven metallurgical processes in
the weld nugget and HAZ as well as the quench
rate (Ref 5, 21). Figure 4.8 illustrates the effect of
welding speed on the peak temperature at the
weld centerlines and the transient time for the

welds made with an APR = 0.28 mm/rev. The
heatup and quench rates vary directly with the
welding speed, while the peak temperature is a
nonlinear function of the weld power.

Figure 4.9 illustrates the effect of welding
speed on the average nugget hardness in the as-
welded condition. For each weld pitch, there is an
initial relatively rapid increase in hardness with
increasing welding speed (which, for a given
weld pitch, also implies higher rpm). The rapid
rise is followed by a hardness plateau; the plateau
begins at a lower welding speed at lower APR,
which again corresponds to a higher rpm. In Fig.
4.10, the change in average hardness of the
nugget due to the PWHT is plotted versus the
welding speed. Here, it is shown that a positive
nugget hardness response to PWHT is observed
for higher welding speeds but that lower speed
coupled with higher rpm (smaller APR for a
given welding speed) leads to a “better” response
to PWHT. The implication in this case is that the
higher-power welds (and the associated higher
peak temperatures) lead to some solution treat-
ment of the weld nuggets and hence some subse-
quent precipitation of strengthening precipitates
during the PWHT. In those welds for which only
particle coarsening has taken place during the
weld thermal cycle, a negative response to
PWHT is observed, probably due to additional
coarsening.
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Fig. 4.9 Average weld nugget hardness in the as-welded condition

Fig. 4.10 Nugget response to postweld aging treatment

In the HAZ, the situation is somewhat differ-
ent and overall less complicated. Figure 4.11
shows the effect of welding speed on HAZ min-
imum hardness for all three APRs. There is a
general trend for increased HAZ hardness with
increasing welding speed and no systematic
variation with APR; that is, for a given welding

speed, there does not seem to be an effect of rpm
on the HAZ hardness. In addition, all of the
HAZs exhibit a negative response to the post-
weld aging treatment.

Examination of the calculated temperature
profiles shows that the HAZ minimum hardness
location corresponds to a peak temperature of



Chapter 4: Microstructure Development in Aluminum Alloy Friction Stir Welds / 63

Fig. 4.11 Heat-affected zone minimum hardness plotted vs. the welding speed

approximately 350 °C for all cases in which such
a temperature is possible (that is, the peak weld
temperature must be greater than 350 °C). On the
other hand, a positive weld nugget response to
PWHT is observed when the peak temperature in
the nugget is greater than approximately 350 °C.
These points are illustrated in Fig. 4.12, which
shows nugget (closed symbols) and HAZ (open
symbols) response to PWHT as the change in
Vickers hardness number versus the calculated
peak temperature at the pertinent locations. With
very few exceptions, the peak temperature in the
HAZ minimum hardness region is near 350 °C.
The exceptions are for welds that had nugget
peak temperatures less than 350 °C.

Data presented in this section indicate the fol-
lowing important points relative to FSW of
7050-T7451:

• For maximum nugget hardness, peak temper-
atures in the nugget must be high enough to
provide some level of solution heat treatment.

• Peak temperature in the nugget depends pri-
marily on weld power; higher power leads to
higher temperature for a constant welding
speed. Higher power at a constant welding
speed is obtained by increasing the rpm.

• The hardness of the HAZ is dependent pri-
marily on the welding speed; higher welding
speed corresponds to higher HAZ hardness.
This is likely due to the temporal length of the
temperature transient; shorter time near 
350 °C results in less overaging in the nugget.

• The HAZ minimum hardness is normally
found where the peak temperature is near 
350 °C; this temperature maximizes the kinet-
ics of the overaging process in 7xxx alloys.

In order to maximize nugget hardness in
alloys such as 7050-T7451, it is necessary to
weld with sufficient power to achieve the solu-
tion treatment temperature in the weld nugget.
In the nugget, there will likely be a secondary
effect of welding speed that will influence the
quench rate from the peak temperature, hence,
the as-welded hardness and the response to
PWHT. In order to maximize HAZ hardness, it
is necessary to weld as fast as possible. If the
peak T in the nugget is above 350 °C (as it must
be to achieve good nugget hardness), then at
some distance from the weld centerline, the
peak T will be near 350 °C, and the time near
this temperature must be minimized in order to
limit overaging. The temporal length of the tem-
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perature transient is minimized by welding at
the highest possible speed.

Naturally Aged Aluminum Alloys: 2524-
T3. Alloy 2524-T351 is a medium-strength,
high-toughness aerospace alloy in a naturally
aged condition. The nominal composition
(weight percent) of the alloy is 4.2% Cu, 1.4%
Mg, 0.6% Mn, 0.15% Zn, and 0.1% Ti, with
traces of iron and silicon and the balance alu-
minum. The alloy is strengthened by Guinier-
Preston-Bagaryatsky (GPB) zones in the solu-
tion-treated and naturally aged condition;
artificially aged tempers are strengthened prima-
rily by S� phase. Both alloy 2524 and its older
variant, 2024, are considered marginally weld-
able, at best, by fusion welding techniques. The
alloys are in widespread use in the aerospace
industry, and the advent of FSW spawned a sub-
stantial amount of effort in FSW research on
these alloys. In the following, as for the 7050 dis-
cussed in the preceding section, an attempt is
made to rationalize the response of 2524/2024 to
variations in FSW parameters by reference to the
metallurgy of the alloy.

One of the striking differences between FSWs
in 2524-T351 (and 2024-T351) and FSWs in

peak or overaged alloys is (as described briefly in
a preceding section) the presence of inner and
outer HAZ hardness minima. This phenomenon
has been observed by several groups and has
been well explained by Jones et al. (Ref 14). The
advancing and retreating side inner HAZ hard-
ness minima are normally separated by a local
hardness maximum in the weld nugget. There is,
of course, also a local maximum between the
inner and outer minima on both sides of the weld.
Jones et al. performed transmission electron
microscopy in all of these regions and described
the microstructure as follows:

• In the nugget, streaks consistent with the
presence of very fine S-phase particles or
GPB zones were observed.

• The inner hardness minimum contained
coarse S-phase particles (overaged).

• The local maximum between the minima was
strengthened by fine S-phase precipitates.

• The outer minimum was devoid of precipi-
tates even after postweld natural aging.

Jones et al. speculate that the outer minimum
results from GPB zone dissolution at relatively

Fig. 4.12 Nugget (closed symbols) and heat-affected zone (HAZ) (open symbols) minimum
response to postweld heat treatment (PWHT) plotted vs. the peak temperature in the 

pertinent location
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Fig. 4.13 2524-T351 friction stir weld transverse hardness distributions in a slow and a fast weld

low temperature and that the zones do not repre-
cipitate due to the lack of quenched-in vacancies.

As for the heights and positions of the max-
ima and minima, these are functions of the weld
process parameters; some aspects of this depen-
dence are illustrated in Fig. 4.13. Figure 4.13
shows an example of the weld parameter depen-
dence of the hardness distribution for two 2524-
T351 welds referred to as fast and slow (Ref
22). Parameters for the fast weld were 480 rpm
and 3.4 mm/s (0.13 in./s). Parameters for the
slow weld were 120 rpm and 0.85 mm/s (0.033
in./s). Both welds were performed with the
same tool APR. The two distributions have sim-
ilarities but also differ substantially from each
other. In the fast weld, nugget hardness is equiv-
alent to the base-metal hardness, while the
nugget hardness in the slow weld is quite low.
The inner hardness minimum is just at the edge
of the nugget in the slow weld and is only
slightly lower than the slow weld nugget hard-
ness. In the fast weld, the inner HAZ hardness
minimum is somewhat removed from the
nugget edge. Both welds exhibit local maxima
at approximately 15 mm (0.6 in.) from the weld
centerline and then local minima near 20 mm
(0.8 in.) from the centerline. Beyond the second
local minima, the hardness is nearly the same as
the base-metal hardness. Both the inner and

outer local hardness minima are much lower in
the slow weld than in the fast weld.

The difference in nugget hardness between the
fast and slow welds can be attributed to higher
peak temperature in the fast weld, resulting in
solution heat treatment of the fast weld nugget
and overaging of the slow weld nugget; addition-
ally, the fast weld nugget will have experienced a
higher quench rate than the slow weld nugget. A
higher peak temperature in the fast weld nugget is
inferred from the nugget grain sizes of the two
welds and the spindle torques required to make
the two welds. In the nugget of the fast weld, the
average grain size is 6 μm (0.24 mil); the grain
size in the slow weld is not resolvable optically at
500×. Based on previous work, the larger grain
size is indicative of a higher peak temperature,
especially in light of the fact that the tool APR is
the same in both welds. Also, the torque required
for the fast weld is approximately half that
needed for the slow weld. Assuming sticking
conditions, or nearly sticking conditions, at the
tool/workpiece interface, the torque should be a
direct indicator of the flow stress of the material.
Hence, low torque indicates high temperature
through the relationship between temperature
and flow stress.

In another study of 2524 FSW, relationships
between nugget grain size, nugget hardness, and
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HAZ hardness and various welding parameters
have been studied and elucidated (Ref 13). Fig-
ure 4.14(a) shows the grain size in the weld
nugget of 2524 FSWs as a function of rpm, with
welding speed and z-force held constant. Figure
4.14(b) shows the nugget and inner HAZ hard-
ness of the same welds also plotted against the
rpm. Comparison of the two figures shows that
the grain size and hardness have very similar
relationships to the rpm. Both exhibit rapid
increases with increasing rpm in the low-rpm
range and then a plateau starting near 300 rpm
and going up to 800 rpm. The measured nugget
hardness becomes essentially flat above 300 rpm,
while the grain size continues to grow slowly
with increasing rpm above 300 rpm. Also shown
in Fig. 4.14(b) is the inner HAZ minimum hard-
ness, which is essentially unaffected by the rpm
at constant welding speed. The combined behav-
ior of the grain size and the nugget hardness may
be explained by supposing that the solution heat
treatment temperature is attained in the weld
nugget at 300 rpm. At higher rpm, the peak tem-
perature will continue to rise slowly, as attested
to by the grain size; however, increased tempera-
ture above the solution heat treatment tempera-
ture has little effect on the nugget hardness. Fig-
ures 4.13 and 4.14 together indicate that the
behavior of the 2524-T351 is similar to that
observed in the 7050-T7451, with the exception
of the presence of the outer HAZ hardness mini-
mum in the 2524-T351. Specifically, maximum
nugget hardness is obtained by welding at a suffi-
ciently high peak temperature to enable solution

heat treatment of the weld nugget (Fig. 4.14), and
the HAZ minimum hardness is increased by
welding at higher speeds (Fig. 4.13).

Another phenomenon that was observed in
the study cited in the preceding paragraph is that
of overheating. Although FSW is a nominally
solid-state process, if there are low-melting
regions embedded in the bulk higher-melting
material, then local melting may occur. This
phenomenon has also been observed in highly
alloyed 7xxx alloys (Ref 12). Local melting in
the 2524-T351 FSWs shown in Fig. 4.14 was
discovered by performing tensile tests of all
nugget material. Figures 4.15(a–d) show tensile
properties for all nugget specimens produced by
welding at one welding speed, 2.11 mm/s
(0.083 in./s), and a range of rpm from 120 to
600. In each graph, data for full-thickness and
root half-thickness (top half of the weld
excluded) specimens are shown. Figure 4.15(a)
shows the 0.2% offset yield strength for both
specimen types. The yield strength exhibits a
similar dependence on rpm as that shown by the
nugget hardness (Fig. 4.14b), and the values are
nearly identical for both the full-thickness and
root-half specimens. Figure 4.15(b) shows the
ultimate tensile strengths for the root-half and
full-thickness specimens. The tensile strength
of the root-half specimens has the same depen-
dence on rpm as does the yield strength; how-
ever, the tensile strength of the full-thickness
specimens declines sharply between 480 and
600 rpm. This decline in full-thickness speci-
men tensile strength is mirrored by the uniform

Fig. 4.14 (a) Nugget grain size vs. rotation speed and (b) nugget center and heat-affected zone (HAZ) minimum hardness variation
as a function of rotation speed with constant welding speed and z-axis force, Fz

(a) (b)



Chapter 4: Microstructure Development in Aluminum Alloy Friction Stir Welds / 67

Fig. 4.15 Tensile properties of all nugget material loaded in the longitudinal orientation (in the welding direction). Open symbols
represent specimens taken from the root-half of the weld (excluding the crown region). Closed symbols are full-thickness 

specimens. Fz, z-axis force

and total elongations (Fig. 4.15c and d). Optical
micrographs showing the changes in the near-
crown nugget microstructure as tool rotation
rate is changed from 480 to 800 rpm are shown
in Fig. 4.16. The image in the top left corner of
Fig. 4.16 is base metal. To the right of the base-
metal image is an image from a 480 rpm weld.
The 480 rpm weld shows constituent particle
refinement via comminution. In the lower left
(600 rpm), many grain boundaries are decorated
with a second phase of unknown composition,
and in the lower right (800 rpm), this decoration
of the grain boundaries is even more complete
than at 600 rpm. In Fig. 4.17, backscattered
electron images of the same areas are shown.
The brightly contrasting grain-boundary phases
indicate that they are composed of relatively
high-z elements, probably low-melting eutectic
compositions. The decoration of the grain
boundaries by high-z compounds is presumably
responsible for the low ductility of the high-rpm
welds (fracture surfaces indicated the presence
of grain-boundary fracture). The morphology of

the high-z compounds is consistent with a grain-
boundary liquation process.

To summarize, as for the 7050 alloy described
in the preceding section, to achieve maximum
nugget strength, sufficient weld power must be
used to produce a solution heat treated and subse-
quently naturally aged nugget. Unlike in the
7050, inner and outer HAZ hardness minima are
produced. However, as for the precipitation-
hardened 7xxx alloys, higher welding speed
results in shallower hardness minima. Lastly,
while it is desirable to weld with a sufficient peak
temperature in the nugget to produce a solution
heat treated condition, it is also important to keep
the peak temperature below that which can result
in local melting of eutectic phases.

4.4 Summary

In this chapter, some general guidelines for
welding of various types of aluminum alloys
have been presented. These guidelines were

(a)

(c)

(b)

(d)
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developed based on the microstructure and
properties of friction stir welds in the various
classes of aluminum alloys; however, they are
general guidelines only, and specific instances
may require substantial deviation from these
guidelines. Based on the foregoing, it has been
shown that for precipitation-hardening alloys,
maximum transverse tensile strength is nor-
mally obtained by welding at the highest possi-
ble welding speed. High welding speed mini-
mizes the time available for overaging of the

HAZ; hence, it results in the shallowest hard-
ness minima in the HAZ. High welding speed
generally requires relatively high weld power,
which can result in high peak temperature in the
weld nugget. Normally, a peak temperature in
the weld nugget that is greater than the solution
heat treatment temperature is desirable; how-
ever, if the nugget temperature exceeds that nec-
essary to cause local melting (overheating), then
the nugget may become brittle due to decoration
of grain boundaries in the weld nugget with

Fig. 4.16 Optical micrographs of as-polished vertical-transverse sections (near the crown side)
of 2524 base metal and friction stir welds made using 480, 600, and 800 rpm (weld-

ing speed, 2.11 mm/s, or 0.083 in./s; z-axis force, 42.3 kN, or 9500 lbf)
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Fig. 4.17 Comparison of backscattered election SEM images from the as-polished vertical-transverse sections of 2524 base metal
and friction stir welds produced with 480, 600, and 800 rpm

intermetallic phases. This overheating phenom-
enon is most likely in the highly alloyed high-
strength alloys. For example, it is more likely to
occur in 7075 than in 6061.

The properties of non-heat-treatable alloys are
less sensitive to welding conditions. Alloys
welded in the O temper will likely have weld
nuggets that are slightly overmatched relative to
the base metal. This overmatching of the weld
nugget may be attributed to an increment of
grain-boundary strengthening over that which is

available in the base metal. Non-heat-treatable
alloys that are welded in a strain-hardened tem-
per will always be undermatched, because the
recrystallization that occurs in the weld nugget
eliminates all of the strengthening due to cold
work. Increases in grain-boundary strengthening
due to grain refinement in the nugget have not
been demonstrated to be capable of compensat-
ing for the loss of cold work. Therefore, welding
at high speed in non-heat-treatable alloys is more
of a productivity issue than a property issue.
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CHAPTER 5

Mechanical Properties of Friction Stir
Welded Aluminum Alloys
Murray W. Mahoney, Rockwell Scientific Company

FRICTION STIR WELDING (FSW) is a new
solid-state welding process capable of welding
all aluminum alloys, including the difficult-to-
weld 2xxx and 7xxx aluminum alloys. Because
there is no melting during FSW, that is, tempera-
tures approach but remain below the solidus,
friction stir welds can and most often do have
superior properties compared to fusion welds.
For example, some of the weld characteristics
include a narrow heat-affected zone, a fine-grain
wrought microstructure rather than a cast
microstructure in the weld nugget, no filler mate-
rial is needed, and there is no shrinkage porosity.
Clearly, if the weld practice is performed prop-
erly, there is the potential for FSW to produce
welds with high strength and ductility, increased
fatigue life, and improved fracture toughness.
During the early development of FSW, the
process appeared simple, and indeed, it is simple
compared to many conventional welding prac-
tices. However, as development continued, the
complexity of FSW was realized. It is now
known that properties following FSW are a func-
tion of both controlled and uncontrolled vari-
ables as well as external boundary conditions.
For example, investigators have now illustrated
that postweld properties can be a function of:

• Tool travel speed: influences total heat input
• Tool rotation rate: influences total heat input
• Tool design: shoulder diameter, scroll or con-

cave shoulder, features on the pin, pin length
• Tool tilt: depends on the tool shoulder design

but typically is 0 to 3°
• Material thickness: influences cooling rate

and through-thickness temperature gradients

• Alloy composition: weld parameters not
transferable from one aluminum alloy to
another

• Initial material temper: influences alloy
response

• Cooling rate: passive or active cooling
• Heat sink: thermal conductivity of materials

in contact with the weld, for example, anvil
and clamping system

• Test sample size, location, and orientation:
where the sample is sectioned from the weld,
especially through the thickness and longitu-
dinal versus transverse orientation

• Surface oxides: potential for more or less of a
continuous oxide within the weld

• Joint design: lap, butt, fillet
• Postweld heat treatment: dependent on alloy

composition and preweld temper
• FSW test system: specific characteristics for

each system, for example, spindle runout,
heat dissipation through the spindle, anvil
and clamps, and so on

• Time between FSW and testing, that is, natu-
ral aging at room temperature: For the 2xxx
aluminum alloys, the weld zone stabilizes at
room temperature within a few days. The
5xxx aluminum alloys do not naturally age.
The 6xxx aluminum alloys naturally age
slower than the 2xxx alloys, and more than 4
weeks may be necessary for welds to stabi-
lize. For the 7xxx aluminum alloys, the weld
zone does not stabilize without a postweld
heat treatment.

This chapter presents properties for friction
stir welded 2xxx, 5xxx, 6xxx, and 7xxx alu-
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minum alloys as well as some results for alu-
minum-lithium alloys and aluminum metal-
matrix composites. Not all variables and bound-
ary conditions listed previously were reported
by the different investigators, and indeed, it
would not be reasonable to expect this consider-
able detail. Also, it is not possible within this
document to identify all the variables reported
by the different investigators. For experimental
details, readers are encouraged to read the 
original manuscripts. Thus, properties pre-
sented herein are illustrative of what can be
achieved using good FSW practices, that is,
full-penetration butt welds with no detectable
defects. Lap and fillet weld joints are not con-
sidered herein, because each of these weld joint
geometries introduces issues specific to the joint
geometry rather than inherent material proper-
ties. Further, results are not presented for FSW
with a self-reacting or bobbin tool. There are
insufficient properties data available at this time
for this method of FSW. Where possible, prop-
erty ranges are provided, illustrating the spread
of results from different laboratories and facili-
ties. At times, data are limited to one investiga-
tor, and thus, precaution should be exercised.

For testing of monolithic materials, test proce-
dures and interpretation of test results are rela-
tively straightforward. However, when welds are
tested in the transverse orientation, a material
with a composite of properties within the gage
length is tested. That is, loads are applied across
the weld nugget, thermomechanically affected
zone (TMAZ), heat-affected zone (HAZ), and
parent metal. For most aluminum alloys and tem-
per conditions, each weld zone location will have
different mechanical properties, and thus, strain
localization will occur in the lowest-strength
region. Because the gage length of this softer
low-strength zone is not known, it is not realistic
to measure transverse strain in the customary
manner. However, if different weld locations are
tested in the longitudinal orientation, and only
one postweld microstructure is included within
the gage diameter, then properties for each weld
zone can be determined separately. Some inves-
tigators have isolated properties for the different
weld zones, and, when available, these results are
presented.

It is important to understand the FSW nomen-
clature to identify and recognize the different
weld-zone microstructures and resultant proper-
ties. Early in the development of FSW, the term
thermomechanically affected zone was used to
identify the region between the weld nugget and

the HAZ. This TMAZ region experienced both
heat and deformation but the deformation was
insufficient to facilitate full recrystallization.
This nomenclature was convenient for alu-
minum alloys due to the existence of a distinct
zone between the nugget and HAZ that met this
definition. However, this definition of a TMAZ
proved to be inappropriate for other alloy sys-
tems where a distinct TMAZ was not evident,
for example, ferrous materials. Thus, the FSW
licensees group (license holders with rights to
use the TWI initial FSW patent) recommended
the TMAZ be redefined to include all regions
affected by both heat and deformation, with the
weld nugget being a subset within the TMAZ.
Unfortunately, the initial definition of the
TMAZ has continued to be used in the recent 
literature and certainly in all of the early litera-
ture. It would be too confusing to attempt to
change this nomenclature in a review document
where reference is made to others’ work when
essentially all published data refer to the TMAZ
as a region separate from the weld nugget.
Accordingly, in this chapter, the initial nomen-
clature used for the TMAZ is followed for the
different weld zones. Figure 5.1 illustrates the
weld-zone nomenclature used in this chapter for
aluminum alloys. Figure 5.1(a) illustrates a low-
magnification view of a friction stir weld in an
aluminum alloy, and Fig. 5.1(b) and (c) illus-
trate the uplifted grains on the retreating and
advancing sides of the weld nugget.

5.1 2xxx Aluminum Alloys

The preponderance of research and reported
data for the 2xxx aluminum alloys is concen-
trated on 2024 Al, an Al-Cu-Mg alloy (Ref
1–19). Thus, this section focuses on 2024 Al
with reference to other 2xxx aluminum alloys,
where data are available. In general, the weld-
ability of 2024 Al by conventional fusion weld-
ing practices, that is, gas metal arc welding or
gas tungsten arc welding, is limited. Aluminum
2024 can be welded with proper procedure and
equipment, but except for resistance welding,
weldability ratings for 2024 indicate limited
weldability. Also, 2024 Al is more sensitive to
cracking during conventional welding than
other aluminum alloys, and the joint design and
fixtures must be so proportioned as to put mini-
mum strain on the joint during the cooling
period (Ref 20). These precautions are not
required during FSW, again due to the absence
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Fig. 5.1 (a) Micrograph illustrating different zones in a friction stir welded aluminum alloy. (b) Retreating side. (c) Advancing side.
HAZ, heat-affected zone; TMAZ, thermomechanically affected zone

of melting associated with FSW. Basically,
2024 Al is easily friction stir welded without
any special procedures, other than good FSW
practices. Selected post-FSW properties are
presented as follows, illustrating properties in
the weld nugget, TMAZ, and HAZ.

Hardness. Many investigators use hardness
data as an initial evaluation of variation in
mechanical properties across the weld zone.
First, it should be understood that 2024 Al will
naturally age at room temperature following an
excursion to a temperature above that where
strengthening precipitates go into solution. In
2024, most of the strengthening occurs within a
day at room temperature; the mechanical prop-
erties are essentially stable after four days (Ref
21). Figure 5.2 illustrates the change in hardness
for a friction stir weld naturally aged at room
temperature for >12,000 h (Ref 17). Most of the
hardness change occurs in the first week. After
this time, the hardness appears to stabilize, and
the material reaches an equilibrium condition.
Mechanical properties would be expected to
increase in a corresponding manner to the

increase in hardness. Although time between
welding and testing is not usually reported, it is
assumed that testing was performed at least one
week after FSW, and thus, this temporary insta-
bility is of little concern when considering 
postweld properties in 2024 Al. However, as
shown subsequently for the 7xxx aluminum
alloys, because the 7xxx alloys do not stabilize
in a reasonable time (if ever) after FSW, natural
aging needs to be considered when evaluating
mechanical properties.

The work of Bussu and Irving on 6.35 mm
(0.25 in.) thick 2024-T351 Al sheet is illustra-
tive of hardness variations following FSW in
2024-T351 Al (Ref 12). In their work (Fig. 5.3),
hardness is illustrated both as a function of dis-
tance from the joint interface and depth from the
top surface. As shown, a typical “W”-shaped
hardness curve is created. Due to the close rela-
tionship between hardness profiles and tensile
test results, this composite of hardness results
has implications for resultant mechanical prop-
erties. The studies in this work show four dis-
tinct hardness zones:
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Fig. 5.2 Hardness results for friction stir welded 2024 Al fol-
lowing natural aging for >7 months. Source: Ref 22 

Fig. 5.3 Microhardness traverse across the friction stir weld at various positions in the section. Source: Ref 12

• The weld nugget extending 5 to 6 mm (0.20
to 0.24 in.) from each side of the joint inter-
face, where the hardness is nearly constant

• The remainder of the TMAZ extending an
additional 5 to 6 mm from the weld nugget,
where hardness decreases sharply

• The HAZ extending an additional 15 to 20
mm (0.6 to 0.8 in.) from the TMAZ, where
hardness reaches a minimum and then
increases as distance from the weld centerline
increases, even achieving a hardness greater
than the parent metal

• The hardness of the parent metal unaffected
by FSW

The work by Bussu and Irving also illustrates
hardness differences from the crown surface to
the root surface of the friction stir weld (Ref 12).
During FSW, heat input and heat extraction are
nonuniform through the material thickness.
That is, the FSW tool generates heat from both
the tool shoulder and the tool probe, but the
influence of the shoulder is limited in depth,
depending on shoulder design, for example,
convex or scrolled, shoulder tilt, and applied
axial force. In aluminum alloys, the shoulder
influence is typically less than 2 mm (0.08 in.)
deep (based on microstructural observations).
Thus, more heat will be generated near the
crown surface than the root. Further, the root
surface is adjacent to an anvil, where heat is
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Fig. 5.4 Hardness distribution in 2024 Al for both gas tung-
sten arc welding (GTAW) and friction stir welding 

(FSW). Source: Ref 1

extracted via conduction. Thus, a mild-to-
severe temperature gradient can be expected
through the thickness of a friction stir welded
joint, depending on a number of boundary con-
ditions, especially material thickness. Thus,
through-thickness hardness variations would
also be expected. However, due to the high ther-
mal conductivity of aluminum alloys, this hard-
ness difference is only evident within the
regions where metal deformation occurs. This is
clearly illustrated in Fig. 5.3, where through-
thickness hardness varies within the weld
nugget and TMAZ but does not vary within the
HAZ or parent metal. As shown, hardness in the
weld nugget is greatest near the crown surface
and lowest near the root surface.

Microstructures within these different hard-
ness zones are typical of what is achieved fol-
lowing good FSW practices. The nugget has a
fine, recrystallized grain structure, with hard-
ness values between 110 and 140 HV, again
with hardness decreasing from crown to root.
Immediately outside the nugget, the microstruc-
ture consists of highly elongated and deformed
grains, with a sharp drop in hardness reaching a
minimum either within the TMAZ or near the
boundary between the TMAZ and HAZ. Out-
side the TMAZ is the HAZ with a parent-metal
microstructure, where hardness increases until
the parent metal, unaffected by either heat or
deformation from FSW, is reached. For a more
detailed explanation of FSW microstructures,
including recrystallization, grain growth, parti-
cle coarsening, precipitate-free zones, and so
on, see Chapter 4.

Hardness results for 2024 Al, including the
T3 condition, are reported by additional authors
illustrating results for different FSW parameters
(Ref 1–3, 6, 8, 9, 15, 16, 19). For example, Kris-
tensen et al. present hardness results at a fixed
depth for 2024-T3 as a function of tool rotation
rate and tool travel speed (Ref 15). Although
differences were small, hardness in the weld
zone was shown to be influenced by FSW
parameters. In the work of Hashimoto et al.
(Fig. 5.4), the hardness of 2024-T6 Al is com-
pared for FSW and gas tungsten arc welding
(GTAW) (Ref 1). This work illustrates the nar-
row HAZ associated with FSW compared to
GTAW. Also, the hardness minimum was lower
for GTAW compared to FSW. This is to be
expected, due to potentially lower heat input
and localized heat concentration associated with
FSW. Biallas et al. illustrated hardness differ-
ences for different sheet thicknesses (Ref 2).

Comparing hardness following FSW of 1.6 and
4 mm (0.06 and 0.15 in.) thick 2024-T3 sheet,
higher maxima and lower minima were ob-
tained for the 4 mm sheet, that is, higher hard-
ness differences both through the sheet thick-
ness and lateral from the weld centerline. This
result was explained based on a critical cooling
rate and partial reprecipitation of the hardening
particles if a critical cooling rate is exceeded.
Not only is the cooling rate higher in the thin
sheet, the temperature gradients are also
smaller, reducing the hardness minima.

Additional hardness data are available for
friction stir welded 2524-T351 Al as a function
of tool rotation speed (Ref 23). Alloy 2524 is a
high-toughness aerospace alloy with improved
plane isotropy and lower constitutive particle
content relative to 2024. This work by Yan et al.
illustrates an increase in hardness for rotation
speeds from 150 to 300 rpm, reaching a plateau
at 135 KHN and remaining constant from 300 to
800 rpm, the highest rotation speed evaluated.
The nugget hardness values exhibit a trend that
is nearly identical to that of the grain size rela-
tive to rotation speed but opposite of the typical
Hall-Petch effect. The HAZ minimum hardness
values (105 KHN) are nearly unaffected by
changes in the rotation speed.

Surface hardness data for 2219-T8751, an
aluminum-copper alloy, illustrate a similar
“W”-curve response to FSW (Fig. 5.5) (Ref 24).
As before, the hardness variation shown in Fig.
5.5 is presented as a function of distance from
the weld centerline and indicates softened mate-
rial in the weld zone, with the softest material at
the edges of the stir weld boundary. In this case,
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Fig. 5.5 Surface hardness (HRB) traverse across the friction
stir weld, showing softened weld material. HAZ, 

heat-affected zone. Source: Ref 24

hardness in the stirred region remains well
below that of the parent metal.

Mechanical Properties. As noted previ-
ously, caution must be exercised when inter-
preting strain within weldments, due to the
potential for strain localization in transverse
tensile tests. However, yield and tensile strength
results require no special consideration. Yield
strength is often related to hardness, and based
on the hardness curves typically obtained for
2024 Al, yield strength as well as fracture loca-
tion should correlate with the lowest-hardness
location in the “W”-hardness curve. Mechanical
properties for 2024 Al have been reported in
numerous publications as a function of FSW
variables, including tool rotation rate, travel
speed, and sheet thickness (Ref 2, 4–8, 11, 15).

Typical yield strength results for 2024-T3 Al
are those reported by Biallas et al. as a function
of process parameters and sample thickness
(Ref 2). For 4 mm thick sheet, yield strength fol-
lowing FSW was 66 to 72% (280 to 305 MPa,
or 41 to 44 ksi) of parent-metal yield strength
(424 MPa, or 61.5 ksi), depending on FSW
parameters. For the 1.6 mm sheet, yield strength
was 93 to 100% (300 to 325 MPa, or 43.5 to 47
ksi) of parent-metal yield strength (325 MPa).
For each material thickness, the highest yield
strengths were obtained for the combination of
higher tool rotation rate and travel speed. The
increased strength with increasing lateral speed
can be explained by a partial reprecipitation of
the hardening particles, which takes place if a
critical cooling rate is exceeded. The high yield
strength for the friction stir welded 1.6 mm

thick sheet is unusual and may be attributed to a
lower heat input associated with both a high
travel speed and a smaller tool shoulder diame-
ter and an accompanying high cooling rate for
this thin sheet. Most typical are the results for
the 4 mm sheet, where yield strength is reduced
approximately 30%. These results are compara-
ble to those of von Strombeck et al., where, for
5 mm (0.2 in.) thick 2024-T351 Al, the yield
strength of the welded sample is 77% (270 MPa,
or 39 ksi) of the parent-metal yield strength of
350 MPa (51 ksi) (Ref 6). Similarly, the results
of Magnusson et al. confirm the former conclu-
sion of Biallas et al., where yield strength for
thin sheet following FSW approaches 100% of
parent-metal properties (302 and 310 MPa, or
43.8 and 45 ksi, respectively) (Ref 8). In the
work of Magnusson et al., the sheet was 2 mm
thick, very comparable to the 1.6 mm thick
sheet used by Biallas et al. However, the rota-
tion rate and travel speed used by Magnusson et
al. was 1180 rpm and 110 mm/min (4.3 in./min),
which were both approximately half that used
by Biallas et al. (2400 rpm and 240 mm/min, or
9.5 in./min). From this comparison, it may be
hypothesized that sheet thickness and possible
tool design are more important than FSW
parameters with regard to cooling rate, heat
input, and resultant yield strength.

Results by Biallas et al. are illustrative of
transverse tensile strength as a function of sheet
thickness and FSW parameters (Ref 2). For 4 mm
thick 2024-T3 Al sheet, the tensile strength range
is 82 to 87% (408 to 432 MPa, or 59 to 62.6 ksi) of
the parent-metal strength of 497 MPa (72 ksi).
For the 1.6 mm sheet, tensile strengths range
from 90 to 98% (425 to 460 MPa, or 61.6 to 67
ksi) of the parent-metal tensile strength of 472
MPa (68.5 ksi). The same explanation for the
high yield strength can be offered for these high
tensile strength values. Similarly, von Strom-
beck et al. reported a tensile strength of 83% of
parent-metal tensile strength for friction stir
welded 5 mm thick 2024-T351 Al sheet (410 and
493 MPa, or 59.5 and 71.5 ksi, respectively) (Ref
6). Using 6 mm thick 2024-T3 Al, Kristensen
illustrated tensile strength as a function of rota-
tion rate and travel speed (Ref 15). When the
weld travel speed was high (>400 mm/min, or 16
in./min), there was a significant variation in ten-
sile strength, with lower tensile strength at the
higher travel speeds (400 to 560 mm/min, or 16 to
22 in./min). These strength differences were
attributed to fracture within the weld nugget as
opposed to fracture in the HAZ or parent metal.
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Although one may attribute the tensile strength
differences to weld defects, the authors did not
indicate this to be the cause, and indeed, the met-
allography illustrated defect-free welds. When
the fracture was located within the HAZ, that is,
low travel speeds (275 to 400 mm/min, or 11 to
16 in./min), tensile strength was both high (~440
MPa, or 64 ksi) and did not vary with travel
speed. Hashimoto et al. evaluated 2024-T6 Al
and illustrated a post-friction stir weld tensile
strength 80% (440 MPa) of the parent-metal
value (Ref 1). Further, Hashimoto et al. com-
pared FSW to GTAW and showed the GTAW
tensile strength to be 57% of that for the friction
stir weld. Magnusson et al. evaluated postweld
heat treatment for friction stir welded 2024-T3
Al and illustrated no change in tensile strength
following a solution heat treatment and T3 age
(Ref 8).

Russell et al. evaluated tensile strength with a
6.35 mm diameter hole located both in the center
of the weld and in the HAZ (Ref 7). For 2.3 mm
(0.09 in.) thick friction stir welded 2024-T3 Al,
there was little change in the net section tensile
strength when the hole was located within the
weld zone (470 versus 428 MPa, or 66 versus 
62 ksi, or ~83% of parent-metal tensile strength),
but with the hole located within the HAZ, the ten-
sile strength decreased further (325 MPa, or 
47 ksi) to approximately 60% of parent-metal
tensile strength. Apparently, the HAZ is notch-
sensitive compared to the parent material,
whereas the weld itself was not notch-sensitive.

As mentioned previously, transverse strain to
failure is not meaningful, because the tensile
gage length is a composite with variable
strengths, thus resulting in strain localization at
the strength minima. However, the hardness
curves for 2024 Al can be relatively flat com-
pared to some aluminum alloys following FSW,
and although not completely accurate, transverse
strain can provide some indication of ductility.
Transverse strain to failure has been reported by
some investigators (Ref 2, 6, 8, 10). Without con-
sideration for other factors, the average trans-
verse strain for a large number of samples was
8.3%, with a low of 5.1% and a high of 16.3%.
Although, as expected, this is lower than the base
material (15 to 21%), the weld zone is still duc-
tile. Yan et al. evaluated mechanical properties of
friction stir welded 2524-T351, including the
influence of rotation speed on total elongation
(Ref 23). Total elongation was relatively consis-
tent up to 500 rpm but was significantly lower at
600 rpm. The authors attributed this reduced duc-

tility to excessive rotation speeds, resulting in
localized grain-boundary melting near the weld
crown. In addition to Yan et al., investigators
have only infrequently claimed melting during
FSW (Ref 25, 26).

On a microscale, the microstructure in a fric-
tion stir nugget is inhomogeneous. One observa-
tion unique to FSW is the banded microstructure
commonly seen within the weld nugget. This
banding is associated with tool design and the
tool advance per revolution. A banded mi-
crostructure in both 2024-T351 and 2524-T351
has been described, where the periodic bands
have variations in grain size, band width, and par-
ticle distribution as a function of FSW process
parameters (Ref 14, 27–29). Sutton et al. investi-
gated local variations in the material response
within the banded microstructure using miniten-
sion tests and digital image correlation (Ref 14).
Periodic variations in strain response across the
metallurgical bands indicated periodicity in par-
ticular features of the underlying banded mi-
crostructure. For example, Sutton et al. observed
high-strain bands with a lower density of second-
ary particles and lower microhardness compared
to the low-strain bands. Further, the bands had
different hardening exponents but not different
initial yielding behavior (Fig. 5.6). This suggests
that the particles act as coarse aggregates with
respect to the strain-hardening behavior of the
weld nugget region.

Fatigue, Fracture Toughness, Fatigue
Crack Growth Rate. Considerable data are
available for fatigue, fracture toughness, and
crack growth rate for friction stir welded 2024
Al (Ref 2–4, 6, 7, 9, 12, 13, 15, 16, 19). Recently
published fatigue-life curves for 2024-T3 are
shown in Fig. 5.7 as a function of material thick-
ness (Ref 15). The denomination “as-welded”
refers to the fact that the specimens were
machined and polished only on the edges. The
material flash and the rippled surface caused by
the rotating shoulder were not removed. In com-
parison to polished specimens, lower fatigue
strength is usually attributable to the as-welded
surface. Results of Bussu et al. for a skimmed
surface are included for comparison (Ref 3).
The influence of sheet thickness is again evident
for fatigue life. For the 1.6 mm (0.06 in.) thick
2024-T3 sample, fatigue strength, for the extent
evaluated (3 × 105 cycles), is unchanged com-
pared to base material. For 4 and 6 mm (0.16
and 0.24 in.) thick friction stir welded samples,
there is only a very small loss in fatigue
strength. Further, the samples with a prepared
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Fig. 5.6 Comparison of stress-strain curves between high-strain bands (HSB) and low-strain bands (LSB) for fast, medium, and
slow processing of AA2024-T351. Source: Ref 14

smooth surface had lower fatigue strength. This
is not usually the case, because crack initiation
is most often associated with the spiral features
created by the tool or a stress concentration
associated with the weld flash. The authors
attribute these higher fatigue strength results to
a third-generation advanced FSW tool (not
described) and to higher welding speeds (408
mm/min, or 16 in./min, at 340 rpm), resulting in
lower overall heat input (Ref 15). Figure 5.8
illustrates the influence of specimen orientation
on fatigue strength for 6.3 mm (0.25 in.) thick
2024-T351 Al in the as-welded condition with a
stress ratio of R = 0.1 (Ref 3). A comparison
between the parent plate and the weld data pro-
vides an indication of the potential degradation
in fatigue properties due to FSW. Further, the
loss in fatigue strength is greater for the trans-
verse orientation compared to the longitudinal
orientation. These samples were tested in the as-
welded condition. These same authors evalu-
ated the fatigue performance with machined
surfaces (Ref 3). All the profile irregularities of
the weld surface were removed, that is, tool
marks, thickness variations, and the weld flash.
Following surface machining, the results
showed fatigue performance for both the longi-

tudinal and transverse orientations to be
improved, with fatigue life for each orientation
nearly equivalent to parent-metal properties.

Hornbach et al. evaluated fatigue life for a
variety of test conditions in friction stir welded
2219-T8751 Al (Ref 29). Test variables in-
cluded a milled surface, a milled surface plus
low-plasticity burnishing, a milled surface plus
100 h salt exposure, and a milled surface 
plus low-plasticity burnishing plus 100 h salt
exposure. Low-plasticity burnishing introduces
compressive residual stresses into the surface to
a depth dependent on the applied burnishing
load. For friction stir welded material with the
flash and circular tool pattern removed by
milling, the threshold stress was >230 MPa (33
ksi). When this same type sample was exposed
to a salt solution for 100 h and subsequently
fatigue tested, the threshold stress decreased to
~175 MPa (25 ksi). Burnishing the milled sam-
ple increased the threshold stress ~70 MPa to
300 MPa (~10 ksi to 43 ksi). Similarly, follow-
ing burnishing, the threshold stress in the salt-
exposed sample increased ~100 MPa to 275
MPa (~15 ksi to 40 ksi). (Ref 30).

Fatigue crack propagation data for 2024 Al
are available for both compact tension and sur-
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Fig. 5.7 Stress-number of cycles (S-N) curve of 6 mm (0.24
in.) as-welded butt joints of 2024-T3 compared to 

the S-N curves of thinner as-welded joints, skimmed joints, and
base-metal curves. FSW, friction stir welded. Source: Ref 15

Fig. 5.8 Stress-number of cycles (S-N) curves (R = 0.1) of
parent plate and friction stir welded joints in the 

as-welded condition. FSW, friction stir welded; LT, long trans-
verse. Source: Ref 3

face crack tension specimens (Ref 9, 12, 13, 16).
In the work of Christner et al. using 2024-T3 Al,
compact tension specimens were used with the
precrack located both within the weld nugget
and within the HAZ/TMAZ zones. Crack prop-
agation results with the crack oriented in the
weld direction are illustrated in Fig. 5.9 (Ref
13). Testing showed crack growth rates (da/dN)
in the HAZ/TMAZ to be equivalent to the base
metal. Crack growth rate in the weld nugget was
slightly faster than in the base metal, particu-
larly at lower values of the stress-intensity range
(�K). A higher crack growth rate can be attrib-
uted to the fine-grain microstructure in the weld

nugget. Similar studies using compact tension
samples by Bussu et al. for 2024-T351 included
cracks propagating as a function of distance
from the plate joint line (Fig. 5.10) (Ref 12).
The lowest threshold �K values and the highest
growth rates were exhibited by cracks propagat-
ing at 28 mm (1.1 in.) from the plate joint line.
At low �K, cracks propagating in the weld
nugget were slower than those of the unwelded
plate. The largest threshold �K values, up to
twice those of the unwelded plate, were
observed for cracks originating 6 mm from the
plate joint line. At this location, crack propaga-
tion rates were approximately 15 times less than
in the unwelded plate. To investigate the effect
of residual stress on the observed crack growth
behavior, residual stresses were removed by
mechanical stress relief. Stretching 2% de-
creased the residual stress orthogonal to the
weld to 0. Figure 5.11 shows that following me-
chanical stress relief, crack growth rates are
almost identical to those of the parent plate,
regardless of location and orientation (Ref 12).
This indicates that weld residual stress is
responsible for the differences in fatigue crack
growth rate and the observed crack growth
threshold values (�Kth). These observations are
consistent with a crack closure-based model in
which compressive residual-stress fields reduce
the effective stress-intensity range (�Keff).
Local hardness and microstructure changes
appear to play a secondary role. In the work of
Dalle Donne et al., studies evaluated the effects
of pores within the weld nugget on crack propa-
gation rates (Ref 9). After evaluating two differ-
ent R factors of 0.1 and 0.7, it was determined
that pores had little influence on growth rates.

Crack-resistance curves were developed for
2024-T3 Al by Biallas et al. (Ref 2). Crack-
resistance curves in terms of crack tip opening
displacement (�5) versus stable crack propaga-
tion (�a) are shown in Fig. 5.12. A significant
increase in fracture toughness is observed for
the welded joints compared to the base material.
This effect is mainly attributed to the large pri-
mary particles, which nucleate voids at rela-
tively low loads and are therefore detrimental
for fracture toughness (Ref 31). In the FSW
joints, these primary particles have been frac-
tured by the stirring process. Therefore, much
smaller and rounder void-nucleating particles
were present in the weld nugget than in the base
material. Because higher stresses and strains
were required to nucleate voids from these par-
ticles (Ref 31), fracture was retarded in the weld
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Fig. 5.9 Crack growth rate in friction stir welded 2024-T351 compared to the parent metal. HAZ, heat-affected zone. Source: 
Ref 13

nugget, and a higher crack-resistance curve was
obtained (Ref 2).

5.2 5xxx Aluminum Alloys

Similar to the 2xxx aluminum alloys, most
investigations studied post-FSW properties of
one commonly used 5xxx aluminum alloy, that
is, 5083 Al (Ref 5, 15, 18, 32–40), with a few
studies on a variety of other 5xxx aluminum
alloys (Ref 6, 41–46). The 5xxx alloys are
strengthened with magnesium additions from 
1 to 5.5% and are non-heat-treatable, work-
hardened alloys. Thus, the 5xxx aluminum
alloys would be expected to behave differently
than the heat treatable 2xxx, 6xxx, and 7xxx
alloys following a thermal cycle associated with
welding. Alloys in the 5xxx series possess good
fusion welding characteristics.

Hardness. Post-FSW hardness has been
reported by a number of investigators (Ref 6,
15, 32–35, 43, 46). Karlsson et al. and Kumagai
et al. report similar trends for hardness follow-
ing FSW (Ref 32, 34). Figure 5.13 shows the
results of Karlsson et al. for annealed 5083-0 Al
(4 to 4.9% Mg), illustrating an essentially hori-
zontal line with no variation in hardness across
the nugget into the HAZ following FSW. Sato et
al. reported the same constant hardness results
in transverse hardness measurements extending
beyond the HAZ for 5083-0 from the weld root

to the weld crown, but the scatter in the hardness
data was considerable, varying from 60 to 80
HV (Ref 46). This is the expected response 
from a fully annealed work-hardenable alloy.
Kumagai et al. show a slight increase in hard-
ness across the weld nugget compared to the
HAZ for a slightly hardened 5083-H112, but the
increase is less than 6% (Ref 34). This small
hardness increase may be due the very fine grain
size created by FSW. Colligan et al. investi-
gated 5083 hardened to the H131 temper and
illustrated the change in hardness in a 25 mm 
(1 in.) thick friction stir weld from the crown to
the root (Ref 35). Figure 5.14 illustrates these
results, showing a modest decrease in hardness
(~20%) for the weld nugget and the influence of
heating from the shoulder at the crown surface;
that is, softening extends beyond the nugget
near the crown surface and to some depth (Ref
35). Additional hardness results can be found
for 5005 Al, an alloy with a very low magne-
sium content (0.5 to 1.1%) (Ref 6) and for 5454
Al, an alloy with an intermediate magnesium
content (2.4 to 3%) (Ref 40). In the work of
Frankel et al., both the fully annealed and the
H34 temper were evaluated and show the same
hardness trends as that for annealed and hard-
ened 5083 Al (Ref 43). In this same work, hard-
ness was compared for FSW and GTAW 5454-
H34 Al, illustrating the broader HAZ associated
with GTAW.

Mechanical properties data for friction stir
welded 5083 Al are limited (Ref 15, 34, 35). In



Chapter 5: Mechanical Properties of Friction Stir Welded Aluminum Alloys / 81

Fig. 5.11 Crack growth data for friction stir welded 2024-
T351 strained 2% parallel to the weld line, with 

surface cracks propagating orthogonal to the weld. Source: 
Ref 12

Fig. 5.12 Crack tip opening displacement (�5) versus stable
crack growth (�a). The numbers indicate tool 

rotational and lateral speed. Source: Ref 2

Fig. 5.13 Horizontal hardness profile across a friction stir
weld in AA5083 measured 1.7 mm (0.07 in.) 

from the root face. Source: Ref 32

Fig. 5.14 Microhardness traverse in 25.4 mm (1 in.) thick
friction stir welded 5083-H131, 250 rpm at 127 

mm/min (5.0 in./min) with zero tool axis tilt. Source: Ref 35

Fig. 5.10 Crack growth data in 2024-T351 for cracks grow-
ing parallel to the weld in compact tension sam-

ples and cracks located at various distances from the plate joint
line (PJL). Source: Ref 12

the work of Kristensen et al., tensile strength of
friction stir welded 5083-H111 Al was investi-
gated as a function of travel speed and rotation
rate (Ref 15). All samples were tested in the
transverse orientation. As is often the case, sam-
ples failed in the parent metal, and thus, no signif-
icant strength loss could be attributed to FSW or

the welding parameters evaluated. Only by test-
ing in the longitudinal orientation with all weld
metal in the gage diameter can strengthening due
to FSW be determined. However, based on the
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Fig. 5.15 Tensile properties of welds in 5083-H112 Al.
FSW, friction stir welding; MIG, metal inert gas 

welding. Source: Ref 34

Fig. 5.16 Transverse tensile properties versus travel speed
for friction stir welded 25 mm (1 in.) thick 5083- 

H131 with zero tool tilt axis. UTS, ultimate tensile strength; YS,
yield strength; GMA, gas metal arc. Source: Ref 35

Fig. 5.17 (top) Location and size of longitudinal tension test
specimens and (bottom) graph of yield strength 

(YS) and ultimate tensile strength (UTS). Source: Ref 44

hardness results shown previously for 5083-
H112, a slight strengthening could be predicted
following FSW. Kumagai et al. compared tensile
properties of 5083-H112 to metal inert gas
(MIG) welding and base-metal properties (Ref
34). As shown in Fig. 5.15, they exhibit only
slight differences in yield and tensile strength for
the three material conditions. Due to the flat hard-
ness curves of the friction stir and MIG welds,
even the elongation measurements are relatively
accurate and illustrate reasonable and compara-
ble ductility for the three conditions. Colligan et
al. show mechanical property results for 5083-
H131 (Ref 35). However, in their work, tensile
samples failed in the weld metal, providing weld-
metal strength as opposed to parent-metal
strength (Fig. 5.16) (Ref 35). This failure loca-
tion is to be expected from the hardness curve
(Fig. 5.14), where the more severely strain-
hardened 5083-H131 showed softening in the
weld nugget, especially on the crown surface.
Also in this work, the yield strength was signifi-
cantly reduced by ~44% (~155 MPa, or 22.5 ksi)
compared to that of the parent-metal yield
strength of 278 MPa (40.3 ksi). For all weld
travel speeds evaluated (30 to 142 mm/min, or
1.2 to 5.6 in./min), strength in the friction stir
welds was essentially constant with travel speed
and compared well with gas metal arc welds.

In 5456-H116, an alloy very close in composi-
tion to 5083, Pao et al. evaluated properties in the
longitudinal direction (parallel to the weld direc-
tion), with the gage diameter containing a con-
stant microstructure (Ref 44). With this ap-

proach, Pao et al. were able to evaluate properties
in the different weld zones (nugget, TMAZ, and
HAZ). Figure 5.17 illustrates their results, re-
vealing only a slight decrease in the tensile
strength in the weld-affected region compared to
the base material (~380 MPa, or 55 ksi). The one
low data point was attributed to the presence of a
layer of entrained oxides at that location. This
entrained oxide layer has been called a “lazy S”
and is the dispersed oxide associated with the
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Fig. 5.18 Fatigue results at R = –1 for friction stir welded 5083-H321 Al. Four travel speeds (80 to 200 mm/min, or 3.15 to 
7.9 in./min) and two surface conditions (as-welded and polished) were considered. Source: Ref 38

faying surfaces. Based on weld parameters and
cleaning procedure, the oxide can remain after
FSW in a semicontinuous “S”-shaped path from
the root to the crown. Shifting the faying surfaces
more to the advancing side of the tool, that is,
biasing the tool to the retreating side, increases
mixing of the weld interface and thus maximizes
dispersion of the faying surface oxides. The yield
strengths in the weld zones (~170 to 180 MPa, or
~24 to 26 ksi) are significantly lower than the
base-plate yield strength of ~310 MPa (~45 ksi).
The bottom of the weld retained higher strengths
(both yield and tensile) than the top, due to the
cooling effect of the anvil. The authors attribute
this reduced yield strength to a lower dislocation
density. It is difficult to reconcile the difference
in results following FSW for the 5456-H116
(reduced yield strength) and 5083-H112 (yield
strength approaching parent-metal strength) for
alloys of comparable composition and with simi-
lar initial strain hardening.

Fatigue, Fracture Toughness, Fatigue
Crack Growth Rate. Data available that illus-
trate fatigue and fatigue crack propagation rate
in the 5xxx alloys are limited (Ref 33, 38–40, 44,
45). The results of James et al. in 8 mm (0.32
in.) thick single-pass butt joints of 5083-H321
sheet are the most complete, illustrating fatigue
life as a function of weld travel speed for S-N

testing performed in tension at 112 Hz and 
R = –1 (fully reversed loading) (Ref 38). Two
specimen surface conditions were investigated:
as-welded, with small burrs removed, but the
tool shoulder ledges (~0.2 mm, or ~0.008 in.)
remaining; and machined, where both burrs and
ledges had been removed, leaving a smooth sur-
face free of stress concentrations. This approach
provides fatigue life data for as-welded sam-
ples, representing general engineering use, and
inherent fatigue properties of the weld unaf-
fected by surface artifacts induced by the weld-
ing process. Figure 5.18 presents the results of
James et al. for the two surface conditions and
four travel speeds (Ref 38). Data on cycles to
failure (Nf) were obtained for Nf~107 cycles in
all cases except for the 80 mm/min (3.15
in./min) travel speed as-welded case, where the
curve apparently is asymptotic to the x-axis at
approximately 106 cycles. The authors attribute
this asymptotic limit to initiation becoming con-
trolled by surface notches. The FSW leaves cir-
cular arcs on the surface due to tool rotation 
and translation, which generally act as crack-
initiation sites in as-welded specimens. Assum-
ing an endurance limit of 107 cycles, it is clear
that the as-welded specimens have lower
endurance-limit stress amplitudes than the pol-
ished specimens. It is difficult to identify a rela-
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Fig. 5.19 Fatigue crack growth kinetics in air for friction stir
welded 5456-H116 12.7 mm (0.5 in.) thick plate. 

Source: Ref 44

tionship between fatigue life and weld travel
speed. For the as-welded samples, this is even
more difficult, because the surface condition
varies for the different travel speeds, contribut-
ing more to the scatter.

Additional fatigue life results are available for
lap welds in 5083-H111 (Ref 40). In this work,
Thomas et al. evaluated fatigue life performance
following FSW using the Skew-Stir tool design
(TWI Ltd.). The Skew-Stir tool is described in
detail in Chapter 2 within this book.

Lap joints are considered more difficult to
friction stir weld than butt joints. Issues of joint
fit-up, oxide dispersion across the interface, and
uplift or subduction at the nugget/parent-metal
interface are all critical to eventual weld joint
performance. These weld quality issues are sig-
nificantly influenced by the FSW tool design.
As evidenced by the work of Thomas et al.,
unconventional tool designs (compared to those
used for butt welds) are necessary to impart dis-
persion of faying surface oxides across a hori-
zontal lap joint interface without severe uplift
and thinning of the upper sheet. Unfortunately,
friction stir lap welding requires considerable
attention to weld-procedure detail, with inter-
pretation of results also highly dependent on 
the postweld test method. Thus, it is not ade-
quate to briefly summarize results of different
investigators for friction stir welded lap joints. 
It is best to refer directly to the primary work 
to evaluate all weld-boundary conditions and 
postweld test methods. Suffice it to say, the
results of Thomas et al. do highlight increased
lap joint strength using the Skew-Stir tool
design (Ref 40).

Work by Fuller et al. evaluated fatigue life of
5083-H321 of friction stir processed fusion
welds (Ref 33). In this work, only the surface of
the fusion weld was penetrated by the FSW tool,
creating a forged microstructure on the surface
and a substantial increase in fatigue life. This
subject is addressed in greater detail in Chapter
14 within this book.

Limited work has been directed to fracture
toughness testing of friction stir welded 5xxx
alloys. However, Dawes et al. tested 5083-0
using the unloading compliance method to deter-
mine crack tip opening displacement and crack
growth energy release rate curves (Ref 39).
Using single-edge-notched three-point-bend
fracture toughness specimens with the notch cen-
tered in the weld nugget, it was concluded that
friction stir welds in 5083-0 had a higher fracture
toughness than the corresponding parent metal.

Crack propagation results were reported by
Pao et al. for butt-welded 5456-H116 12.7 mm
(0.5 in.) plate (Ref 44). For the fatigue crack
growth studies, wedge-opening-load fracture
mechanics specimens were used, with the crack
propagation direction parallel to the welding
direction. Starting cracks were located in the
center of the weld nugget, in the middle of the
TMAZ, and in the base plate. Testing was per-
formed with R = 0.1. Figure 5.19 shows fatigue
crack growth rates as a function of �K through
the base plate, weld nugget, and the advancing-
side TMAZ (Ref 44). Even with quite different
microstructures, fatigue crack growth rates of
the base plate and nugget region are comparable
and are significantly higher than those in the
TMAZ. The differences in fatigue crack growth
rates are most pronounced within the low-to-
moderate �K regions. Also, the fatigue crack
growth threshold stress-intensity range for the
TMAZ is substantially higher than those of the
base plate and weld nugget. The superior fatigue
crack growth resistance in the TMAZ is be-
lieved to be associated with the presence of
compressive residual stresses.

5.3 6xxx Aluminum Alloys

Extensive research is available presenting
properties of friction stir welded 6xxx aluminum
alloys (Ref 8–10, 18, 32, 33, 41, 42, 47–71). For
the 6xxx family of alloys, properties are avail-
able for a number of specific alloys, including
6013, 6056, 6061, 6063, 6082, and the Japanese
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extrusion alloy JIS6N01. Accordingly, when
available, hardness, mechanical properties, and
fatigue properties are presented for each of
these alloys. The 6xxx alloys naturally age more
slowly than 2024 Al, but strength changes are
not as dramatic as those for either the 2024 or
7xxx alloys. Although strength increases are
less, properties will change for friction stir
welded 6xxx alloys based on the time between
welding and testing. This alone can result in
scatter in the results between investigators when
comparing as-welded properties. Unfortunately,
the time between welding and testing is seldom
reported.

5.3.1 6013 Aluminum
Aluminum alloy 6013 is a relatively new heat

treatable alloy of medium strength that derives
its heat treat response from the precipitation of
magnesium-silicon and an Mg-Si-Cu-Al phase.
Alloy 6013 is weldable by GTA, MGA, and
resistance methods. It has similar weldability 
to 6061 when welded by arc methods using
4043 or 4063 fillers and has weld strengths typ-
ically 27 to 40 MPa (3.9 to 18 ksi) higher than
6061.

Hardness data are limited, but results
reported by Juric̆ić et al. for 6013-T6, naturally
aged following FSW, illustrate a shallow “W”
curve, with hardness minima in both HAZs of
84 HV, ~35% lower than the parent metal (130
HV) (Ref 47). Hardness reduction in the nugget
is only slightly less, at ~26% of parent-metal
hardness. In addition, these investigators evalu-
ated preweld heat treatment conditions of T4
and T6, followed by a postweld age to T6. Fol-
lowing each of these postweld heat treatments,
the nugget hardness approached parent-metal
hardness. Although the hardness minima were
less, neither of the heat treatment conditions
was able to prevent the hardness decrease in the
HAZ, where the lowest hardness values were
reached. The best result was attained by welding
in the T4 temper, followed by a postweld T6
age. This increased the HAZ minimum hardness
to 120 HV. Welding in the T6 condition and
subsequently reaging to T6 resulted in a mini-
mum hardness of 104 HV and a very narrow
low-hardness region in the HAZ. This narrow
low-hardness region could be detrimental to
fracture toughness if a crack is located in this
low-hardness band.

Hardness results are available for 6013-T4,
6013-T4 with a postweld heat treatment of 

190 °C (375 °F) for 4 h, and 6013-T6 (Ref 71).
The hardness decrease compared to the parent-
metal hardness, that is, the minimum hardness
in the HAZs, following FSW is approximately
17% for the T4 temper, 29% following the 190
°C for 4 h postweld heat treatment, and 21% for
the T6 temper (Ref 71). In addition, the results
by Heinz and Skrotzki illustrate hardness as a
function of through thickness. As expected, the
weld zone is considerably softer than the base
metal for all three heat treat conditions, with the
soft zone on the surface extending 10 mm (0.4
in.) on both sides of the weld on the crown sur-
face and approximately 6 mm away from the
weld centerline near the root surface. This result
illustrates the anisotropy in through-thickness
hardness (and other properties) that can occur as
a result of FSW.

Mechanical Properties. Postweld mechan-
ical properties of 6013 Al have been evaluated
as a function of initial temper (T4 and T6) with
subsequent aging to the T6 condition (Ref 8, 10,
47–49). For reference, base-material yield
strength is 226 and 351 MPa (33 and 51 ksi) for
the T4 and T6 tempers, respectively, with corre-
sponding tensile strengths of 346 and 396 MPa
(50 and 57.5 ksi) (Ref 47). The only available
data for 6013-T4 with a natural age following
FSW are those reported by Heinz et al. (Ref 48).
Transverse yield and tensile strengths were 160
and 300 MPa (23 and 43.5 ksi), respectively,
that is, 75 and 85% of parent-metal strength val-
ues. Both Juric̆ić et al. and Lohwasser report
strength results for friction stir welded 6013-T4
followed by a postweld age to T6, showing a
yield strength of 340 MPa (49 ksi) and a tensile
strength of 370 MPa (54 ksi) (Ref 47, 49). These
strength levels are almost equivalent to parent-
metal properties. Heinz et al. reported results for
the same heat treat conditions, but even follow-
ing a postweld T6 age, the strengths were still
comparatively low, that is, ~250 MPa (36 ksi)
yield and ~325 MPa (47 ksi) tensile strengths
(Ref 48). Mechanical properties for friction stir
welded 6013-T6 followed by natural aging are
somewhat inconsistent. Again, Heinz et al. (Ref
48) reported a very low yield strength value of
165 MPa (24 ksi), compared to as-welded yield
strengths of 215 MPa (31 ksi) for Lohwasser
(Ref 49) and 228 MPa (33 ksi) by Juric̆ić et al.
(Ref 47). Tensile strengths reported by these
same investigators were relatively consistent,
ranging from 295 to 320 MPa (43 to 46 ksi). For
each of these three investigators, the material
thickness was 4 mm (0.16 in.) (Ref 47–49). The
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Fig. 5.20 Fatigue results for friction stir welded (as-welded and milled) and parent material (stress concentration, Kt = 1 and 2.5)
6013-T6 at R = 0.1. Source: Ref 8

large variation in properties between investiga-
tors may be symptomatic of a newly emerging
technology with continual advancements in tool
design, process control, and other boundary
conditions. The work of Heinz et al. was per-
formed at the earliest date, and it is possible that
advancements in FSW since that time have led
to the improved results obtained by other inves-
tigators at a later date. Chapter 2 illustrates the
evolution of tool design, leading to FSW at
higher travel speeds and concurrent higher
properties.

Fatigue, Fracture Toughness, Fatigue
Crack Growth Rate. Fatigue life results for
6013-T4 followed by a postweld T6 age are
illustrated in Fig. 5.20 (Ref 8). The specimens
were tested in both the as-welded condition and
after flush milling the weld crown and root sur-
faces. Parent-metal fatigue tests at R = 0.1 were
performed for both unnotched specimens and
for specimens with a 5 mm (0.2 in.) hole, creat-
ing a stress concentration (Kt) of 2.5. Friction
stir welding does reduce the fatigue life com-
pared to the parent metal. However, in the as-
welded condition plus postweld T6 age, the
fatigue life curve is above the reference curve
for the open-hole specimens of the parent mate-
rial (Kt = 2.5). Surface milling of the welds com-
pletely restores the apparent applied threshold
stress to a level equivalent to that of the
unnotched parent material (~200 MPa, or 29
ksi). Additional fatigue life studies in 6013 have
been performed as a function of different pre-

and postheat treat conditions (Ref 49). In this
work, fatigue life results are compared to riv-
eted joints, and all welded results show a great
improvement over riveted structure.

Crack propagation rate studies for friction stir
welded 6013 were investigated by Juric̆ić et al.
(Ref 47). Material conditions included:

• T6 FSW: welding in the T6 condition plus
naturally aged for 4 weeks

• T4 FSW T6: welding in the T4 condition
(solution heat treated), subsequent T6 aging

• T6 FSW T6: welding in the T6 condition, sub-
sequent reaging to T6 (190 °C for 4 h)

Figure 5.21 illustrates fatigue crack propaga-
tion curves for these three heat treat conditions at
R = 0.1 and R = 0.7. The fatigue crack propaga-
tion specimen geometry was a center-cracked
[M(T)] specimen with the slot introduced in the
center of the weld nugget, parallel to the weld
direction. Base-material results are illustrated by
the solid line. At R = 0.1, crack growth rates are
faster compared to the parent metal, with the
samples artificially aged to the T6 condition
exhibiting the highest crack growth rate. How-
ever, at R = 0.7, there is little difference in crack
growth rate between the welded samples and the
parent metal. At high-R ratios, closure is less
influential. Closure stresses can be influenced by
both residual stresses and the change in grain
size. The effect of intentionally induced porosity
on crack growth rate in 6013-T6 was investigated
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Fig. 5.21 Fatigue crack propagation curves of friction stir welded specimens (points) compared to the base-material data (line) for
R = 0.1 and R = 0.7. Source: Ref 47

by Dalle Donne et al. (Ref 9). Similar conclu-
sions were found for R-ratio and effective stress
intensity to those mentioned previously. In this
work, the authors investigated the influence 
of specimen geometry and thus a different 
residual-stress distribution on da/dN-DK curves.
Comparing crack propagation rates from center-
cracked specimens versus edge-cracked speci-
mens, large discrepancies in crack growth rate
were found in the welded samples, whereas the
base-material curves remained in a common
scatter band (Ref 9). In this example, at low 
DK (<12 MPa ), crack growth rates were
significantly higher in the center-cracked 
samples.

Limited fracture toughness data are available
for 6013. Fracture toughness data are reported
by Juric̆ić et al. where the highest fracture
toughness is recorded when the crack is located
in the center of the joint of the sheet welded in
the T6 temper and subsequently naturally aged
(Ref 47). The T6 heat treatment after welding
increased the joint strength and had a detrimen-
tal effect on fracture toughness but was still
comparable to fracture toughness of the base
material. Even with this postweld heat treat con-

1m

dition, the toughness of the nugget material
(where the crack was located) was so high that
loading could be increased until the local ulti-
mate strength was reached. The specimen then
fractured by necking and local plastic deforma-
tion. Fracture toughness measurements were
not made with the crack located in the narrow
hardness regions of the HAZ.

5.3.2 6056 Aluminum
Nominal composition for 6056 Al is 1 Si, 0.9

Mg, 0.8 Cu, 0.7 Mn, <0.5 Fe, 0.4 Zn, and 0.14
Zr (wt%).

Hardness. Microhardness results are re-
ported by Denquin et al. (Ref 50) for 6056-T78
as-welded and for 6056-T4 with a postweld age
to T78 (Ref 52). Typical “W” hardness curves
were shown for both conditions. For the as-
welded 6056-T78, the hardness minima occur in
each HAZ, with a reduction of 35 to 40% in
hardness compared to the parent metal (70 ver-
sus 105 HV, respectively) (Ref 50). Weld
nugget hardness is only moderately less than the
parent metal (95 versus 105 HV). For the 6056-
T4 postweld aged to T78, the hardness mini-
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Fig. 5.22 Schematic illustration of microspecimens ex-
tracted from a friction stir weld. Source: Ref 52

Fig. 5.23 Yield and ultimate strengths and fracture elongation profiles across the 6056 friction stir weld following a postweld aging
heat treatment to T78. HAZ, heat-affected zone; LHZ, lowest-hardness zone; TMAZ, thermomechanically affected zone; 

WN, weld nugget; R0.2, yield strength; Rm, ultimate strength; A%, fracture elongation. Source: Ref 52

mum is still 70 HV in the HAZ troughs, but the
nugget hardness increases and is essentially the
same as the parent metal (Ref 52).

Mechanical Properties. Denquin et al.
evaluated mechanical properties of different
regions of the weld zone in 6056-T4 postweld
aged to T78 using microtensile samples (Ref
52). Figure 5.22 is a schematic illustration of the
testing approach showing where eighteen 2 mm
thick microtensile bars were removed from the
weld zone. These samples are machined in the
longitudinal direction and thus contain mi-
crostructures unique to each weld zone, that is,
weld nugget, TMAZ, lowest-hardness zone,
HAZ, and parent metal. This microtensile
approach allows for more realistic ductility
measurements as compared to transverse tensile
tests. Figure 5.23 presents the results of Den-
quin et al. for tensile tests performed on mi-

crospecimens following a postweld aging heat
treatment to T78 (Ref 52). These results are in
direct agreement with the microhardness
results. The weakest zone in tension corre-
sponds to the low-hardness zone of the FSW
joint. Decreases in reference to the base metal of
41% for yield strength (297 MPa, or 43 ksi),
25% for tensile strength (332 MPa, or 48 ksi),
and 6% for fracture elongation (12%) are
shown. As shown, the ductility is constant for
the weld zones and is close to that of the base
metal. In comparison, ductility in a transverse
tensile test for the same material temper was
2.2%, illustrating strain localization and an
unrealistically low reported ductility. Yield and
tensile strengths in the weld nugget are compa-
rable to parent-metal properties.

Fatigue, Fracture Toughness, Fatigue
Crack Growth Rate. Fatigue life and fatigue
crack growth rate data for friction stir welded
6056-T4 artificially aged to T6 were established
by Lohwasser (Ref 49). These fatigue life
results, following a postweld T6 age, showed a
drop of approximately 10% compared to the
base material. The fatigue crack propagation
behavior is better or equivalent to base material,
even in the TMAZ. Fracture toughness results
are in the range of the base material.

5.3.3 6061 and 6063 Aluminum
Alloy 6061 Al is the most used of the 6000-

series aluminum alloys and possesses superior
weldability as compared to other heat treatable
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Fig. 5.24 Hardness profiles across the weld zone in 6061-
T6 Al as a function of travel speed. Source: Ref 53

alloys. The alloy exhibits excellent welding
characteristics in all tempers when welded by
any of the commonly used fusion and resistance
welding procedures. The strength properties of
6061 are not as high as the 2024 or 7075 heat
treatable aluminum alloys. However, 6061 pos-
sesses excellent corrosion resistance, good ma-
chinability, and good formability. Alloy 6061 is
the most popular aluminum alloy extrusion.
Alloy 6063 is similar in composition to 6061 but
possesses a superior surface appearance after
extrusion. Because of their similarity, properties
of friction stir welded 6061 and 6063 are pre-
sented together.

Hardness results for friction stir welded
6061 have been reported by a number of inves-
tigators (Ref 23, 33, 41, 53–56), with more lim-
ited results reported for 6063 (Ref 58, 59).
Malin, in a gas metal arc weld, evaluated the
effect of weld storage period on HAZ hardness
following welding of 6061-T6 (Ref 57). In heat
treatable magnesium-silicon alloys, hardness is
reduced in the HAZ following welding, and nat-
ural aging can restore some of the hardness loss.
Following gas metal arc welding, four samples
sectioned from the HAZ were naturally aged at
room temperature for times of 4 h, 7, 14, and 28
days (Ref 57). The minimum hardness in the
HAZ recovered 16, 21, and 28% of as-welded
hardness after times of 1, 2, and 4 weeks,
respectively (Ref 57). Unfortunately, investiga-
tors seldom report time at room temperature
prior to hardness or mechanical testing, even for
heat treatable aluminum alloys. Although it is
believed that FSW has a lower heat input than
conventional welding practices, a similar natu-
ral aging response will occur in the HAZ and
weld nugget of a friction stir weld. Thus, cau-
tion should be exercised when interpreting or
comparing hardness or mechanical properties
data between different investigators.

Chang et al. and Lim et al. illustrate the typi-
cal “W”-shaped hardness curves for as-welded
6061-T6 as a function of weld process parame-
ters of travel speed and rotation rate (Ref 53,
55). Figure 5.24 illustrates typical hardness
results for 6061-T6 Al as a function of weld
travel speed (Ref 53). Slight hardness differ-
ences are evident with changing weld parame-
ters, but differences are not significant. Depend-
ing on the starting temper, hardness in the
minimum HAZ troughs can be 40% less than
the parent metal, with the weld nugget showing
an approximately 20 to 30% decrease in hard-
ness. Time between FSW and testing was not

reported. Hori et al. illustrated hardness in
6061-T6 compared to conventional fusion
welding methods (Ref 54). Compared to tung-
sten inert gas (TIG) welding, hardness in the
weld nugget following FSW is higher, and the
HAZ is much smaller. However, hardness
curves for MIG and FSW were identical, includ-
ing the breadth of the HAZ. A laser weld
showed the same minimum hardness as FSW,
but the extent of the HAZ was significantly less
in the laser weld. Results from Reynolds com-
paring FSW to TIG show the same trends as
those reported by Hori et al., that is, an approx-
imately 25% increase in hardness in the friction
stir weld compared to a TIG weld (Ref 41).

Hardness results are available for 6063-T5
(Ref 59) and 6063-T561 (Ref 58). Results by
Sato and Kokawa illustrate the ability to achieve
near-parent-metal hardness when the initial tem-
per prior to welding is T5 and a postweld age is
applied (Ref 59). Complete recovery of hardness
is attained if a postweld solution heat treatment is
followed by an artificial age. Sato and Kokawa
also show yield strength to be roughly propor-
tional to hardness (Fig. 5.25), establishing a rela-
tionship between minimum hardness and yield
strength of HV ~ 2.85 �y + 199 (MPa) for 6063 Al
(Ref 59).

Mechanical Properties. Results on me-
chanical properties for friction stir welded 6061
and 6063 are relatively limited but are adequate
to illustrate the range of strengths possible for
friction stir welded 6061-T6 and 6063-T5 alu-
minum alloys (Ref 11, 23, 41, 53, 55, 57–59,
72). Most investigators evaluated the T6 temper
as-welded, but again, time delay from welding
to testing was not reported. A summary of
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Fig. 5.25 Relationship between the yield strength and the
minimum hardness in the base material and the 

welds. SHTA, solution heat treated and aged. Source: Ref 59

Table 5.1 Tensile properties of friction stir welded 6061-T6 and 6063-T6 Al alloys
Yield strength Tensile strength

MPa ksi MPa ksi Elongation, % Variable Reference

155 22.5 260 37.7 . . . . . . 11
143 20.7 230 33.4 6.4 . . . 23
. . . . . . 190–205 27.6–29.7 . . . Travel speed 53
135–150 19.6–21.8 210–240 30.5–34.8 10–18 Travel speed 55
100 14.5 249 36.1 6.7 . . . 57
. . . . . . 220–240 31.9–34.8 . . . Travel speed 58(a)

(a) 6063-T6 as-welded

mechanical property results from these studies
for both 6061 and 6063 Al with a preweld T6
temper is presented in Table 5.1.

The variations in yield and tensile strengths
shown in Table 5.1 are considerable but perhaps
not unexpected. As noted, time between weld-
ing and testing is not reported, and this alone
can contribute to variability in the mechanical
property results. Also, as presented at the begin-
ning of this chapter, there are a considerable
number of variables between investigators, both
reported and not reported, such as material
thickness, cooling rate, weld parameters, tool
design, and so on. Each of these weld variables
can also influence resultant properties. When all
variables are considered, property differences
should be expected, and these results for 6061-
T6 reflect the range of properties that may be
obtained.

Hori et al. illustrated the influence of cooling
rate, that is, air cool versus water cooling, on

postweld mechanical properties of 6061-T6
(Ref 54). Specimens were longitudinal, that is,
the gage diameter contained material only from
the weld nugget, so the HAZ was not included.
The tensile strength of 330 MPa (48 ksi) and
yield strength of 298 MPa (43 ksi) of the water-
cooled and aged FSW joint were higher than the
tensile (302 MPa, or 44 ksi) and yield (272
MPa, or 39 ksi) strengths of the air-cooled FSW
joint and even higher than those of the parent
material (317 and 286 MPa, or 46 and 41.5 ksi,
respectively). This illustrates the quench sensi-
tivity of 6061 Al.

Additional mechanical property results are
reported by Sato et al. for 6063-T5, illustrating
mechanical properties for as-welded, welded
then aged at 175 °C (347 °F) for 12 h, and
welded plus solution heat treated at 530 °C 
(985 °F) for 1 h and subsequently aged 175 °C
for 12 h (Ref 59). Sato’s results are tabulated in
Table 5.2, illustrating the ability to fully recover
strength compared to base-metal properties.
Sato’s results are confirmed by the work of
Luan et al., where 100% weld joint efficiency
can be obtained with T5-treated 6063 (Ref 58).
Mechanical properties from Heinz and Skrotzki
are shown in Table 5.3 for 6063 Al for various
temper conditions (Ref 71). The decrease in
yield strength following FSW for the T4 temper
is 28%, whereas the loss for the T6 temper is
considerably more at 54%. The ability to
recover strength for a postweld age of 190 °C
(375 °F) for 4 h is illustrated by the increase in
yield strength to 247 MPa (35.8 ksi) compared
to the as-welded yield strength of 160 MPa 
(23 ksi) for the T4 temper. The low transverse
strain values shown in Table 5.3 are attributed
to strain localization in the minimum hardness
location in the HAZs. Local strain measure-
ments illustrated strain concentration in the
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Table 5.2 Tensile properties of 6063-T5 including base metal, as-friction stir welded, an aged weld,
and welded plus solution heat treated (ST) and aged

Yield strength Tensile strength

Material condition MPa ksi MPa ksi Elongation, %

Base material (T-5) 185 26.8 215 31.2 19
As-welded 105 15.2 155 22.5 10
Aged 175 °C (347 °F) for 12 h 210 30.5 225 32.6 13
ST + aged 175 °C (347 °F) for 12 h 215 31.2 235 34.1 18

Source: Ref 58

Table 5.3 Tensile properties of 6063 for a variety of pre- and postweld tempers
Yield strength Tensile strength

Material condition MPa ksi MPa ksi Elongation, %

T4 - base metal 222 32.2 320 46.4 20.5
T6 - base metal 357 51.8 394 57.1 11.5
T4 + FSW 160 23.2 300 43.5 8.7
T4 + FSW + 190 °C (374 °F) for 4 h 247 35.8 323 46.8 1.2
T6 + FSW 165 23.9 295 42.8 4.5

FSW, friction stir welding. Source: Ref 71

low-hardness regions, with the stronger regions
within the test sample gage length, that is, base
metal and weld nugget, resisting strain. Maxi-
mum local strains up to 40% were measured,
illustrating the ductile response of the friction
stir welds.

Fatigue, Fracture Toughness, Fatigue
Crack Growth Rate. At this time, the avail-
able data characterizing fatigue and fracture of
6061 and 6063 Al alloys are very limited (Ref
57, 58, 72). Brinckmann et al. evaluated 6061-
T6 Al following both FSW repair of intention-
ally defective friction stir welds and defect-free
production friction stir welds (Ref 72). The
repair procedure added an additional thermal
cycle to the weld-zone material. Using standard
compact tension samples, precracks were
located in the nugget and the HAZ to determine
fracture toughness properties. As shown in Fig.
5.26, the crack tip opening displacement (�5m)
for the welded specimens, in both the nugget
and HAZ, is far superior (40 to 69%) to those
measured in the base material (Ref 72). The
additional thermal cycle and deformation
imposed by the repair weld further improved
toughness in the nugget area without causing
any deterioration of the HAZ properties. These

same investigators also evaluated fracture
toughness using wide-plate through-thickness
fatigue [M(T)] prerack specimens, with cracks
centered in the weld nugget. For these through-
thickness samples, the base-material toughness
results are ~55% lower than those in both 
the production and repair welds. The super-
ior toughness behavior was attributed to the
strength undermatch of the nugget area com-
pared to the base-material strength.

Nagano et al. compared Charpy impact
results for friction stir, yttrium-aluminum gar-
net laser, and gas tungsten arc welds in 6061-T6
Al (Ref 56). Samples were machined with the
Charpy V-notch on the weld centerline. Impact
properties of the friction stir welded 6061-T6
were twice that of fusion welds (20 versus 10
J/cm2). The higher impact strength was attrib-
uted to the fine, recrystallized microstructure in
the friction stir weld compared to the cast
microstructure created by the fusion welds. Fur-
ther, the high silicon content in the filler materi-
als used in the fusion welds likely contributed to
the lower impact strength. Luan et al. illustrated
excellent impact values for friction stir welded
6063 Al in the T561 temper (Ref 58). Impact
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Fig. 5.27 Horizontal hardness profile across a friction stir
weld in AA6082-T6. The hardness profile was 

measured 2.5 mm (0.1 in.) from the root face and shows hard-
ness minima in the thermomechanically affected zone. Source:
Ref 32

values of weld joints were shown to be 60%
higher than that of the base material.

5.3.4 6082 Aluminum
Alloy 6082 is a precipitation-strengthened

alloy of nominal composition 1Si-0.65Mg-
0.2Fe-0.52Mn, with the relatively high man-
ganese content added to increase ductility.
Fusion welding results in a significant loss of
mechanical properties (Ref 60). Alloy 6082 is a
common, strong, general alloy in the United
Kingdom.

Hardness results for friction stir welded
6082 Al have been reported by a number of
investigators, with welding performed in the
T4, T5, and T6 tempers (Ref 32, 61–64). Start-
ing with 6082-T6, a horizontal hardness profile

2.5 mm (0.1 in.) from the weld root surface
shows the characteristic “W”-shaped curve,
with hardness minima in the HAZ 45% less than
parent-metal hardness (Fig. 5.27) (Ref 32).
Hardness in the weld nugget is slightly higher,
with a 36% reduction compared to parent-metal
hardness. Not seen in other alloys is a hardness
shelf at 85 HV, which the authors correlate 
with the tool shoulder diameter. Microhardness
measurements across the weld nugget did not
reveal any systematic variations that could be
correlated to the microstructurally observed
ring pattern (Ref 32). Results from Backlund et
al. (Ref 61) illustrate hardness for a variety of
pre- and postweld heat conditions, including the
following:

• FSW-T6
• FSW-T6 + aged at 185 °C (365 °F) for 3 h
• FSW-T4
• FSW-T4 + aged at 185 °C for 3 h

Figure 5.28(b) illustrates the ability to fully
recover hardness when welding in the T4 tem-
per followed by an artificial age, whereas when
welding in the T6 temper (Fig. 5.28a), small
hardness minima still are evident in the HAZ.
Note the similarity in hardness drop for the T6
temper between Fig. 5.27 and 5.28(a), except
for the hardness isotherm in Fig. 5.27 attributa-
ble to the tool shoulder. This one difference may
be due to location of the hardness trace, sheet
thickness, and/or weld parameters. However,
with potentially different welding practices, that
is, different heat inputs between these two
research studies, it is interesting that the hard-
ness curves are nearly identical.

Mechanical properties for friction stir
welded 6082 have been established for a variety
of tempers and material thickness (Ref 32, 60,
61, 64–66). Not all weld variables can be re-
ported for the different studies, but Table 5.4
summarizes mechanical properties for some
variables. Again, considering different weld
procedures, tool designs, thermal-boundary
conditions, natural aging times, and different
thicknesses of the workpieces, mechanical
property results are remarkably similar between
investigators. All specimens were tested trans-
verse to the weld. Thus, elongation values are
not always realistic, due to strain localization in
the softer HAZ, but for the postweld-aged spec-
imens, where parent-metal properties are fully
recovered, transverse ductility can be meaning-
ful. For the T4 temper, base-metal and postweld

Fig. 5.26 Crack tip opening displacement (�5m) in friction
stir welded 6061-T6 Al in both the nugget and 

heat-affected zone (HAZ) compared to the base material. RW
repair weld; PW, production weld. Source: Ref 72
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Fig. 5.28 Hardness distribution across friction stir welds in AA6082. (a) Welded in the T6 temper and welded in the T6 temper
and aged. (b) Welded in the T4 temper and welded in the T4 temper and aged. Source: Ref 61

strengths are nearly comparable, whereas for
the T6 temper, both yield and tensile strengths
are reduced considerably (53% and up to 25%,
respectively). Results vary, but strengths are
nearly completely recovered by postweld aging
from either the T4 or T6 initial temper.

Fatigue, Fracture Toughness, Fatigue
Crack Growth Rate. Fatigue strength of fric-
tion stir welded 6082 T4, T6, and T4 + 185 °C
for 5 h with defect-free welds has been estab-
lished (Ref 61, 64). The number of cycles to
fracture at different stress levels for the T6 and
T4 + 185 °C for 5 h conditions is illustrated in
Fig. 5.29 (Ref 64). For the postweld heat treated
T4 specimens, the number of cycles to failure is
slightly below that of T6. This was an unex-

pected result, because the T4 + 185 °C for 5 h
condition has higher yield and tensile strengths.

Backlund et al. compare fatigue life for FSW,
MIG, and plasma keyhole welding (Ref 61). In
all cases, fatigue life for the friction stir weld is
far superior to that of the fusion welds. Care
should be exercised to be sure lack of penetra-
tion defects do not occur at the root of a friction
stir weld. This type of defect is very difficult to
detect. In the work of Haagensen et al., the pres-
ence of root-notch lack of bonding was shown
to influence fatigue life results (Ref 65). In this
study, all fatigue cracks in the friction stir welds
initiated in defects located in the lower part of
the weld. However, fatigue life of the friction

Table 5.4 Tensile properties of friction stir welded 6082 for a variety of pre- and postweld tempers
Yield strength Tensile strength Thickness

Temper Postweld age MPa ksi MPa ksi Elongation, % mm in. Ref

Base T4 . . . 149 21.6 260 37.7 22.9 4 0.16 61
Base T6 . . . 291 42.2 303 43.9 11.3 4 0.16 61
MIG T4(a) . . . 129 18.7 163 23.6 3 5 0.20 65

Friction stir welded

T6 . . . . . . . . . 226 32.8 . . . 10 0.39 32
T6 . . . . . . . . . 254 36.8 . . . 5 0.20 32
T6 . . . 135 19.6 220 31.9 . . . 5.8 0.23 64
T6 . . . 160 23.2 254 36.8 4.9 4 0.16 61
T6 185 °C (365 °F) for 3 h 274 39.7 300 43.5 6.4 4 0.16 61
T5 . . . 125 18.1 198 28.7 7.8 3.5 0.14 60
T5 . . . 125 18.1 196 28.4 9.8 3 0.12 62
T4 . . . 144 20.9 239 34.7 . . . 5 0.20 65
T4 . . . 138 20.0 244 35.4 18.8 4 0.16 61
T4 185 °C (365 °F) 3 h 221 32.1 246 35.7 5.7 3.5 0.14 60
T4 185 °C (365 °F) 3 h 285 41.3 310 45.0 9.9 4 0.16 61
T4 185 °C (365 °F) 3 h 260 37.7 289 41.9 . . . 5.8 0.23 64
T4 185 °C (365 °F) 3 h 227 32.9 250 36.3 7.6 3 0.12 62

(a) MIG, metal inert gas
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Fig. 5.30 Effect of cooling conditions and aging on the
hardness profiles of friction stir welds in JIS6N01-

T6. Source: Ref 54

Fig. 5.29 Fatigue test results for friction stir welded (FSW)
6082 for different tempers. PWAT, postweld heat 

treated. Source: Ref 64

stir welds containing surface defects was still
significantly greater than that of a MIG weld.

Unfortunately, fracture toughness and fatigue
crack propagation data for 6082 Al are very lim-
ited. Haagensen et al. refer to the work of others
where crack growth rates in the friction stir weld
and HAZ of 6082 are lower than in the base
material (Ref 65). Also, Ossterkamp et al. pres-
ent fracture toughness under rapid loading and
come to the conclusion that “friction stir welds
have very high fracture toughness compared to
the nonwelded material” (Ref 66).

5.3.5 JIS6N01 Aluminum
In Japan, FSW is in use in the transportation

industries to fabricate rolling stock and alu-
minum decking in order to maintain high 
postweld strength compared to conventional
fusion welding. The aluminum alloy of choice 
is JIS6N01, an easily extrudable aluminum
alloy of nominal composition 0.6Si-<0.35Fe-
<0.35Cu-<0.5Mn-0.6Mg-<0.3Cr. This alloy
composition is very similar to aluminum alloy
6005. Friction stir welding studies have been
completed on JIS6N01 in both the T5 and T6
tempers (Ref 54, 67–69).

Hardness. Post-friction stir weld hardness
results for JIS6N01-T5 show the typical “W”-
shaped curve, as previously seen for other age-
hardenable aluminum alloys (Ref 54, 67, 68).
For the as-welded condition, postweld hardness
decreases from ~105 to ~75 HV, a decrease of
28%, with hardness in the nugget ~5 HV higher
than the HAZ. Compared to MIG welding, the
minimum hardness in the friction stir welded
nugget is higher (78 versus 62 HV), and the size
of the HAZ is considerably less (Ref 67). This
would be expected due to the lower and more
localized heat input associated with FSW. This

same result was not demonstrated by Hori et al.
where hardness traverses were equivalent for
FSW and MIG, but TIG welds showed a much
more extensive HAZ and a further decrease in
hardness (Ref 54). Hori et al. also demonstrated
the influence of cooling rate, that is, air cooled
and water cooled, and postweld aging (180 °C
for 6 h) on hardness in friction stir welded
JIS6N01-T6 (Ref 54). Figure 5.30 illustrates
hardness profiles for these different cooling and
aging conditions. There is little difference in the
hardness minima for air versus water cooling,
but the size of the HAZ is reduced with water
cooling. Aging completely recovered hardness
in the nugget, but significant hardness minima
remained in the HAZ.

Mechanical Properties. Strengths in fric-
tion stir welded JIS6N01 mirror the hardness
results. Okura et al. tensile tested both transverse
and longitudinal samples (the gage diameter
contained only weld nugget material) (Ref 68).
Tensile strengths were comparable for the differ-
ent orientations (217 MPa, or 31.5 ksi) and were
~20% lower than parent-metal tensile strength of
270 MPa (39 ksi). However, the longitudinal ori-
entation showed higher yield strength, (127.5
MPa, or 18.5 ksi) compared to the transverse ori-
entation (111.2 MPa, or 16 ksi), both lower than
the parent-metal yield strength of 245.7 MPa
(35.6 ksi). An elongation of 29.8% was reported
for the longitudinal orientation, illustrating the
high ductility associated with the fine-grain weld
nugget microstructure.

Fatigue Strength. Figure 5.31 shows the
results of transverse fatigue tests for the parent
material and friction stir welded JIS6N01-T5
for R = 0.1 and R = –1 (Ref 68). Friction stir
welding reduces fatigue life at a given stress,
but the decrease is small. Most samples failed in
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Fig. 5.31 Fatigue life curves for friction stir welded
JIS6N01-T5 for R = 0.1 and R = –1. Source: Ref 68 

Fig. 5.32 Hardness data for friction stir welded 7050-
T7651 Al alloys naturally aged for >6 years. HAZ, 

heat-affected zone; TMAZ, thermomechanically affected zone.
Source: Ref 73

Fig. 5.33 Hardness data for friction stir welded 7075-T651
Al alloys naturally aged for >6 years. HAZ, heat-

affected zone; TMAZ, thermomechanically affected zone.
Source: Ref 73

the HAZ, with a small number failing in the
weld nugget. Other investigators have com-
pared fatigue life for friction stir welds to MIG
and laser welds (Ref 67, 69). In all cases, fatigue
strength in the friction stir weld is greater. Weld
speed did not influence fatigue life when defect-
free welds were produced (Ref 69).

5.4 7xxx Aluminum Alloys

The 7xxx aluminum alloys are age harden-
able, with a good combination of strength, frac-
ture toughness, and corrosion resistance in both
thick and thin wrought sections. The addition of
zinc with other elements, notably copper, mag-
nesium, and chromium, produces very high
strength, including the highest strength avail-
able in any wrought aluminum alloy. In general,
weldability of the high-strength 7xxx aluminum
alloys by conventional fusion welding tech-
niques is not good in any temper. However,
because of the considerable interest in the high-
strength 7xxx aluminum alloys in the aerospace
industry and due to the inability to join these
alloys by fusion welding, there has been consid-
erable research into the ability to join 7xxx
alloys by using the solid-state friction stir weld
technique (Ref 6, 7, 17, 18, 50, 60, 66, 73–88).

Hardness. Following exposure to elevated
temperature, the high-strength 7xxx alloys
(7075, 7050, etc.) are in an unstable temper des-
ignated as W. For example, either a solution
heat treatment or FSW, where the weld nugget
experiences temperatures sufficient to dissolve
the strengthening precipitates, is necessary. In
the W temper, these alloys spontaneously age at
room temperature, continuing to harden essen-

tially forever, albeit at a decreasing rate. Hard-
ness data for friction stir welded 7050 and 7075
Al alloys, naturally aged for >6 years, are illus-
trated in Fig. 5.32 and 5.33, respectively (Ref
73). These data illustrate the caution necessary
when evaluating hardness (or mechanical prop-
erties) data for the 7xxx aluminum alloys. Most
often, investigators do not report the time
between welding and testing. However, as
shown in Fig. 5.32 and 5.33, after >6 years of
natural aging at room temperature, the hardness
increased 55 to 65% in the weld nugget and 59
to 62% in the HAZ. Hardness increased slightly
more in the 7050 alloy compared to 7075 Al.
Also, the HAZ narrows considerably, and the
minimum hardness zone moves outward from
the weld nugget. Further, transverse weld fail-
ures corresponded directly with the hardness
minima where failure location is shown to move
further into the HAZ with increasing aging time.



96 / Friction Stir Welding and Processing

As shown, the weld zone continues to harden
even after 6 years of natural aging. Similar hard-
ness results are reported by Merati et al., where
minimum hardness in the HAZ of friction stir
welded 7050-T7651 increased by 9% after nat-
ural aging for 10 months (Ref 74). Time
between FSW and the initial hardness measure-
ments was not reported but is believed to be
more than 2 months.

The first hardness data in Fig 5.32 and 5.33
were taken 48 h after FSW. Likely, there was
significant hardening during this time. In the
work of Nelson et al., the immediate recovery of
hardness was noted where, after even just 5 h of
natural aging, considerable hardness was recov-
ered (Ref 75). In Fuller et al., the hardening rate
is most dramatic during the time between 48 and
216 h (9 days), accounting for approximately
half the hardness increase in these 6 years (Ref
73). These results emphasize the need to exer-
cise caution when evaluating postweld proper-
ties in some friction stir welded 7xxx aluminum
alloys. Likely, most investigators performed
their mechanical testing sometime during the
time of most rapid hardness change. Not only
does the hardness increase via natural aging, but
all other mechanical properties—fatigue, frac-
ture toughness, and corrosion resistance—also
change with time.

Additional hardness data are available for a
number of friction stir welded 7xxx aluminum
alloys, including 7010 (Ref 78, 81), 7017 (Ref
77), 7249 (Ref 82), 7349 (Ref 50, 83), 7050
(Ref 76, 80), 7075 (Ref 17, 79), and 7475 (Ref
8, 80). Time between welding and when hard-
ness measurements were taken was not
reported. However, these hardness results can
illustrate trends with FSW variables. The results
of Hassan et al. on 7010-T651 illustrate how
hardness in the weld zone is influenced by dif-
ferent FSW parameters and, in addition, high-
light unique features associated with FSW (Ref
78). Figure 5.34 illustrates hardness as a func-
tion of spindle speed and distance from the weld
center for the top, center, and weld root. These
are the similar “W”-shaped hardness profiles
reported for other friction stir welded aluminum
alloys. Each profile consists of a central uniform
plateau that corresponds to the width of the
nugget zone. Moving outward from the center,
the profile then falls through the TMAZ, reaches
a minimum (~110 HV) in the HAZ, and then
gradually recovers to the level of the parent
plate (~170 HV). Overall, the hardness of the
plateau region is lower than the parent alloy and

lies in the range of 130 to 155 HV. Although for
the range of conditions investigated, the hard-
ness minima did not vary, it can be seen that the
hardness minima in the HAZ troughs shift out
from the weld centerline with increasing rota-
tion rate. Also, the different process parameters
do have a significant effect on the hardness of
the nugget zone, which changes significantly
with spindle speed and depth within the weld
(Ref 78). Unique to FSW, the width of the hard-
ness plateau is largely independent of the spin-
dle speed when it is controlled by the width of
the tool shoulder, that is, near the top surface
(Fig. 5.34a). However, this is not the case for
the center and weld root, where the width of the
hardness plateau increases with higher spindle
speeds due to the higher heat input (Fig. 5.34b,
c). This asymmetric hardness example illus-
trates the inhomogeneous behavior of FSW.

Other hardness observations of interest
include those of Bassett et al. on 7017, where
FSW was compared to MIG welding, illustrat-
ing a larger HAZ in the friction stir weld zone
(Ref 77); Li et al. (Ref 82), where direct corre-
lations are made between hardness values and
conductivity profiles for a variety of postweld
heat treatments following FSW in 7249; and the
work of Jata et al., where postweld heat treat-
ments in a 7050-T7451 alloy illustrate the abil-
ity to restore the weld nugget to near-parent-
metal hardness, but the hardness minima
troughs are unaffected in the HAZ (Ref 76).

Mechanical Properties. As shown previ-
ously, over time, hardness increases dramati-
cally in the weld zone at room temperature fol-
lowing FSW. Similarly, transverse yield and
tensile strengths in the weld zone also show sig-
nificant increases (Ref 73, 74). Figures 5.35 and
5.36 illustrate strength increases in friction stir
welded 7050-T7651 and 7075-T651 Al alloys
following nearly 8 years of natural aging (Ref
73). In these results, initial tensile properties
were obtained within a few hours of FSW. Yield
strength increased 56 to 63% (385 MPa for 7050
and 355 MPa for 7075), and tensile strength
increased 38 to 41% (520 MPa for 7050 and 500
MPa for 7075) over the 8 years. More important,
the strength continues to increase after long
times; that is, friction stir welded 7050 and 7075
Al alloys do not stabilize. Mertati et al. used lon-
gitudinal subsize samples to evaluate mechani-
cal properties in the different weld zones of fric-
tion stir welded 7050-T7651 following natural
aging for ~12 months (Ref 74). Their results
illustrated the agreement between hardness
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Fig. 5.34 Hardness curves for friction stir welded 7010-T651 for a travel speed of 95 mm/min (3.7 in./min). (a) 0.1 mm (0.004 in.)
below the top. (b) Center (c) 0.1 mm above the weld root. Source: Ref 78

results and tensile tests and also between longitu-
dinal and transverse tensile tests. For example,
comparing results of transverse and longitudinal
samples, the yield and tensile strength of trans-
verse specimens matched the minimum data for
the longitudinal samples. These effects are
expected, because specimens fail in the weakest
point and the softest location.

Selected postweld transverse tensile proper-
ties for a variety of 7xxx aluminum alloys are
shown in Table 5.5. Natural aging times were
not reported. Although not always identified,
the failure location is most often in the soft
HAZ. Transverse weld failures correspond
directly with hardness minima where failure
location is shown to move further into the HAZ
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Fig. 5.35 Yield and tensile strength for friction stir welded
7050-T7651 Al as a function of natural aging 

time. Source: Ref 73

Fig. 5.36 Yield and tensile strength for friction stir welded
7075-T651 Al as a function of natural aging time. 

Source: Ref 73

with increasing aging time. Thus, properties in
Table 5.5 are illustrative of HAZ yield and ten-
sile strengths. As would be expected from a 
precipitation-hardenable alloy following FSW,
the HAZ is overaged during FSW. For 7050 and
7075 in the as-welded condition, yield strength
is reduced to 60 to 70% of base-metal proper-
ties, and tensile strength reduced to 70 to 80% of
base-metal properties. However, as discussed
previously, these alloys naturally age at room
temperature, resulting in continued increases in
strength.

Allehaux et al. used the microspecimen tech-
nique to evaluate mechanical properties in the
different regions of the weld zone for friction
stir welded 7349-T6 (Ref 83). Figure 5.22 illus-
trates the microsample sectioning method. Fig-
ure 5.37 shows mechanical properties for mi-
crotensile samples across the different weld
zones (Ref 83). As is customary, profiles of the
yield and tensile strengths are in accordance
with microhardness results, illustrating lowest
strengths in the TMAZ. However, the low duc-
tility obtained within the weld nugget is inter-
esting. The shape of the stress-strain curve
showed brittlelike behavior, no necking, and
strain hardening was far from being exhausted.
Further, fractography showed that rupture was
primarily intergranular and associated with
abundant intergranular precipitates within the
nugget. Results from Mahoney et al. also evalu-
ated weld nugget properties in the longitudinal
direction (only weld nugget microstructure 
in the gage section) for friction stir welded
7075-T651 (Ref 85). In the as-welded condi-
tion, the ductility in the weld nugget was high
(15%) and only decreased (3.5%) following a
post-weld age of 120 °C (150 °F) for 24 h 
(Ref 85). These authors attributed decreased
ductility to the formation of grain-boundary
precipitate-free zones. Similarly, Paglia et al.,
using microtensile samples, demonstrated high
ductility in friction stir welded 7075-T6 Al in
the weld nugget (15%) (Ref 79). Hassan et al.,
also evaluating nugget-only properties, demon-
strated the influence of travel speed and spindle
speed on mechanical properties in friction stir
welded 7010-T651 Al (Ref 78). In their work
(Fig. 5.38), ductility was significantly influ-
enced by spindle speed (Ref 78). Low ductility
was observed at a low rotation speed (180 rpm)
and decreased again at high (450 rpm) tool rota-
tion speeds. High ductility was observed for the
intermediate rotation speeds. These authors
attributed the change in ductility to the thermal
cycle that controls the eventual weld nugget
microstructure. The differences in weld nugget
ductility from these different investigators may
be partly associated with alloy chemistry, but it
is clear that weld parameters can have a signifi-
cant influence on resulting mechanical proper-
ties in the 7xxx aluminum alloys.

Strength following postweld aging has been
investigated by a number of investigators for
friction stir welded 7xxx aluminum alloys (Ref
8, 76, 77, 82, 85). Solution treatment followed
by artificial aging nearly completely restored
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Fig. 5.37 Tensile test results for longitudinal microspecimens in friction stir welded 7349-T6. HAZ, heat-affected zone; TMAZ,
thermomechanically affected zone; WN, weld nugget. Source: Ref 83

Table 5.5 Transverse tensile properties of friction stir welded 7xxx aluminum alloys

Yield strength Tensile strength

Alloy temper Postweld age MPa ksi MPa ksi Ref

Base-material properties

7108-T79 . . . 295 42.8 370 53.7 60
7050-T7451 . . . 489 70.9 555 80.5 76
7050-T73 . . . . . . . . . 546 79.2 18
7075-T73 . . . . . . . . . 515 74.7 18
7075-T6 . . . 486 70.5 553 80.2 86
7349-T6 . . . 586 85.0 636 92.2 83
7475-T76 . . . . . . . . . 528 76.6 8

Friction stir welded properties

7017 AW(a) 256 37.1 376 54.5 77
7017 8 h at 150 °C (302 °F) 343 49.7 261 37.9 77
7108 AW 275 39.9 380 55.1 66
7108-T79 AW 210 30.5 320 46.4 60
7108-T79 Natural age 245 35.5 350 50.8 60
7050-T73 AW . . . . . . 436 63.2 80
7050-T7451 AW 304 44.1 429 62.2 76
7050-T7451 T7 287 41.6 371 53.8 76
7050-T7451 T6 291 42.2 417 60.5 76
7075-T6 AW 333 48.3 410 59.5 86
7075-T651 AW 312 45.3 468 67.9 85
7075-T651 T6 312 45.3 447 64.8 85
7075-T73 AW . . . . . . 416 60.3 18
7075-T651 AW 340 49.3 485 70.3 84
7249-W511 AW 367 53.2 520 75.4 82
7249-W511 T6 + T76 434 62.9 500 72.5 82
7249-T6511 AW 374 54.2 490 71.1 82
7249-T6511 T76 379 55.0 454 65.8 82
7249-T6511 T6 + T76 394 57.1 470 68.2 82
7249-T76511 AW 378 54.8 511 74.1 82
7249-T76511 T6 405 58.7 503 73.0 82
7349-T6 AW 368 53.4 515 74.7 83
7475-T76 AW 381 55.3 465 67.4 8

(a) AW, as-welded
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Fig. 5.39 Fatigue results for friction stir welded (FSW) 7475-T76 at R = 0.1 for as-welded and milled surfaces compared to parent
metal for Kt = 1.0 and 2.5. Source: Ref 8

Fig. 5.38 Tensile elongation in the weld nugget zone for
friction stir welded 7010-T651. Source: Ref 78

parent-metal tensile strength (97%) in 7475-
T76 Al (Ref 8). However, postweld aging with-
out first solution treating can reduce strength
when testing transverse to the weld direction.
The results of Jata et al. for friction stir welded
7050-T7451 illustrate decreases in both yield
and tensile strength following conventional
postweld aging treatments to either T6 (121 °C,
or 250 °F, for 24 h) or T7 (121 °C for 24 h + 
175 °C, or 347 °F, for 8 h) (Ref 76). Their
results, tabulated in Table 5.5, illustrate signifi-
cant decreases in strength following FSW, with
a further decrease following postweld aging.
Similar results were obtained by Bassett et al.
for 7017 where, following a postweld age of 8 h
at 150 °C (300 °F), tensile strength decreased
from the as-welded condition by an additional

10%, but yield strength was essentially unaf-
fected (Ref 77). Li et al. evaluated a variety of
postweld heat treatments for friction stir welded
7249-W511, obtaining similar results to others
(Ref 82). In general, postweld aging had very
little influence on yield strength, increasing
from 2 to 10% for most heat treatments, while
tensile strength decreased from 1.3 to 9.7% for
all age treatments (Ref 82). The one exception
was an 18% increase in yield strength for a post-
weld age of 121 °C for 24 h + 163 °C (325 °F)
for 8 h. As one would expect, because failures
are located in the soft, overaged HAZ, without
first solution treatment, postweld aging simply
overages the HAZ even more. This results in
only slight changes in transverse weld strength
and, more often than not, slight decreases.

Fatigue and Fatigue Crack Growth Rate.
Fatigue life results for friction stir welded 7475-
T76, 7475-T7351, and 7050-T7451 have been
reported (Ref 8, 80). Magnusson et al. illustrate
fatigue life for both the as-welded and surface-
milled conditions (Ref 8). As shown in Fig. 5.39,
FSW does reduce the fatigue threshold stress
~40 MPa (5.8 ksi) compared to parent metal
when the weld bead is not removed. However,
these results are more a reflection of surface-
initiated fatigue failure, and the surface rough-
ness of the weld bead can be considerably differ-
ent, depending on the FSW tool design used. For
example, the scroll shoulder tool used with zero
tilt results in a relatively smooth surface and very
little flash compared to the older concave tool
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Fig. 5.41 Comparison of fatigue crack growth rates
between the weld nugget and heat-affected zone 

(HAZ) at R = 0.33 and R = 0.7 for friction stir welded (FSW)
7050. Fatigue crack growth rates were evaluated in the as-FSW
+T6 condition. Source: Ref 76

Fig. 5.40 Fatigue crack growth rates in friction stir welded
7050-T7451 comparing compact tension (CT) 

and center-cracked (MT) specimens at R = 0.05 and R = 0.8.
Source: Ref 87

design commonly tilted 2.5 to 3° in the travel
direction. When the flash is removed from the
weld crown, that is, removed by milling, fatigue
life of the friction stir welded 7475-T76
approaches that of the parent metal. Results from
Kumagai et al. are comparable, again illustrating
fatigue life equivalent to parent metal when the
crown surface is machined smooth (Ref 80).
Additional fatigue life data are available for
7075-T6 Al from Talwar et al., but these results
are for a lap weld geometry, which introduces
other considerations not addressed in this chap-
ter (Ref 86).

Crack growth rate data are available for fric-
tion stir welded 7050-T7451 from several
investigators (Ref 76, 87, 88). In the work of
John et al., crack growth rates were compared
for different specimen geometries, compact and
middle tension specimens, for two R ratios of
0.05 and 0.8 (Ref 87). In each case, the notch
was placed along the weld direction but away
from the weld centerline in the HAZ. Crack
propagation results are illustrated in Fig. 5.40,
with results compared to crack growth rate data
for 7050-T7451 using curve fits from the
AFGROW program (shown to be similar to par-
ent-metal properties) (Ref 89). The crack
growth rate results in Fig. 5.40 show a geometry
dependency for crack growth behavior in the
HAZ at low R. That is, the compact tension
specimen has a much lower crack growth 
rate and significantly higher threshold stress-
intensity factor than the middle crack tension
sample at R = 0.05. However, the geometry
dependency nearly vanished at high R. The
implication of these results is that compressive
residual stresses are present in the HAZ, and

they can influence crack propagation rates. Jata
et al. evaluated the effects of R ratio and crack
location (nugget or HAZ) on crack growth rates
for friction stir welded 7050-T7451 with a post-
weld T6 heat treatment (121 °C for 24 h), as
shown in Fig. 5.41 (Ref 76). No difference in
fatigue crack growth rate was seen in the weld
nugget for different R ratios. However, crack
growth rates were the highest when the crack
was centered in the weld nugget, even higher
than in the parent metal. In the weld nugget, the
fine-grain microstructure and intergranular fail-
ure dominated the fatigue crack growth rate. In
the HAZ, as before, a low-R ratio results in con-
siderably lower fatigue crack growth rates.
Again, compressive residual stresses dominate
fatigue crack growth rate in the HAZ. However,
fatigue crack growth rates in the HAZ, for either
R ratio, are lower than for the parent material.

5.5 Aluminum-Lithium Alloys

The aluminum-lithium alloys are of interest,
especially for space applications, due to their
high specific strength, that is, strength-to-
weight ratio. Although there are many advan-
tages associated with aluminum-lithium alloys,
fusion welding is difficult. Thus, some investi-
gators have evaluated the ability to friction stir
weld both the 2195 and 2095 alloy composi-
tions (Ref 11, 75, 90–95). Data for friction stir
welded aluminum-lithium alloys are limited,
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and thus, variations in properties for different
FSW conditions are not available. Accordingly,
data presented herein should be considered with
caution until more information is available.

Hardness contour maps for 2095 were
developed by Attallah and Salem for two differ-
ent travel speeds and two different rotation rates
(Ref. 94). There was an increase in the hardness
throughout the weld as the travel speed
increased. On increasing the rotation rate while
maintaining the same travel speed, the hetero-
geneity in the hardness distribution was signifi-
cantly minimized (Ref 94). Unfortunately, some
hardness results available for 2195 are for a
bialloy weld, wherein 2195 was welded to 2219
Al, with the 2195 on the advancing side in one
case and on the retreating side in another (Ref
90). A hardness reduction from the parent mate-
rial (150 HV) to a hardness minimum in the
HAZ (100 HV) was observed. Within the weld
nugget itself, hardness varied considerably due
to the mechanical intermixing of the two alloys.

Nelson et al. evaluated hardness in friction
stir welded 2195-T8 for different weld condi-
tions, that is, active cooling and active heating,
followed by natural aging for 96 h (Ref 75).
Hardness results from their studies are shown in
Fig. 5.42, illustrating a number of findings. At 
0 h, the hardness curve for the actively heated
sample exhibits a more uniform hardness profile
across the weld nugget compared to the actively
cooled sample (Fig. 5.42a).The authors attribute
this difference to “quenching-in” higher va-
cancy and solute concentrations during active
cooling. The influence of active cooling is even
more evident when considering the hardness
curves following natural aging for 96 h (Fig.
5.42b). Comparing Fig. 5.42(a) and (b), hard-
ness in the weld nugget of the actively cooled
sample is shown to increase by >20%, whereas
hardness in the actively heated sample changes
very little with time at room temperature. This is
an interesting illustration of how FSW bound-
ary conditions can significantly change post-
weld properties, even in a solid-state weld.

Mechanical Properties. Mechanical prop-
erty results have been reported for 2195 
aluminum-lithium over a wide range of material
thicknesses (Ref 11, 90–93). A summary of
mechanical properties is presented in Table 5.6.
Following FSW and combining results for dif-
ferent investigators, yield strength decreased
from 53 to 63%, and tensile strength decreased
from 32 to 40%. Although this is a significant
decrease over parent-metal properties, FSW is

still an improvement over variable polarity
plasma arc (VPPA) welding (319 MPa, or 46
ksi), where the decrease in tensile strength is
47% (Ref 95). Mechanical properties at cryo-
genic temperatures (–253 °C, or –423 °F) are
reported by Kinchen et al. and Loftus et al. (Ref
91, 92). Both investigators report significant
strength increases for friction stir welds over
room-temperature properties, with tensile
strength ~630 MPa (91 ksi) and yield strength
~408 MPa (59 ksi). Again, this is considerably
higher than the tensile strength of a VPPA weld
tested at –253 °C (435 MPa, or 63 ksi) (Ref 92).

Fracture Toughness. Fracture behavior for
2195-T8 has been reported by Kroninger and
Reynolds (Ref 93). R-curves were produced
with compact-type specimens, using the single-
specimen unloading compliance method. The
base-metal and the weld-metal specimens all
exhibited rising R-curve behavior and substan-
tial crack extension before the onset of instabil-
ity. The friction stir welded specimens exhibited
higher crack resistance than the base metal at
both large and small crack extensions. Further,
the toughness of the friction stir welds, the base
metal, and VPPA welds were compared.
Toughness in the friction stir weld was greater
than that of the base metal, while the VPPA
toughness was substantially worse in the initia-
tion region and, on average, worse at large crack
extensions as well, compared to friction stir
welds (Ref 93).

5.6 Aluminum Metal-Matrix
Composites

Fusion welding has been applied to particu-
late-reinforced composites since 1985. How-
ever, during welding, the liquid aluminum reacts
with SiC particles and results in the formation of
aluminum carbide along with an increase in sili-
con in the matrix alloy. The use of low-power
TIG welding along with the concentration of heat
on the unreinforced filler metal can produce
sound welds. Unfortunately, this technique relies
heavily on operator skill and still results in some
level of matrix/reinforcement reaction. The use
of aluminum oxide as the reinforcement mini-
mizes the severity of the reaction of the molten
aluminum with the ceramic phase. However,
even with this composite, the reaction that occurs
decreases the strength of the matrix in the weld
region. Conventional inertia or friction welding
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Fig. 5.42 Microhardness data for actively cooled (AC) and heated (AH) conditions for friction stir welded 2195-T8 Al. HAZ, heat-
affected zone; TMAZ, thermomechanically affected zone; DXZ, dynamically recrystallized zone. Source: Ref 75

Table 5.6 Tensile properties of friction stir welded (FSW) 2195 for different material thicknesses

Yield strength Tensile strength Thickness

2195 Al-Li MPa ksi MPa ksi mm in. Ref

Base-T8 570 82.7 600 87.0 8.1 0.319 93
FSW-1424 225 32.6 390 56.6 4 0.157 11
FSW-T8 270 39.2 410 59.5 8.1 0.319 93
FSW 251 36.4 401 58.2 . . . . . . 92
FSW-T8 249 36.1 399 57.9 8.1 0.319 91
FSW-T8 209 30.3 357 51.8 16.5 0.650 91
FSW 217 31.5 368 53.4 25.4 1 90
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Fig. 5.43 Hardness in friction stir welded 6061-T6 Al reinforced with 10 and 20 vol% Al2O3 particulate, naturally aged 20 days
and postweld aged (175 °C, or 347 °F, for 8 h). HAZ, heat-affected zone; SZ, stir zone. Source: Ref 96

produces sound welds with good mechanical
properties but is limited to relatively simple
geometries, typically, rod or tube configurations.
Friction stir welding offers the opportunity to
weld metal-matrix composites without limita-
tion to the geometric shape. Hardness and prop-
erty results are reported subsequently, summa-
rizing the small amount of available data.
Although the mechanical properties are promis-
ing, the particulate reinforcement acts as an abra-
sive on the FSW tool. Not only is tool life
severely limited, but debris from the FSW is
deposited in the weld joint.

Hardness. A limited number of investiga-
tions have evaluated FSW of discontinuously
reinforced aluminum alloys (Ref 25, 96, 97). In
the work of Nakata et al., hardness and mechan-
ical properties were established for 6061-T6 Al

reinforced with 10 and 20 vol% Al2O3 and
6092-T6 Al. Hardness results by Nakata et al.
are illustrated in Fig. 5.43 for as-welded (natu-
rally aged 20 days) and postweld aged (175 °C,
or 347 °F, for 8 h) 6061-T6 Al reinforced with
both 10 and 20 vol% Al2O3 particulate addi-
tions. For 10% Al2O3, it is difficult to distin-
guish a hardness difference between the weld
nugget (stir zone) and HAZ. However, for 20%
Al2O3, the weld nugget is substantially higher
(90 versus 115 HV). For each volume loading of
Al2O3, the postweld heat treatment increased
the nugget hardness to a level greater than the
parent metal, while the HAZ was near parent-
metal strength.

Similar hardness behavior is reported by
Mahoney et al. for 6092-T6 Al reinforced with 
17 vol% SiC (Ref 97). Figure 5.44 illustrates
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Fig. 5.44 Hardness behavior for friction stir welded 6092-T6 Al reinforced with 17 vol% SiC as a function of postweld heat treat-
ment. Source: Ref 97

transverse hardness traces for this composite
alloy as a function of postweld heat treatment.
Following solution treatment and aging, full par-
ent-metal hardness is recovered (RB 85) in the
HAZ, while the weld nugget hardness is slightly
higher. This hardness increase could be associ-
ated with either tool debris in the weld or the
breakup of the particulate reinforcement, result-
ing in a more homogeneous distribution of SiC.
Within the weld nugget, Mahoney et al. showed a
very fine dispersion of reinforcement particles
between the larger particles. It appears that the
small particle dispersion is created during FSW;
that is, the sharp edges of the larger particles are
sheared off, leaving behind the very small parti-
cles dispersed among the larger particles with
rounded edges. In addition to the fine SiC disper-
sion, x-ray results identified a very fine disper-
sion of debris from the FSW tool.

Mechanical Properties. Following FSW,
the tensile strengths of the 6061-T6 base metal,
6061 + 10% Al2O3, and 6061 + 20% Al2O3 are
essentially the same (260 MPa, or 37.7 ksi) and
are approximately 20% less than unwelded ten-
sile strengths (320 MPa, or 46.4 ksi) (Ref 96).
Following a postweld age of 175 °C for 8 h, ten-
sile strength is fully restored to base-metal
strength. Similar postweld results are reported
by Mahoney et al. where friction stir welding
reduces the yield strength by 45% (220 versus
396 MPa, or 31.9 versus 57.4 ksi) and the ten-
sile strength by 33% (303 versus 449 MPa, or
43.9 versus 65 ksi) for 6092-T6 Al reinforced
with 17 vol% SiC (Ref 97). In a qualitative mea-
sure of postweld ductility, Mahoney et al. per-
formed bend tests and illustrated an 18° bend

for the welded sample versus a 10° for the par-
ent metal prior to fracture. In the welded sam-
ple, failure occurred in the lower-strength HAZ,
where overaging of strengthening precipitates
reduced the yield strength.
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CHAPTER 6

Friction Stir Welding of 
Ferrous and Nickel Alloys
Carl D. Sorensen and Tracy W. Nelson

Department of Mechanical Engineering, Brigham Young University

FRICTION STIR WELDING (FSW) is a
solid-state joining process invented by The
Welding Institute of Cambridge, England (Ref
1). In the FSW process, a rotating tool contain-
ing a pin and a shoulder is plunged into the joint
between two workpieces, generating heat by
friction. Once the heat has built up to the desired
level, the tool is translated along the joint. Plas-
ticized base material passes around the tool,
where it is consolidated due to force applied by
the shoulder of the tool.

Friction stir welding has been applied to met-
als with moderate melting points. Initially, FSW
was applied primarily to aluminum alloys,
which could be easily welded due to the rela-
tively low softening temperatures of these
alloys. Other relatively soft metals, such as cop-
per, lead, zinc, and magnesium, have also been
welded. In contrast, for a number of years it was
difficult to weld ferrous alloys and other high-
softening-temperature metals due to the lack of
suitable tool materials.

Until recently, there were no tool materials
that would stand up to the high stresses and tem-
peratures necessary for FSW of materials with
higher melting points, such as steels, stainless
steels, and nickel-base alloys. In 1998, tungsten
alloys and polycrystalline cubic boron nitride
(PCBN) were developed to create FSW tools for
use in steel, stainless steel, titanium alloys, and
nickel-base alloys. Properties of the resultant
welds have been shown to be outstanding.
Although some issues remain (primarily limited
tool life with tungsten-base tools), FSW has
been demonstrated as a technically and eco-

nomically feasible process in high-temperature
materials. This chapter summarizes research
work performed at a number of different labora-
tories to make FSW of high-temperature mate-
rials a reality. It covers the development of suit-
able tools, welding equipment, and welding
procedures, describes the characteristics of the
resulting weldments, and describes the variety
of materials that have been tested with the FSW
process.

6.1 Tool Materials

The requirements for an FSW tool in high-
temperature materials (HTM) are significant.
Obviously, the tool must maintain sufficient
strength to constrain the weld material at soft-
ening temperatures in excess of 1000 °C 
(1830 °F). Perhaps less apparent, the tool must
also be resistant to fatigue, fracture, mechanical
wear, and chemical reactions with both the
atmosphere and the weld material. To date, two
classes of materials have been found that meet
these requirements: refractory metal tools and
superabrasive tools.

Refractory Metal Tools. The first class of
tool materials to be used for FSW of HTM were
refractory metal tools. Initially, the tool materi-
als were considered proprietary. Eventually,
however, the composition of the tools was
revealed.

Tungsten was used as a tool material in many
of the early welds performed (Ref 2). Tungsten
appeared to have sufficient hot strength to serve
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as an FSW tool but suffered problems on the
plunge due to its high ductile-to-brittle transition
temperature. This necessitated preheating of the
tool to temperatures above 300 °C (570 °F) and
the drilling of a pilot hole for the tool (Ref 3).

Later tool materials included additions of up
to 25% Re to tungsten, which lowered the tran-
sition temperature to below room temperature.
Tungsten-rhenium tools show increased frac-
ture resistance and improved wear resistance
compared to pure tungsten and appear to have
become the most widely used refractory metal.
Development of production processes continues
to improve the tool life of tungsten-rhenium
tools. Molybdenum has been used on at least
one occasion as a tool material for FSW of steel
(Ref 4).

Early tungsten and tungsten-rhenium tools
showed a tendency to wear rapidly in the weld,
leading to macroscopic inclusions of tool mate-
rial in the weld zone. Later tools were much
more resistant to this problem, but the tool
material often continues to dissolve in the weld,
leaving a tungsten-enriched stir zone. Further-
more, some researchers report that microstruc-
tural changes in the tool indicate ongoing defor-
mation during welding.

Refractory metal tools have been used to
weld low-carbon steels, carbon-manganese
steels, austenitic stainless steels, and ferritic
stainless steels.

Tungsten-rhenium tools show good fracture
toughness and can be used for relatively thick
welds (up to 13 mm in a single pass). Reported
tool life ranges from a quarter meter (tens of
inches) up to approximately 4 m (over 10 ft).

Superabrasive Tools. The second class of
tool materials used for FSW of HTM is su-
perabrasives. Superabrasives are materials that
are formed in presses under extreme tempera-
ture and pressure. The two superabrasives that
have been used in FSW are polycrystalline dia-
mond (PCD) and PCBN. Both materials consist
of small crystals of ultrahard material (diamond
or CBN) bonded together in a skeletal matrix
with a second-phase material that serves as a
catalyst for the formation of the matrix. Refer-
ence 5 gives a summary of the characteristics of
superabrasive materials.

Polycrystalline diamond has been used for
aluminum-matrix composites reinforced with
particulate silicon carbide, boron carbide, or
alumina. It also shows promise as a tool mate-
rial for welding titanium, although this work is
only in a preliminary stage.

Polycrystalline cubic boron nitride has been

used to weld carbon steels, carbon-manganese
steels, high-strength, low-alloy (HSLA) steels,
high-strength pipeline steels, austenitic stainless
steels, duplex stainless steels, dual-phase steels,
nickel-base alloys, and other exotic alloys. It
has been tested in titanium alloys, with incon-
sistent results. At times, it performs well; at oth-
ers, chemical reactions with the workpiece
cause rapid wear.

Superabrasive materials can be made only in
relatively small pieces, due to the high pressure
required for manufacturing. Furthermore, these
materials are very difficult or impossible to
braze. Therefore, superabrasives are used in a
composite tool design, as described by Ref 5.

Early trials of PCBN tools in 316L stainless
steel showed tool life of 1 to 4 m (3 to 13 ft),
with life limited by fracture. Continued efforts
at improving the design of the composite tools,
together with improvements in the grade of the
PCBN, have greatly reduced the tendency of the
tool to fracture and have increased its life sig-
nificantly (Ref 6). The most recent tool life test
on PCBN tools showed a tool life of 80 m (260
ft) in 1018 steel.

Polycrystalline cubic boron nitride tools pro-
duce an exceptionally smooth surface on the
weld. This is thought to be due to the low coef-
ficient of friction between PCBN and the weld
metal.

The major limitation in PCBN tools is the
maximum depth of the weld. Although a pin 
13 mm (0.5 in.) in length has been tested, for
practical purposes, the maximum depth of weld-
ing at the present time is 10 mm (0.4 in.). Ongo-
ing efforts in the design of PCBN tools should
lead to increases in pin length. MegaStir Tech-
nologies, the provider of PCBN tools, has plans
to achieve a 13 mm weld depth within a year.

Over the past several years, significant
efforts were expended on developing tougher,
more wear-resistant grades of PCBN (Ref 6).
Efforts to understand the effects of different
binder phases, ratio of CBN to binder phase, and
grain size distributions of CBN on performance
were investigated. Performance was evaluated
via a turning test on 304L stainless steel. Those
grades exhibiting greater wear resistance in the
turning tests were subsequently evaluated via
FSW in 304L to compare wear results and eval-
uate toughness.

The PCBN grade-development program was
quite successful in that tougher, more wear-
resistant grades of PCBN were developed. In
addition to improved wear resistance, the
improved toughness of the new grades has
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Fig. 6.1 Pin features produced on polycrystalline cubic boron nitride friction stir processing tools, including (a) flats, (b) helical
threads, and (c) a combination of convex scrolled shoulder and helical threaded pin

enabled both deeper weld penetration (up to 
12 mm, or 0.47 in.) and threaded-type features
to be incorporated into the tool design. These
features are illustrated in Fig. 6.1.

6.2 FSW Equipment

The FSW equipment for high-temperature
materials requires improved cooling, higher-
precision spindles, and increased machine stiff-
ness compared to that required for aluminum.

Tool Cooling. The welding zone tempera-
tures frequently reach 900 to 1200 °C (1650 to
2190 °F). Further, the materials used for the tool
(either tungsten alloys or tungsten carbide
shanks) have high thermal conductivity relative
to the tool steel commonly used for aluminum.
To prevent damage to the spindle bearings and to
establish a consistent thermal environment for
the tool, cooling of the tool shank is required.

Two different methods for cooling the tool
have been used. In the first, a hollow drawbar is
used to conduct coolant directly onto the back
end of the tool shank. This method provides the
highest cooling rate but sometimes provides a
machine-specific thermal environment that can
make it difficult to transfer operating parame-
ters between machines. There can also be diffi-
culties in establishing a consistent seal between
the tool holder and the shank.

The second method used for cooling the tool
is to mount a cooled tool holder in the machine
spindle. The holder can be designed for any
spindle configuration, and the cooling is consis-
tent from machine to machine. The major disad-
vantage of this cooling method is that the cooled
tool holder is generally less stiff than the
machine spindle.

Precision Spindles. Strengths of metallic
tools at process temperatures are substantially

higher than the aluminum alloys being welded.
In contrast, for high-temperature materials, the
tool strengths are only marginally higher than
the alloys being welded. Thus, tool deformation
for metallic tools and fracture for PCBN tools
are common.

Spindle runout has been demonstrated to be a
significant factor limiting the life of PCBN
tools. Many FSW machines built for aluminum
alloys have relatively high spindle runout,
because they were designed primarily to accom-
modate high process loads. Producers of PCBN
tools have recognized the importance of precise
spindles and specify a maximum spindle runout
of 0.01 mm (0.0004 in.) (Ref 7). Failure to meet
this spindle runout requirement has led to pre-
mature tool fracture.

Stiff Machines. Cyclic process loads 
in FSW tend to be higher in many high-melting-
temperature alloys than in aluminum. Deflec-
tions under load can lead to problems with
fatigue failure, particularly with PCBN tools.
To minimize these problems, the stiffness for
the machine is specified. A deflection of 0.75
mm (0.030 in.) under a load of 45 kN (10 kip) is
suggested by Ref 7.

6.3 Weld Metal Properties

A few studies have carefully examined the
metallurgy of welds produced in a variety of
HTM by FSW. This section summarizes the
detailed property and structure results.

6.3.1 Ferritic Steels
Reference 3 reported on welds in low-carbon

and Fe-12%Cr steels, using a tool that was later
reported to be tungsten-base. The weld zone
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was shown to contain a range of martensite, bai-
nite, and ferrite structures, along with tool
debris. A unique feature of this study is a pre-
liminary look at the typical costs of welding,
showing that FSW could easily be superior to a
variety of other welding processes.

Reference 8 reported on welds made in DH-
36 using a tungsten alloy tool. Radiographic in-
spection showed full-penetration, sound welds.
However, there were indications in the radi-
ograph that tool material was being mixed into
the stir zone. Transverse tensile tests showed
overmatching of the weld, with failures occur-
ring in the base metal. All-stir-zone tensile tests
showed yield strength approximately 50%
higher than the base metal, and tensile strength
approximately 33% higher than the base metal.

Reference 9 evaluated the feasibility of weld-
ing 1018 steel using tungsten- and molybde-
num-base alloy tools. Observations of the peak
temperature seen during the weld were extrapo-
lated to give a probable maximum weld temper-
ature of 1200 °C. The thermomechanically
affected zone was not readily observable in the
microstructure of the weld, likely due to the
allotropic transformation on cooling. Evidence
of microalloying between the tool and the work-
piece was found. Stir-zone microstructure was
found to consist of ferrite, grain-boundary fer-
rite, and fine pearlite. In the stir zone, the struc-
ture was found to be finer near the shoulder and
coarser away from the shoulder. Tensile proper-
ties of the resulting welds were found to be
acceptable.

Reference 10 reported on the welding of
S355 carbon-manganese steel plates, using
tungsten-rhenium tools. The welds were made
in 12 mm (0.5 in.) thick plate using tools with a
pin length of 7.5 mm (0.3 in.). Welds were made
from both sides of the plate in order to achieve
full penetration. Tool wear was a significant
issue. One significant microstructural observa-
tion was the tempering of the first pass by the
heat from the second pass. Hardness was shown
to be higher in the weld zone than in the base
material. Longitudinal microtensile specimens
were taken from the various regions of the weld,
and yield and tensile strengths were consistent
with microhardness results. Charpy impact test-
ing revealed that the toughness at –40 °C (–40
°F) was equivalent for the weld material and the
base plate. At higher temperatures, toughness
for the weld material was significantly lower
than the base metal, with the lowest toughness
in the heat-affected zone (HAZ). No compari-

son was made between the toughness of friction
stir welds and those produced by fusion welding
processes.

Reference 11 reported on FSW of DH-36
steel with W-25%Re tools. No measurable
change in tool dimension was found after a
welding distance of approximately 1.8 m (5.9
ft). Tensile properties were found to be accept-
able, in spite of some defects in the weld zone.

Scientists (Ref 12) welded HSLA-65 using
tungsten-base tools. Subjected to bend tests, a
10 mm (0.4 in.) thick weld passed, and a 6 mm
(0.24 in.) thick weld failed when bent with the
root in tension, due to the formation of surface
cracks. Tensile properties of the 10 mm thick
welds exceeded the specifications for the base
metal. Some 6 mm thick welds exceeded the
plate specifications, while others were approxi-
mately 10% below the plate specifications.
Charpy V-notch (CVN) toughness at both –29
and –40 °C (–20 and –40 °F) were below the
base material toughness but exceeded the mini-
mum specification of the plate. The surface of
the welded material was found to have small
defects due to the roughness caused by the inter-
action between the shoulder and the surface of
the plate. Salt spray corrosion tests indicated no
preference for corrosion in the weld zone.

Reference 13 reported on welds in 6.4 and
12.7 mm (0.25 and 0.5 in.) thick HSLA-65
using tungsten-rhenium tools. Radiographic
inspection showed traces that may indicate the
formation of a wormhole defect at the start of
the weld. Postweld distortion of the 12.7 mm
plate was measured to be less than that in sub-
merged arc welded (SAW) or gas metal arc
welded (GMAW) plates. The welded plates
were tested by an underwater explosion test
known as shock-holing; the welded specimen
met the shock-hole requirements in spite of the
radiographic indications and pieces of broken
tool material that remained in the weld. Tensile
strength of the weld zone was slightly less than
the base material. Charpy toughness of the weld
zone was significantly less than the base mate-
rial and showed extreme variability, which was
unexplained. Average Charpy values exceeded
the specification for HSLA-65 welds.

Reference 2 reported on welds in 0.29C-Mn-
Si-Mo-B quenched and tempered steel using a
PCBN tool. Weld thicknesses included both 6.4
and 12.7 mm. Microhardness of the stir zone
was found to approximately equal that of the
base metal. Significant softening was observed
in the HAZ. Transverse tensile properties of
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friction stir weldments were found to be less
than the base metal but greater than comparison
GMAW welds. The CVN toughness in the weld
zone was found to be at or above the base metal
but below the toughness of the GMAW welds,
except in the case of the HAZ in the 6.4 mm
welds, where the FSW toughness was more than
twice the GMAW toughness. In this study, the
filler material for the GMAW was carbon steel,
so it is expected that the weld material will be
both softer and tougher than the weld material
with the same composition as the base metal in
the friction stir weld.

6.3.2 Austenitic Stainless Steels
Researchers (Ref 14) welded 304L stainless

using a tungsten alloy tool. They reported
extrapolated peak temperatures in the weld zone
of approximately 1200 °C. They reported
equiaxed grains in the stir zone, with a grain size
slightly reduced from the base metal. They also
noticed narrow bands in the stir zone but made
no determination as to the origin or detailed
structure of the bands. The weld material was
found to be stronger than the base metal and to
exhibit excellent ductility, with elongation to
fracture of more than 50%. Longitudinal resid-
ual stresses were found to be close to the base
material yield stress.

Researchers (Ref 15) reported on welding of
304L and AL-6XN stainless steels. They found
a highly refined stir-zone microstructure, with
an unidentified dark banded structure in the stir
zone. They reported increased microhardness in
the weld zone and excellent ductility for both
304L and AL-6XN. They also described the dif-
ficulty of achieving sound welds in AL-6XN,
because a number of pores were found in the
resulting weld. A later report (Ref 16) gave
properties of friction stir welds and AL-6XN
base metal. Weld metal was higher in yield
strength (700 MPa compared to 430, or 102 ksi
compared to 62) and ultimate strength (930
MPa compared to 780, or 135 ksi compared to
113) but lower in ductility (50 to 60% reduction
in area compared to 75%; 28% elongation com-
pared to 46%). The elongation of the friction stir
welds was only slightly below the 30% mini-
mum elongation specified for the base metal.

Scientists (Ref 17) analyzed friction stir welds
made in 304 stainless steel. They found a banded
structure similar to that identified by Reynolds et
al. The dark bands were found to be narrow
regions of ultrafine grains. The advancing side of

the stir zone was found to contain fine sigma par-
ticles as well as even finer carbide precipitates.

Researchers (Ref 18) investigated sigma for-
mation in FSW of various stainless alloys with
compositions at various distances from the
sigma + austenite region of the Fe-Ni-Cr ternary
diagram. They were able to predict the propen-
sity for sigma formation and hypothesized that
sigma formation was a marker for recrystalliza-
tion in 304L. They also demonstrated that weld-
ing parameter changes affected the amount and
location of sigma.

Later studies (Ref 19) with a convex shoul-
der, step spiral (CS4) pin tool showed dramati-
cally reduced sigma formation in 304L with the
new tool design. No sigma has yet been identi-
fied in welds with the new tool.

Because the temperature of the weld zone
exceeds 800 °C (1470 °F), the possibility of sen-
sitization exists. A scientist (Ref 20) explored
both sensitization and stress-corrosion cracking
(SCC) in FSW 304L. The welds analyzed qual-
ified as nonsensitized during an oxalic acid etch
test. Double-loop electrochemical potentioki-
netic reactivation testing showed regions of
increased corrosion susceptibility away from
the surface of the specimen. U-bend specimens
in boiling 25% NaCl showed no increased SCC
susceptibility compared with the base metal.

6.4 Materials Welded with PCBN

As part of the evaluation of PCBN as a tool
material for FSW of high-temperature materi-
als, a variety of different alloys have been
tested. The materials that have been tested,
along with results of preliminary mechanical
testing, are given in this section. Table 6.1 sum-
marizes the results of this testing.

6.4.1 Ferritic Steels
A-36. Almost 200 m (over 200 yd) of A-36

have been welded using PCBN tools. A wide
range of weld parameters has been found to give
fully consolidated welds. Surface quality is
excellent. No mechanical property data are
available.

Quenched and Tempered Carbon-
Manganese Steel. Scientists (Ref 21) welded 
6.4 mm (0.25 in.) thick quenched and tempered
carbon-manganese steel using PCBN. Tool
wear was very low but not measured quantita-
tively. Greatly refined grain structures in the stir
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Table 6.1 Results of preliminary friction stir welding testing with polycrystalline cubic boron 
nitride tools

Yield strength (weld/base metal) Ultimate strength (weld/base metal) rpm/travel

Material MPa ksi MPa ksi mm/min in./min Comments

A-36 N/A N/A 600/150 24/6 80 m (260 ft), 79 
plunges tool life, 7

Quenched and 1040/1400 151/203 1230/1710 178/248 545/130 21/5 . . .
tempered 
C-Mn steel

DH-36 N/A N/A 500/200 20/8 . . .
HSLA-65 597/605 87/88 788/673 114/98 500/200 20/8 . . .
L-80 N/A N/A 550/100 22/4 . . .
X-80 N/A N/A 550/100 22/4 . . .
X-120 N/A N/A 550/100 22/4 . . .
Dual Ten 590 496/340 72/49 710/590 103/86 450/240 18/9.5 . . .

dual phase
304L 51/55 7.4/8.0 95/98 13.8/14 400/75 16/3.0 . . .
316L 434/338 63/49 641/674 93/98 550/80 22/3.2 . . .
AL-6XN N/A N/A 350/25 14/1.0 . . .
301L N/A N/A 600/300 24/12 Lap weld, small-diameter 

tool
430 N/A N/A 550/80 22/3.2 . . .
2507 super duplex 762/705 110/102 845/886 123/128 450/60 18/2.4 . . .
201 193/103 28/15 448/406 65/59 1000/100 39/4.0 16 mm (0.6 in.) tool
600 374/263 54/38 719/631 104/91 450/56 18/2.2 . . .
718 668/1172 97/170 986/1392 143/202 500/50 20/2.0 16 mm (0.6 in.) tool
Narloy-Z N/A N/A 450/100 18/4.0 demonstration only
Invar N/A N/A 600/150 24/6.0 demonstration only
Ni-Al bronze 420/193 61/28 703/421 102/61 1000/102 39/4.0 . . .

zone were observed, both in the prior-austenite
grains and in the transformation product. The
microhardness in the weld zone was approxi-
mately the same as that of the base metal. The
HAZ showed a hardness reduction from 550 to
350 HV. Transverse tensile specimens exhib-
ited a strength approximately 70% of the base
metal, with failure in the HAZ. Elongation as
measured in the transverse tensile test was
reduced from 9.5% in the base metal to 2.6%.
However, because of the reduction in strength in
the HAZ, it is likely that this elongation is
nonuniform and hence greatly underestimates
the ductility of the weldment.

DH-36 steel has been test welded with
PCBN tools. It appears to weld at approxi-
mately the same parameters as A-36. Fully con-
solidated welds at travel speeds of up to 250
mm/min (10 in./min) have been achieved. No
mechanical properties are presently available.

HSLA-65 steel has been welded at travel
speeds of up to 200 mm/min (8 in./min). The
resulting welds are of excellent quality. Surface
appearance is excellent. The yield and ultimate
strengths of all-weld-material specimens are
597 and 788 MPa (86.6 and 114 ksi), respec-
tively, compared with 605 and 673 MPa (87.7
and 97.6 ksi) in the base metal. Elongation and
reduction in area are 14.5 and 77% for the weld

material, compared with 18.7 and 81% for the
base metal. Tool life in HSLA-65 appears to be
excellent, although it has not been quantified
due to the lack of available metal for carrying
out the life test.

X-65. Reference 22 reported postweld me-
chanical properties in 6 mm (0.25 in.) thick FSW
X-65 pipe. Transverse tensile strengths were
equivalent to the base metal. All tensile samples
fractured in the base metal well removed from
the weld or HAZ. Charpy impact results in the
weld nugget and HAZ exceeded that of the base
metal at –50, 0, and 20 °C (–58, 32, and 68 °F).
These results are shown in Fig. 6.2.

L-80, X-80, and X-120. These pipeline
steels were welded using PCBN tools. All of
these alloys appear to be readily weldable by
FSW. An in-depth examination of these alloys
is presented by Ref 23. Welding parameters for
X-80 were 550 rpm and 100 mm/min (4 in./min)
with argon shielding gas. No transverse tensile
tests were done on this weld, but the HAZ and
stir-zone microhardnesses were higher than the
base material. Welds were fully consolidated. A
small region on the advancing side of the stir
zone appears to have higher hardness than the
rest of the weld.

Dual-Phase Steel. Dual Ten 590 dual-
phase steel (United States Steel Corporation)
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Fig. 6.2 Charpy impact results. HAZ, heat-affected zone. Courtesy of Z. Feng, Oak Ridge National Laboratory

has been welded in a variety of geometries,
including automotive sheet. Spindle speeds
were 450 to 550 rpm, with travel speeds varying
from 150 to 340 mm/min (6 to 13 in./min).
Argon was used as a shielding gas. Welds were
fully consolidated. Microhardness in the weld
zone is higher than the base material. Trans-
verse yield and tensile strengths of 71 and 
103 MPa (10 and 15 ksi) are higher than that of
the base material (49 and 85 MPa, or 7.1 and 
12 ksi). Elongation is only slightly lower than
the base metal (22% compared with 25%). Pre-
liminary forming studies have indicated that the
weld zone forms about as well as the base metal.

6.4.2 Austenitic Stainless Steels
304L. A 6mm (0.25 in.) thick 304L plate

was welded using PCBN tools. Spindle speed
was 400 rpm; travel speed was 75 mm/min 
(3 in./min). A variety of welding parameters
were tried. Different parameters were found to
lead to widely varying microstructures. Under
some conditions, sigma phase was found to be
present in the stir zone (Ref 17). Yield strength,
tensile strength, and ductility were almost iden-
tical in the weld and base metal. Tool life in 304
exceeded 30 m (98 ft). Tool wear in austenitic
stainless steels appears to be higher than in fer-
ritic alloys, possibly due to chemical interac-
tions between the tool and weld material.

316L. Reference 24 reported on the welding
of 316L using PCBN tools. Welds had full con-
solidation and good surface appearance. Trans-
verse yield and tensile strength of the weld were

essentially the same as the base metal. No sig-
nificant softening was reported in the HAZ.
Ductility of the resulting welds is excellent.

301L. Alloy 301L was welded in a lap weld
configuration. Sheet thickness was 1.5 mm (0.06
in.). To avoid wrinkling on the free surface of the
lap, a small-diameter tool (10 mm shoulder, 3
mm pin) was used. The small-diameter tool
required correspondingly higher rotation speeds
to achieve welding temperatures. The joint ap-
peared to be fully consolidated and defect-free
under optical inspection. The joint was tested for
corrosion in a salt spray environment. Slight cor-
rosion appeared in the HAZ. Significant corro-
sion appeared in the crevice between the flash
and the top surface. Better control of the flash or
mechanical removal of the flash following weld-
ing are expected to improve the corrosion perfor-
mance of the lap weld.

AL-6XN has been welded with PCBN tools.
Microhardness values look appropriate. It is
very difficult to fully consolidate the advancing
side of the weld. No mechanical properties data
are available. Further weld development on this
alloy is dependent on improved PCBN grades.

6.4.3 Type 430 Stainless Steel
Reference 24 reported on the welding of type

430 stainless steel using PCBN tools. The weld
was performed at 550 rpm, with a travel speed
of 80 mm/min (3.15 in./min). The weld was a
partial penetration bead-on-plate weld. No
mechanical property data were obtained. The
weld appeared to be fully consolidated. Surface
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quality was excellent. No HAZ softening was
observed. The weld zone had higher microhard-
ness than the base material.

6.4.4 Super Duplex Stainless Steel
(2507)

The SAF 2507 (UNS S32750) super duplex
stainless steel was welded with a 25 mm (1.0
in.) diameter PCBN tool (Ref 25). Welding
parameters of 450 rpm and 60 mm/min (2.4
in./min) produced sound welds with an excel-
lent surface finish. The resulting microstructure
was fine-grained (average 4 μm in the stir zone)
and equiaxed. Ferrite content varied from 40 to
50% across the weld zone, compared with 45%
in the base metal. Corrosion resistance of the
weld was determined by ASTM G-48C, which
measures the critical pitting temperature (CPT).
The CPT for the FSW joints was 65 °C (150 °F
compared to 40 to 55 °C (100 to 130 °F) for typ-
ical arc welding processes. The yield and ulti-
mate strengths of the welds were 846 and 1045
MPa (122.7 and 151.5 ksi), which were higher
than the base metal (705 and 886 MPa, or 102
and 128 ksi). Transverse elongation of the weld
was 18%, compared with 30% elongation in the
base material.

6.4.5 Nickel-Base Alloys
Alloy 201. A 3.2 mm (0.125 in.) thick alloy

201 sheet was welded in a butt joint configura-
tion using a tool with a 16 mm (0.63 in.) diame-
ter shoulder. The weld was a partial penetration
weld, to avoid complications associated with
getting the pin close to the backing plate. Yield
and tensile strengths of the weld metal were 193
and 448 MPa (28 and 65 ksi), respectively, com-
pared with 103 and 406 MPa (15 and 60 ksi) for
the base material. Elongation was 34% for the
transverse specimen, compared to 50% for the
base material. Very little tool wear was ob-
served in this weld.

Alloy 600 plates (~6 mm thick) were butt
welded using a PCBN tool. Spindle speed was
450 rpm, and travel rate was 56 mm/min (2.2
in./min). Substantial grain refinement was
observed in the stir zone. Mechanical properties
were excellent. Yield strength and ultimate
strength were 370 and 720 MPa (54 and 104
ksi), respectively, compared with 265 and 630
MPa (38 and 92 ksi) for the base metal. Elon-
gation was reduced from 50% in the base metal
to 27% in the transverse weld specimen. How-
ever, it is important to recognize that the non-

uniform deformation in transverse weld speci-
mens generally results in reduced elongation
measurements.

Alloy 718 sheets (3.2 mm thick) were butt
welded using a tool with a 16 mm diameter
shoulder. Spindle speed was 500 rpm, and travel
speed was 50 mm/min (2.0 in./min). The weld
was fully consolidated and exhibited substantial
grain refinement as compared with the base
material. Yield and ultimate strengths of the
transverse weld specimens were 670 and 985
MPa (97 and 143 ksi), respectively. There was
not enough material available to make a base-
metal measurement. However, for comparison
purposes, typical yield and tensile strengths are
460 and 895 MPa (67 and 130 ksi) for alloy 718
in the annealed condition and 1170 and 1390
MPa (170 and 202 ksi) in the precipitation-
hardened condition.

6.4.6 Specialty Alloys
Narloy-Z plates (~6 mm thick) were

welded at Boeing’s Huntington Beach facility
using the ESAB SuperStir machine. The weld
was made at 450 rpm and 100 mm/min (4.0
in./min). The surface finish of the resulting weld
appeared excellent. There was no visible tool
wear. Microstructural and tensile data are not
available.

Ni-Al Bronze. Cast Ni-Al bronze has been
friction stir processed (FSP), as reported by Ref
26. Yield strength of the FSP material (420
MPa, or 61 ksi) was more than double that of 
the cast alloy (193 MPa, or 28 ksi). Tensile
strength also increased substantially due to the
processing (700 MPa compared with 420, or
102 ksi compared with 61). However, elonga-
tion dropped to 14%, compared with 20% in the
as-cast material. Surface finish and tool life
were both excellent. In addition to the improve-
ment in as-cast properties, FSP was demon-
strated to reduce or eliminate internal porosity
due to casting defects.

Invar has been welded in a variety of thick-
nesses with different welding parameters. Sur-
face finish has been excellent. Weld distortion
has been low. Welds are fully consolidated. No
mechanical properties are available at this time.

6.5 Additional Benefits

One of the mounting obstacles facing welded
fabrication is the mandated restriction of haz-
ardous fumes from arc welding processes. Both
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Table 6.2 Airborne emissions associated with
welding 304 stainless steel comparing gas
tungsten arc welding to friction stir welding

Element emission, mg/m3

Welding Hexavalent
process Chromium Copper Manganese chromium

Tungsten inert gas 0.25 0.11 1.88 0.02
welding

Friction stir welding <0.03 <0.03 <0.02 <0.01

Courtesy of M.W. Mahoney, Rockwell Scientific

hexavalent chromium and manganese are under
heavy scrutiny in the United States and Euro-
pean communities. It is anticipated that the new
Occupational Safety and Health Administration
(OSHA) restrictions on permissible exposure
limits of hexavalent chromium will dramati-
cally increase the cost of welded fabrication in
the United States.

Generally, solid-state welding processes are
not known for hazardous fume generation.
Although it was assumed that FSW would fall
into this category, FSW had never been evalu-
ated specifically for hazardous fumes. Refer-
ence 27 compared both gas tungsten arc weld-
ing (GTAW) and FSW to evaluate the two in a
side-by-side evaluation. Both processes were
completely enclosed in sealed containers with
both inlet and outlet filters. Over the same dura-
tion of weld time, the GTAW process generated
1.88 and 0.02 mg/m3 of manganese and hexava-
lent chromium, respectively. In contrast, fume
generation for FSW was below detectable lim-
its. The results of this investigation are shown in
Table 6.2.

6.6 Summary

Friction stir welding of materials with high
softening temperatures has been demonstrated
to be technically feasible for a wide range of
alloys. Pin tool lengths of up to 7.5 mm (0.3 in.)
have been reported in the literature, which
should allow single-sided welds of up to 8 mm
(0.315 in.). Single-sided welds in thicknesses up
to 6.4 mm (0.25 in.) have been successfully
achieved. Double-sided welds of up to 13 mm
(0.5 in.) have been demonstrated.

Two major classes of tool materials have
been used for FSW of high-temperature mate-
rials. Refractory metal alloys, primarily W-
25%Re, have been used to successfully weld

carbon steels, austenitic stainless steels, and
titanium. Initially, tool wear was severe, but
recent improvements in processing of the tool
material have led to decreased tool wear and
increased tool life. Tool life as long as 4 m 
(13 ft) per tool has been reported. Initial prob-
lems with tool material contamination of the
weld appear to have been greatly reduced.

Superabrasive tools, primarily PCBN, have
been used to successfully weld ferritic steels,
ferritic stainless steels, austenitic stainless
steels, nickel-base superalloys, Invar, and
Narloy-Z. Attempts to weld titanium with
PCBN tools have been inconclusive. Tool life
of 80 m (260 ft) has been demonstrated in FSW
of 1018 steel, and very low tool wear has been
reported on all other alloys. The primary con-
cern in tool life continues to be fracture, and
developments in PCBN grades continue to
improve the fracture toughness of the FSW
tools. The PCBN tools provide an extremely
smooth finish when used for FSW or FSP.

Properties of friction stir welds in all of the
alloys tested appear to be excellent. In some
cases, they exceed the properties of the base
metal. In virtually all cases, they exceed the prop-
erties of alternative fusion welding processes.
Further, FSW has been demonstrated to produce
lower distortion than GMAW and SAW in the
welding of 13 mm thick HSLA-65 steel.
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CHAPTER 7

Microstructure and Mechanical 
Properties of Friction Stir Welded
Titanium Alloys
T.J. Lienert, MST Division, Los Alamos National Laboratory

FRICTION STIR WELDING (FSW) of tita-
nium alloys is currently a research area of con-
siderable interest. The objective of this chapter
is to summarize the current understanding of
FSW of titanium alloys by reporting on their
microstructures, microstructural evolution, and
mechanical properties. The chapter is organized
as follows. It begins with a review of the metal-
lurgy of titanium alloys and a brief discussion
on tooling and equipment considerations for
FSW of titanium alloys. Subsequently, several
studies of FSW of titanium alloys by various
researchers are reviewed. Finally, general
trends on the subject are summarized, and future
needs are discussed.

7.1 Titanium Alloys Overview

General Metallurgy. Titanium and its al-
loys possess a unique combination of properties.
They are lightweight and can also be processed to
give a variety of useful combinations of mechan-
ical properties. Many titanium alloys are found in
high-performance applications such as aero-
space structures, where their high strength-to-
weight ratio provides considerable advantage.
Additionally, they exhibit good corrosion resis-
tance in many environments, facilitating their
use in chemical-processing, power-generation,
and medical prosthesis applications.

Pure titanium experiences an allotropic trans-
formation from the hexagonal close-packed
(hcp) alpha (�) phase to the body-centered

cubic (bcc) beta (�) phase as its temperature is
increased through 882.5 °C (1620.5 °F). Alloy-
ing of titanium can be performed to produce a
wide variety of microstructures and properties
that can be tailored for specific applications.
Addition of alloying elements to pure titanium
can affect the phase balance (Ref 1). Alloying
elements such as aluminum and oxygen tend to
promote the � phase and are termed � stabiliz-
ers. Other elements, for example, molybdenum,
vanadium, and chromium, are called � stabiliz-
ers, because they promote the � phase.

Many different titanium alloys have been
developed for a large variety of applications.
Titanium alloys are generally classified accord-
ing to the equilibrium phases present in their
microstructure at room temperature (Ref 1).
They can be classified as commercially pure
(CP) alloys and alpha alloys that mainly contain
the hcp phase, alpha-beta alloys that contain
both phases, and metastable beta alloys and beta
alloys that consist largely of the bcc phase.

The schematic pseudobinary phase diagram
shown in Fig. 7.1 can be used to understand the
classification of titanium alloys. The diagram
depicts the different phase fields on a plot of
temperature versus the percent of � stabilizers
added to a titanium alloy already containing
some amount of � stabilizer. The upper solid
curve is called the �-transus curve, while the
lower solid curve is the � transus. The two
dashed curves indicate the locus of the marten-
site start (Ms) and martensite finish (Mf) tem-
peratures as a function of composition.
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Fig. 7.1 Schematic pseudobinary phase diagram for titanium alloys. CP, commercially pure; Ms, martensite start temperature; Mf,
martensite finish temperature

Alloys with compositions less than the point
where the � transus meets the composition axis
are termed � alloys. The CP alloy discussed in
this chapter is an example of an � alloy. Those
with compositions greater than the point where
the � transus meets the axis are termed � alloys.
Those with compositions in between have a
microstructure of � and � phases at ambient tem-
perature under equilibrium conditions. Two
types of these alloys can be identified. One type
has composition limits between the � transus and
the Ms curve and can be described by the term �-
� alloy. The Ti-6Al-4V alloy discussed later in
this chapter is a common �-� alloy. The second
type is given the name metastable � alloy. Com-
position limits for metastable � alloys fall
between the Ms and the � transus. Metastable
beta alloys can best be described as alpha-beta
alloys that contain an appreciable level of beta
stabilizers. The low diffusivity of the beta stabi-
lizers promotes complete retention of beta phase
to room temperature at moderate cooling rates.
The Ti-15V-3Cr-3Al-3Sn and Beta 21-S alloys
are common metastable beta alloys.

Welding of Titanium Alloys. Welding is an
effective manufacturing method for joining
components to produce structures. However,
welding of titanium alloys is complicated by
problems associated with their high reactivity.
Titanium alloys rapidly dissolve oxygen, nitro-
gen, and hydrogen at temperatures above 500 °C
(930 °F), resulting in subsequent embrittlement

(Ref 2, 3). Dissolution of these gases is espe-
cially rapid in the liquid phase. As a result, weld-
ing processes must be carried out in inert or vac-
uum environments to avoid embrittlement.
Moreover, parts to be welded and filler metals
must be solvent cleaned to remove hydrocarbon-
base oils and moisture to prevent embrittlement.
Heating of material in the heat-affected zone
(HAZ) above the beta-transus temperature can
also result in grain growth and produce coarse
columnar grains in the fusion zone, resulting in a
loss of ductility. Finally, welding can also place
certain regions of the welded structure in a state
of residual tensile stress, creating concern over
subsequent fatigue performance. As a conse-
quence, weldments of titanium alloys are often
given a stress-relief heat treatment prior to ser-
vice. Welding processes used to join titanium
alloys include gas tungsten arc welding, plasma
arc welding, and electron beam welding. Braz-
ing and solid-state welding processes such as
friction welding have also been used to join tita-
nium alloys (Ref. 2, 3).

7.2 Overview of Alloys Successfully
Welded with FSW

Of the many titanium alloys available, only a
few have been studied for FSW. These alloys
studied include CP alloys, Ti-6Al-4V, Ti-15V-
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Table 7.1 Nominal compositions of common
titanium alloys

Composition, wt%

Alloy Al Mo Sn V Other

CP-Ti (grade 2) . . . . . . . . . . . . . . .
Ti-6Al-4V 6 . . . . . . 4 . . .
Ti-15-3 3 . . . 3 15 3Cr
Beta 21-S 3 15 . . . . . . 3Nb, 0.2Si

Table 7.2 Impurity limits for common titanium
alloys

Composition, wt%

Alloys N C H Fe O

CP-Ti (grade 2) 0.03 0.08 0.015 0.30 0.25
Ti-6Al-4V 0.05 0.10 0.0125 0.30 0.20
Ti-6Al-4V (ELI)(a) 0.05 0.08 0.0125 0.35 0.13
Ti-15-3 0.05 0.05 0.015 0.25 0.13
Beta 21-S 0.05 0.05 0.015 0.40 0.15

(a) ELI, extra-low interstitial

Table 7.3 Minimum room-temperature
properties of common titanium alloys

Ultimate tensile 0.2% yield
strength strength

Elongation, 
Alloy Condition MPa ksi MPa ksi %

CP-Ti . . . 345 50 276 40 20
(grade 2)

Ti-6Al-4V Mill annealed 896 130 827 120 14
Ti-6Al-4V Solution treated 1172 170 1103 160 10

and aged
Ti-6Al-4V Mill 827 120 758 110 15

(ELI)(a) annealed
Ti-15-3 Solution treated 786 114 772 112 20

and aged
Ti-15-3 Aged (540 °C, 

or 1000 °F) 1089 158 952 138 10
Beta 21-S Aged (540 °C, 

or 1000 °F) 1413 205 1345 195 6.5

(a) ELI, extra-low interstitial

3Cr-3Al-3Sn, and Beta 21-S. The following
sections provide further background on the
compositions, metallurgical information, and
uses of each alloy.

Commercially pure titanium-alloys are
available in four grades that are distinguished
according to the amount of impurities, such as
carbon, hydrogen, nitrogen, oxygen, and iron,
present (Ref 1). These alloys typically have
greater than 1000 ppm of total impurities, pri-
marily oxygen. The mechanical properties of
CP titanium alloys are strongly affected by even
small variations in the impurity content. Conse-
quently, the CP titanium grades are not classi-
fied by composition but rather by mechanical
properties.

These alloys have an hcp crystal structure
known as alpha phase. The beta-transus temper-
ature of CP titanium alloys is ~910 ± 15 °C
(1670 ± 27 °F), depending on the oxygen con-
tent (Ref 1). These alloys are not strengthened
by heat treatment, like some other titanium
alloys. They also have excellent corrosion resis-
tance in seawater and marine environments.

The most common grade of CP titanium is
grade 2, also known as R50400 in the UNS sys-
tem (Ref 1). The compositions of grade 2 tita-
nium alloys are summarized in Tables 7.1 and
7.2, while the minimum room-temperature ten-
sile properties are provided in Table 7.3 (Ref 1).
Grade 2 titanium has a minimum yield strength

of 276 MPa (40 ksi). The greater iron and oxy-
gen contents of grade 2 versus grade 1 impart
increased yield and tensile strength with slightly
lower ductility. Typical uses for grade 2 tita-
nium include chemical and marine applications,
desalination equipment, and airframe skin as
well as pump parts and piping systems.

Ti-6Al-4V Alloys. Ti-6Al-4V is the “work-
horse” titanium alloy, because it is the most
widely used of all titanium alloys. It is available
in several formulations, including the commer-
cial-impurity level and extra-low interstitial
grades (Ref 1). Ti-6Al-4V products can be pro-
duced in wrought, cast, and powder metallurgy
forms.

Ti-6Al-4V is an alpha-beta alloy that can be
modified extensively by both thermal and ther-
momechanical processing to produce a large
variety of microstructures and hence a wide
spectrum of mechanical properties. The beta-
transus temperature is approximately 1000 °C
(1830 °F) and is a function of interstitial content
(Ref 1). Samples of Ti-6Al-4V cooled at rela-
tively slow rates from elevated temperatures
contain mainly the alpha and beta phases as a
result of diffusional transformations, while
those cooled rapidly may also contain marten-
sitic phases such as the �� (hcp structure) or the
�� (orthorhombic structure) phases.

The composition and minimum room-temper-
ature tensile properties of Ti-6Al-4V alloys are
summarized in Tables 7.1 to 7.3 (Ref 1). The
alloy is most commonly produced in the mill-
annealed condition, where it displays a useful
combination of strength, toughness, ductility,
and fatigue properties. It is also found in the
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beta-annealed condition (annealed above the
beta transus) and the solution-treated, quenched,
and aged condition.

Ti-6Al-4V was developed for applications
requiring high strength and low-to-moderate
temperatures. The alloy has a high strength-to-
weight ratio and good corrosion resistance in
many environments. Ti-6Al-4V finds use in
aerospace, automotive, and marine applications
as well as for orthopedic implants.

Ti-15V-3Cr-3Al-3Sn Alloys. The meta-
stable beta alloy Ti-15V-3Cr-3Al-3Sn-(here-
after referred to as Ti-15-3) is a solute-rich
alpha-beta alloy that was developed to lower
fabrication costs (Ref 1). Composition ranges
and room- temperature tensile properties for Ti-
15-3 are summarized in Tables 7.1 to 7.3. It is
produced in sheet form and has excellent form-
ing characteristics at ambient temperature. It can
be aged after processing to a spectrum of
strength levels. Ti-15-3 has a beta-transus tem-
perature of approximately 760 °C (1400 °F) (Ref
1). It is solution annealed at 780 °C (1435 °F) and
can be aged between 480 and 540 °C (895 and
1000 °F) to precipitate alpha phase. The Ti-15-3
alloy has lower production costs than the Ti-6Al-
4V alloy and finds use in airframe structures. It is
normally found in sheet form, owing to the need
to achieve cooling rates fast enough to prevent
precipitation of the alpha phase.

Beta 21-S. The Beta 21-S alloy is a rela-
tively new metastable beta alloy (Ref 1). It was
designed to have good formability, similar to
Ti-15-3, but also has improved oxidation resis-
tance, creep resistance, and high-temperature
strength relative to Ti-15-3. Composition
ranges and room-temperature tensile properties
for Beta 21-S are listed in Tables 7.1 to 7.3. The
alloy contains approximately 15% Mo, 3% Al,
and 2.8% Nb, with additions of silicon (Ref 1).
It is normally provided in the beta solution-
treated condition. Beta 21-S has an elastic
modulus close to that of bone and finds use in
prosthetic application. It has excellent high-
temperature stability and can be used at temper-
atures up to 290 °C (550 °F).

7.3 Tooling and Equipment
Considerations

Friction stir welding of titanium alloys differs
from FSW of aluminum alloys with regard to the
demands placed on the tools and FSW machine.
Friction stir welding can be conveniently viewed

as a hot working process that is used to join met-
als. Hot working can be described as deformation
processing at temperatures above 50 to 60% of
the absolute melting temperature of the metal.
The much higher hot working temperatures of
titanium alloys relative to Al alloys limit the
choice of tool materials to refractory metals such
as tungsten (including tungsten-rhenium) and
molybdenum alloys or robust cermets such as
WC/Co. Tool life is a clear concern for these
materials. Hot titanium is an excellent solvent for
many of the components of these tools. Strate-
gies to minimize wear and deformation of the
tool, especially the pin, must be developed. Suc-
cessful FSWs have been produced on titanium
alloys using CP tungsten, W-25%Re tungsten-
rhenium with HfC, and sintered TiC tools.

The reactivity of the titanium alloys as well as
the refractory metals tools is another concern.
Elimination of atmospheric contamination is
required to limit pickup of nitrogen, oxygen,
and hydrogen from the atmosphere by both
workpiece and tools in order to avoid embrittle-
ment. Hence, the use of inert gas shielding is
required during FSW of titanium alloys. Use of
an inert gas chamber that can be backfilled with
inert gas prior to each weld is preferred.

Finally, considerable heat energy is lost to the
tool and then to the tool holder and machine
spindle during FSW of titanium alloys. Use of a
cooled tool holder, similar to that employed by
Lienert and coworkers, is recommended to pre-
vent damage to the FSW machine.

7.4 FSW of Mill-Annealed Ti-6Al-4V
Plate

A comprehensive study of FSW of mill-
annealed Ti-6Al-4V has been completed by
Lienert and coworkers (Ref 4). The procedures,
results, and discussion provided as follows are
excerpted from that reference. Friction stir welds
were produced on plates of a Ti-6Al-4V alloy in
the mill-annealed condition. The composition of
the specific alloy was 6.4% Al, 3.85% V, 0.22%
Fe, 0.18% O, and 0.013% H (all weight percent),
with the balance titanium. The pin was 0.64 cm
(0.25 in.) in length and 0.79 cm (0.31 in.) in diam-
eter. The tool was machined from CP tungsten,
and the pin did not feature any threads or other
profiling. Welds were made at travel speeds up to
0.17 cm/s (0.067 in./s) using a tool with a 1.9 cm
(0.75 in.) diameter shoulder. The tool was rotated
at 275 rpm for all of the welds made in this 
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Fig. 7.2 Tool thermal cycles from two separate friction stir
welds on Ti-6Al-4V. Thermocouples were attached 

at two vertical locations on the tool periphery.

Table 7.4 Summary of tool temperatures (T ) as a function of distance above the tool shoulder (z ),
temperature gradients along the tool, and extrapolated shoulder temperatures for friction stir welds
of Ti-6Al-4V (from four tests)

Position 1 Peak temperature (T) Position 2 Peak T DT/Dz T at z = 0

Test cm in. °C °F cm in. °C °F °C/cm °F/in. °C °F

1 0.64 0.25 895 1645 0.95 0.37 820 1510 240 465 1045 1915
2 0.64 0.25 875 1605 0.95 0.37 750 1380 390 735 1125 2055
3 0.64 0.25 930 1705 0.95 0.37 825 1515 330 625 1140 2085
4 0.32 0.13 990 1815 0.95 0.37 830 1525 500 930 1150 2100

study. The tool and workpiece were protected
from surface oxidation by welding in an inert 
gas chamber. For each weld, thermocouples
were firmly attached to the circumference of the
tool at two different distances above the shoul-
der. Thermocouples were also attached at several
locations on the top and bottom surfaces of 
the workpiece. Microstructures of the different
weld regions were characterized using light opti-
cal microscopy and scanning electron micro-
scopy. Mechanical properties were assessed with
microhardness and room-temperature tensile
testing.

7.4.1 Tool and Workpiece
Temperatures

The tool and the flashing surrounding the tool
glowed a reddish-orange color during welding,
suggesting peak temperatures of at least 1100 °C
(2010 °F). Tool thermal cycles from two separate
experiments are presented in Fig. 7.2, and data
from tool thermocouples from four experiments
are summarized in Table 7.4. Plunge time is
given for the left side of Fig. 7.2, and tool travel is
depicted in the right half of Fig. 7.2. When the

tool reached steady state, the thermal gradient
along the length of the tool became linear, and the
gradient (�T/�z, where z is the distance from the
shoulder along the height of the tool) was esti-
mated from the two temperatures. Subsequently,
the temperature at the shoulder of the tool (z = 0)
can be estimated by extrapolation. Estimated
gradients and shoulder temperatures are also
given in Table 7.4.

As shown in Table 7.4, the peak temperatures
at a distance of 0.64 cm (0.25 in.) from the end
of the tool shoulder ranged from 875 to 930 °C
(1605 to 1705 °F,) while the peak temperatures
at a distance of 0.95 cm (0.37 in.) from the end
of the tool shoulder varied from 750 to 830 °C
(1380 to 1525 °F). The temperature gradients
along the tool, assuming one-dimensional heat
flow, ranged from 240 to 500 °C/cm (465 to 
930 °F/in.), and the temperatures at the end of
the shoulder (z = 0), determined by extrapola-
tion from the lower thermocouple (at a known
position), varied from 1045 to 1150 °C (1915 to
2100 °F). The average of the four shoulder tem-
peratures from Table 7.4 is 1115 °C (2040 °F).
The range of values reported here may stem
from inaccuracies in position of the thermocou-
ple placement (±0.3 mm, or 0.012 in.).

Plots of the thermal cycles recorded from
thermocouples on the workpiece are shown in
Fig. 7.3, and a summary of thermocouple data
for the workpiece is presented in Table 7.5.
Thermocouples placed to fall within the HAZ at
a position ~0.05 cm (0.02 in.) from the end of
the pin and ~0.32 cm (0.13 in.) from the weld
centerline recorded peak temperatures in the
range of 850 to 890 °C (1560 to 1635 °F). Cool-
ing rates through the Ms temperature (~800 °C,
or 1470 °F) (Ref 1) were in the range of 40 °C/s
(70 °F/)s. Assuming cooling rates of the same
order of magnitude throughout the rest of the
weld region, as suggested from calculations for
arc welds by Adams (Ref 5), the cooling rate
through the Ms for these welds was approxi-
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Table 7.5 Summary of workpiece
temperatures for friction stir welds of Ti-6Al-4V

Peak temperature Cooling rate

Position(a) °C °F °C/s °F/s

0.049 cm (0.019 in.) from 
weld CL AB 887 1628 36 65

0.049 cm (0.019 in.) 
from weld CL RB 856 1573 42 76

0.041 cm (0.016 in.) 
from SZ/HAZ boundary RT 525 977 N/A

0.036 cm (0.014 in.) 
from SZ/HAZ boundary AT 540 1000 N/A

(a) CL, centerline; A, advancing side; B, bottom of plate; R, retreating side; T,
top of plate; SZ, stir zone; HAZ, heat-affected zone

Fig. 7.3 Typical heat-affected zone thermal cycles for fric-
tion stir welds on Ti-6Al-4V. A, advancing side; 

R, retreating side

Fig. 7.4 Micrographs of the Ti-6Al-4V base metal. (a) Opti-
cal micrograph. (b) Scanning electron microscope/ 

backscattered electron micrograph. Grains are nearly equiaxed.
Microstructure is primarily a phase, with � phase located at
grain boundaries. Arrows indicate grain-boundary � phase.

mately 40 °C/s across the entire weld region,
including the stir zone.

7.4.2 Microstructural Characterization
The base metal of the Ti-6Al-4V alloy used in

this study was comprised of relatively equiaxed
grains of � with smaller amounts of grain-
boundary � phase (Figure 7.4a, b). Figure 7.4(a)
is an optical micrograph of the base metal. The
dark etching phase indicated by the arrows is the
grain-boundary � phase. Figure 7.4(b) is a scan-
ning electron microscope (SEM) micrograph of
the base metal taken using backscattered elec-
tron BE imaging mode. Note the reversal of
contrast between the optical and SEM/BE
images in Fig. 7.4 and subsequent figures. The
average grain diameter was determined by a lin-
ear intercept method at approximately 18 μm.

Figure 7.5 is an optical micrograph of the var-
ious weld regions from a section taken trans-
verse to the welding direction. Several micro-
structurally distinct weld regions with different
etching can be observed in the figure, including
the stir zone or nugget and the HAZ response.
Figure 7.6 is an optical micrograph of the 
stir zone, thermomechanically affected zone
(TMAZ), and the HAZ, also from a transverse
section. The boundaries between different
regions are indicated by dotted lines. Grains of
the stir zone and the TMAZ are elongated in a
direction parallel to the boundary, indicating
evidence of deformation during FSW.

Temperature measurements and microstruc-
tures observed in the stir zone suggest that peak
temperatures surpassed the � transus. The con-
centric ring patterns found in the stir zones of
friction stir welds on aluminum alloys were not
seen in welds on the titanium alloy, owing to the

(a)

(b)
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Fig. 7.5 Optical macrograph of the various weld regions for friction stir welding on Ti-6Al-4V. HAZ, heat-affected zone

microstructural modification associated with
the solid-state �-to-� transformation on cooling
and the lack of threads on the pin used here. The
center of the stir zone contained grains with
grain-boundary � phase and fine acicular �
phase emanating from the grain-boundary �
phase into the prior-� grains as a result of the
relatively rapid cooling rate (Fig. 7.7a). The
grains were not perfectly equiaxed and exhib-
ited some elongation along an axis running from
lower left to upper right in Fig. 7.7(a). Average
grain diameters were 19.55 ± 5.9 μm along the
long axis and 11.45 ± 0.56 μm along the shorter
axis. A mean grain diameter of 15.5 μm is
obtained by averaging the two diameters.
Smaller grain sizes were observed just adjacent
to the top surface of the stir zone, presumably
resulting from the greater amounts of strain

Fig. 7.6 Optical micrograph of the stir zone heat-and-defor-
mation-affected zone (HDAZ), and heat-affected 

zone (HAZ) for friction stir welding on Ti-6Al-4V. The dotted
lines indicate the boundaries between different regions. Prior-�
grains in the stir zone and grains in the HDAZ are elongated par-
allel to the boundary.

Fig. 7.7 Optical micrographs of the stir zone for friction stir
welding on Ti-6Al-4V. (a) Center of stir zone show-

ing equiaxed grains with grain-boundary � phase and fine acic-
ular � phase in a � matrix. (b) Near top surface, showing finer
prior-� grain size than (a)  

(a)

(b)

experienced locally due to continued and direct
interaction with the tool shoulder (Fig. 7.7b). A
gradient in grain size from the bottom of Fig.
7.7(b) to the top was apparent.
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Fig. 7.9 Optical micrographs of the heat-affected zone
(HAZ) for friction stir welding on Ti-6Al-4V, show-

ing different volume fractions of � and � phases. (a) Far HAZ.
GB, grain boundary. (b) Near HAZ

Fig. 7.8 Scanning electron microscope/backscattered elec-
tron micrograph of the stir zone for friction stir 

welding on Ti-6Al-4V. Arrows indicate grain-boundary (GB) �
phase.

(a)

(b)

These observations were corroborated by
SEM/BE images of the stir zone at higher mag-
nifications. Figure 7.8 is an SEM/BE image of
the stir zone adjacent to the TMAZ. Note that no
untransformed � phase was evident in the stir
zone microstructures. The microstructure of the
stir zone was characterized by continuous �
phase along prior-� boundaries and fine acicular
� that grew into prior-� grains that were elon-
gated slightly in a direction parallel to the stir
zone/HAZ boundary. Note that no untrans-
formed � phase was evident in the stir zone
microstructures. Moreover, no martensitic ��
phase was observed in the stir zone.

Microstructural evidence from optical micro-
graphs revealed that regions corresponding to
the HAZ experienced peak temperatures well
below the �-transus temperature, resulting in
some transformation of the � phase to � during
heating (Fig. 7.9a). Examinations also indicated
that regions corresponding to the TMAZ under-
went peak temperatures just below the �-transus
temperature, resulting in considerable transfor-
mation of the � phase during heating (Fig. 7.9b).
Note that two forms of the � phase were
observed in the HAZ. Regions that appear as
grain-boundary and acicular �-phase regions
were present as � phase at the peak temperature
of the thermal cycle imposed by welding. These
regions transformed from the prior-� phase dur-
ing cooling. Consequently, they are referred to
as transformed � products. Other regions of a
phase never transformed to � during heating and
are referred to as untransformed �. Regions of
untransformed � are evident in the micrograph
shown in Fig. 7.9(b).

These observations were corroborated by
SEM/BE images of the same regions at higher
magnifications. Figure 7.10 is an SEM/BE image
of the near HAZ. As in Fig. 7.9(b), pockets of
untransformed � (dark contrast) are apparent. As
a result of decomposition of prior-� phase during
cooling, fine grain-boundary � phase is also seen
along prior-� boundaries, and fine acicular �
phase is found throughout the prior-� grains.
Note that unlike the continuous grain-boundary
� phase seen in the stir zone (Fig. 7.8), the grain-
boundary � phase in the near HAZ appears as
clusters of a globular shape.

7.4.3 Microhardness and Tensile
Results

A plot of typical microhardness data is given
in Fig. 7.11. Results revealed an increase in
hardness from approximately 340 Vickers hard-
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Fig. 7.10 Scanning electron microscope/backscattered
electron micrograph of the near heat-affected 

zone for friction stir welding on Ti-6Al-4V. GB, grain boundary

Fig. 7.11 Microhardness data for a traverse across the entire weld region for friction stir welding on Ti-6Al-4V. Note the increase
in hardness of the heat-affected zone (HAZ)

ness number (VHN) in the base metal and stir
zone to 370 VHN in the HAZ. Tensile data for
the base metal and welds are presented in Table
7.6. Reported values for tensile data represent
the average of three tests. Both the average and
standard deviation are given in the table for each
value. The welds exhibited 100% joint effi-
ciency with respect to both yield and tensile
strength, where joint efficiency is defined as the

strength value (yield or tensile) for the weld
sample divided by that of the base metal. The
percent elongation for the base metal and weld
samples was identical. Failure of the weld ten-
sile samples occurred in the gage section in
regions corresponding to the base metal. The
lack of oxygen pickup after welding indicated
the efficacy of the acrylic glass inert gas cham-
ber and suggests that hardness and tensile prop-
erties of the welds were not influenced by oxy-
gen content.

7.4.4 Discussion
Stir Zone Temperatures. Extrapolation of

temperature gradients determined from the ther-
mocouple measurements on the tools suggests
that temperatures at the tool shoulder exceeded
1115 °C (2040 °F), the average temperature
found from the four experiments summarized in
Table 7.4, and may have been as high as the
maximum temperature measured, 1150 °C
(2100 °F). Because the tool was spinning and
was held against the workpiece under consider-
able pressure, asperity contact was eliminated,
and the tool was in intimate contact with the
workpiece across the entire tool/workpiece
interface. Hence, to a first-order approximation,

Table 7.6 Tensile test results for friction stir welds (FSWs) of Ti-6Al-4V

Yield strength Tensile strength

Component MPa ksi MPa ksi Elongation, % Failure location

Base metal 897 ± 0.7 130.1 ± 0.1 957.7 ± 3.4 138.9 ± 0.5 12.7 ± 0.5 N/A
FSW 912.9 ± 8.3 132.4 ± 1.2 1013.5 ± 8.3 147.0 ± 1.2 12.7 ± 0.9 Base
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there was no discontinuity in temperature across
the interface, and the workpiece material and
tool shoulder were at the same temperature dur-
ing steady state.

Consequently, the material at the top of the
stir zone experienced temperatures above 
1115 °C and possibly as high as 1150 °C. The �-
transus temperature for the Ti-6Al-4V alloy
used here is approximately 1010 °C (1850 °F),
based on its oxygen content (Ref 1). Note that
these temperatures are well above the �-transus
temperature for the Ti-6Al-4V alloy and are
consistent with microstructural observations de-
scribed earlier.

Cooling Rates. Formation of the �� marten-
site phase in Ti-6Al-4V alloys typically requires
fairly fast cooling rates, such as those experi-
enced during water quenching (Ref 1). A con-
tinuous cooling transformation (CCT) diagram
for Ti-6Al-4V, reported by Ahmed and Rack
(Ref 6), indicates that a cooling rate in excess of
410 °C/s (740 °F/s) is required to produce a
fully martensitic structure, and that cooling
rates lower than 20 °C/s (35 °F/s) result entirely
in diffusional transformations. Tanner (Ref 7)
has also published a partial isothermal time-
temperature transformation diagram for Ti-6Al-
4V alloys that suggests that cooling rates in
excess of 120 °C/s (215 °F/s) are required for
any �� martensite to form.

As discussed earlier, thermocouples placed
near the bottom of the stir zone recorded cool-
ing rates of approximately 40 °C/s (70 °F/s)
through the Ms temperature of the Ti-6Al-4V
alloy. Adams (Ref 5) showed for arc welds on
steel that the cooling rates through the Ms (for
steels) were of the same order of magnitude
throughout the entire weld region, including the
fusion zone and the HAZ. This result suggests
that the cooling rates through the Ms for the Ti-
6Al-4V welds were on the order of 40 °C/s
across the entire FSW weld region, including
the stir zone. In light of the transformation dia-
grams described previously (Ref 6, 7) and in
accord with the microstructural observations,
this cooling rate was too slow to result in for-
mation of �� martensite.

Strain-Rate Estimates in the Stir Zone.
Strain rates during FSW have not been mea-
sured experimentally. However, several model-
ing techniques have been used to estimate the
strain rates during FSW of aluminum alloys,
including a kinematic approach (Ref 8), CTH or
hydrocode (Sandia National Laboratories) (Ref
9), computational fluid dynamics models (Ref

10, 11), and solid-mechanics models (Ref 12–
15) as well as a formalism using the Zener-
Holloman parameter (Ref 16, 17). Plastic strain
rates ranging from 101 to 103 s–1 have been
reported, with the consensus of estimates
between 102 and 103 s–1.

Using an analogy with metal cutting, Nunes
et al. (Ref 8) developed an expression for the
mean shear strain rate over the flow path, based
on kinematic considerations:

d�/dt � r�2N (Eq 7.1)

where t is time, r is the radius of a plug of mate-
rial rotating with the pin (taken to be the radius
of the pin) and shearing against a single slip sur-
face, � is the angular velocity of rotation of the
pin, and V is the forward velocity of the tool.
This expression represents a lower bound for
the maximum strain rate. Using the pin radius
and revolutions per minute (rpm) for this work,
the expression gives an approximate strain rate
of ~2.0 × 103 s–1 at the slip surface. Strain rates
are expected to decrease to lower values with
distance from the slip surface.

Strain rates during friction welding (Ref 16)
and FSW (Ref 17) of aluminum alloys have also
been estimated with an approach that uses the
subgrain size along with the Zener-Holloman
(Z) parameter. The Zener-Holloman parameter
is essentially a temperature-compensated strain
rate and is defined as (Ref 18):

Z = A�n = 	· exp (+Q/RT ) (Eq 7.2)

where A is a frequency factor, � is the flow stress
(true stress), n is the stress exponent, 	· is the true
strain rate, Q is the apparent activation energy
for the controlling process, R is the gas constant,
and T is the absolute temperature. An additional
relationship between Z and the grain or subgrain
size can be determined from experiment. Using
published data on the relationship between the
subgrain size and Z, Frigaard et al. (Ref 17)
reported calculated maximum strain rates on the
order of 101 for FSW of aluminum alloys.

Using a similar approach, strain rates for
FSW of Ti-6Al-4V may be estimated using
peak temperatures determined here along with
published information on the activation energy
and Z. Seshacharyulu and coworkers (Ref 19,
20) have developed the following relationship
between the prior-� grain size (dp�) and Z for Ti-
6Al-4V processed in the � regime at strain rates
below 1 s–1:

dp� = 1954.3 × Z–0.172 (μm) (Eq 7.3)
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Assuming a mean grain size of 15.5 μm, as
determined from linear intercept measurements,
yields a Z of 1.634 × 1012 s–1. Li et al. (Ref 21)
determined an activation energy of 246 kJ/mole
for a Ti-6Al-4V alloy tested in the � regime at
strain rates up to 15 s–1. Using this value of acti-
vation energy and the Z determined previously,
strain rates ranging from 1.5 × 103 to 2.9 × 102 s–1

were determined over the span of temperatures
from 1150 to 1045 °C (2100 to 1915 °F), in excel-
lent agreement with those found with the kine-
matic approach and modeling data outlined pre-
viously. However, note that the strain rates found
with this method are outside the range used to
determine the relationship between the prior-�
grain size and Z, and some doubt may exist
regarding the validity of the results despite the
close agreement with other methods.

Microstructural Evolution in the Stir
Zone. Final microstructural features of interest
include grain size and morphology as well as the
type of phases, phase fractions, and distribution.
First, efforts are made to rationalize the refined
grain structure of the stir zone by comparison of
FSW conditions with those of published hot
working diagrams. Subsequently, the types of
phases and their distribution are addressed by
relating peak temperatures and cooling rates 
of FSW with published CCT diagrams for Ti-
6Al-4V.

To recapitulate, microstructural observations
and extrapolation of tool temperature profiles to
the tool/stir zone interface suggest that the stir
zone experiences peak temperatures above the
beta transus. Peak temperatures in the stir zone
may have reached as high as 1150 °C (2100 °F).
Moreover, the absence of any retained � phase
in the stir zone indicates that time above the �
transus was sufficient to allow complete trans-
formation of the stir zone to � phase. Finally,
strain rates in the range of 102 and 103 s–1 have
been estimated.

To facilitate an understanding of grain size
evolution in the stir zone, FSW is best viewed as
a hot working process used for joining. Impor-
tant parameters that influence grain size during
hot working include the temperature, strain, and
strain-rate histories (Ref 18, 22). More specifi-
cally, the evolution of grain structures is con-
trolled by peak temperature in addition to any
restorative process (i.e., recovery or recrystal-
lization). The operative restorative mechanism
is dependent on the total strain, strain rate, tem-
perature, and the stacking fault energy (SFE).
For the current discussion, it is assumed that the

evolution of grain size in the stir zone is domi-
nated by the peak values of strain rate and 
temperature.

Comparison of the peak temperature and
strain-rate estimates with the pertinent hot-
deformation processing maps (Ref 19, 20, 23,
24) suggests that FSW of Ti-6Al-4V involves
adiabatic shear banding (� instability) above the
�-transus temperature. The instability in this
temperature/strain-rate regime is also mani-
fested by the broad oscillations observed on the
stress-strain curves at these conditions reported
by several researchers for this type of alloy (Ref
19–21, 25).

Shear bands are discrete regions that experi-
ence very localized deformation and are fre-
quently found to develop in metals and alloys
after large plastic deformation. More specifi-
cally, adiabatic shear bands (ASBs) are a type of
shear band that can develop during deformation
at high strain rates (Ref 26, 27). During defor-
mation involving ASB formation, a large frac-
tion of the plastic work is converted to heat.
Especially in alloys with low thermal conduc-
tivity (such as Ti-6Al-4V), the heating rate at
high strain rates can dominate over the rate of
heat loss by conduction, resulting in a local tem-
perature increase and development of a near-
adiabatic condition. Subsequently, ASBs may
form if the loss of strength due to thermal soft-
ening is sufficient to overcome strengthening by
strain and/or strain-rate hardening. Refinement
of grains within the ASB may occur by dynamic
recrystallization or dynamic recovery, depend-
ing on the alloy and deformation conditions
(Ref 28). Moreover, the dynamic recrystalliza-
tion can occur in either a continuous or discon-
tinuous fashion (Ref 29).

The ASBs in deformed specimens normally
appear as bands with altered microstructure run-
ning along directions of maximum resolved
shear stress. These bands are seen as distinct,
because they are surrounded by larger regions
of unaltered microstructure. Note that no such
bands of altered microstructure were observed
in the stir zones of the welds examined here.
The lack of clear evidence for ASBs in the stir
zone during FSW of Ti-6Al-4V may be ex-
plained by one or more of the following:

• The temperature and strain-rate estimates
presented here are wrong.

• The stress state in FSW differs significantly
from those used to construct the processing
diagrams.
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Fig. 7.12 Schematics of (a) tool position vs. time, (b) ther-
mal cycle with superimposed continuous cooling 

transformation curve, and (c) pseudobinary phase diagram.
Positions “a” through “f” on the diagrams correspond to Fig.
7.13(a) through (f) and are used to describe microstructural evo-
lution in the stir zone for friction stir welding on Ti-6Al-4V.

• Evidence for ASBs is obscured by the �-to-�
transformation on cooling.

Alternately, this observation may indicate
that the entire stir zone may have formed due to
continuous and incremental ASB as material is
sheared and carried around the pin. The notion
of ASB formation during FSW of Ti-6Al-4V
may not be as far-fetched as it may first seem.
Several related processes involve ASB forma-
tion for processing of this alloy. Those familiar
with inertia friction welding, a process very
similar to FSW, know that a condition of adia-
batic shearing (Ref 30) must be achieved to
“focus” the mechanical energy on the weld
interface to produce proper welds. Moreover,
adiabatic shear banding as a process in chip for-
mation during orthogonal machining (also
involving high temperatures and shear strain
rates) of Ti-6Al-4V (Ref 31, 32) has been
reported. Further work is clearly needed to
unambiguously determine how the grain struc-
ture evolves in these welds.

Assuming that the latter explanation is cor-
rect, refinement of grains within the ASBs dur-
ing FSW of Ti-6Al-4V is likely due to dynamic
recovery, owing to the high SFE (Ref 33, 34)
and rapid diffusion rates (Ref 35) of the bcc
structure present at peak temperatures. The high
SFE of the bcc structure prevents dissociation of
dislocations into partial dislocations, thereby
limiting dislocation tangling and the resulting
large increases in dislocation density required
for discontinuous dynamic recrystallization.
The large diffusion coefficient of the bcc phase
aids in recovery, which requires diffusion of
atoms to dislocation cores to permit climb of the
dislocations into lower-energy configurations.

Regardless of the exact details of the restora-
tive mechanism, the grain size was reduced
from approximately 18 μm in the starting mate-
rial to at least 15.5 μm in the stir zone as a result
of FSW. Note that greater reduction of grain
size was likely during FSW. However, the rela-
tively long thermal cycle probably allowed for
considerable postdeformation grain growth in
the stir zone. Experiments involving interrupted
welds followed immediately by quenching to
room temperature are required to accurately
determine the refined grain size.

Figures 7.12 and 7.13 can be used as aids in
the discussion of microstructural evolution. Fig-
ure 7.12 contains schematics of the tool position
versus time, the thermal cycle with superim-
posed CCT curve, and the pseudobinary phase

diagram for Ti-6Al-4V. Actual phase diagrams
(Ref 36, 37) and CCT diagrams (Ref 6, 7) are
reported in open literature. The positions “a”
through “f” on each schematic of Fig. 7.12 cor-
respond to schematics of the microstructure at
different points in time depicted in Fig. 7.13(a)
through (f), respectively. Microstructural evolu-
tion can be followed as a function of time as the
tool moves along the plate relative to the point
of interest.

As the tool approaches a point of interest in
the workpiece (indicated by the circled “X” in
Fig. 7.12a), the local temperature begins to rise,
and the original microstructure (Fig. 7.13a)
begins to evolve. At position “b,” the tempera-
ture (Fig. 7.12b) has risen into the two-phase 
� + � region of the phase diagram (Fig. 7.12),
and the � phase originally along � grain bound-
aries grows to consume some of the � (Fig.

(b)

(c)

(a)
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Fig. 7.13 Schematic of evolution of stir zone microstructures for friction stir welding on Ti-6Al-4V. Schematics (a) through (f) cor-
respond to positions “a” to “f” in Fig. 7.12. (a) Initial base microstructure. � and grain-boundary (GB) �. (b) During heat-

ing, GB � grows to consume �. (c) At peak temperature, all �, which undergoes shear and compressive deformation. (d) During/after
deformation, b likely undergoes dynamic recovery to static recovery to coarsening. (e) On cooling, a nucleates at triple points to GBs
(with Burgers orientation relation). (f) Final microstructure: GB a with fine acicular � in �

7.13b). At position “c,” the workpiece material
is interacting with the pin and is being deformed. 
The material is near the peak temperature 
(Fig. 7.12b and c) and undergoes deformation
with shear and compressive components (Fig.
7.13c). Dynamic restorative mechanisms may
ensue concurrent with the deformation.

Dynamic restoration for Ti-6Al-4V normally
involves dynamic recovery (Fig. 7.13d). Once
the tool passes the location, deformation and the
attendant adiabatic heating cease, and cooling
ensues locally. Static recovery and grain coars-
ening may occur on cooling above the �-transus
temperature (Fig. 7.13d). Upon further cooling,

subsequent microstructural development is then
largely dictated by the phase diagram and contin-
uous cooling diagram (Fig. 7.12b and c). How-
ever, note that growth or coarsening of the prior-
� grains can continue during cooling until �
phase nucleates at prior-� boundaries to limit
boundary migration, provided there exists a driv-
ing force derived from a difference in local grain
sizes. More specifically, larger grains, with a
greater number of concave sides, can grow to
consume smaller grains with fewer sides.

In accord with microstructural observations,
the estimated cooling rates (~40 °C/s, or 70
°F/s) indicate that the phase transformation
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Fig. 7.14 Schematics of (a) tool position vs. time, (b) ther-
mal cycle with superimposed continuous cooling 

transformation curve, and (c) pseudobinary phase diagram.
Positions “a” and “b” on the diagrams correspond to Fig. 7.15(a)
and (b) and are used to describe microstructural evolution in the
heat-and-deformation-affected zone/heat-affected zone for fric-
tion stir welding on Ti-6Al-4V.

occurred via a diffusional process. Cooling rates
of ~500 °C/s (900 °F/s) are required to produce
�� martensite in Ti-6Al-4V alloys (Ref 6).
Nucleation and growth of the � phase during
cooling likely occurred by a well-established
mechanism. After sufficient undercooling to the
temperature corresponding to point “e” (Fig.
7.12b and c), the � phase nucleated at triple
junctions and boundaries of the prior-� grains
with a low-energy orientation relation (OR)
with one of the prior-� grains (Fig. 7.13e). Sub-
sequently, a series of continuous films of �
phase grew to cover the prior-� grain bound-
aries. The continuous nature of the grain-
boundary � phase suggests that the transforma-
tion occurred after deformation ceased. With
further cooling, acicular � grew from the grain-
boundary � into the neighboring prior-� grains,
with the interface again defined by the Burgers
OR. The � grew as parallel lamellae or colonies
with up to twelve different variants possible
within a prior-� grain (Ref 1). The fine size of
the � lamellae seen here resulted from a rapid
cooling rate relative to the coarse lamellar �
seen in furnace-cooled samples (Fig. 7.13f ).

Microstructural Evolution in the TMAZ
and HAZ. Because strains in the TMAZ
appear too small to cause grain refinement by
dynamic restoration processes, and because no
strain was experienced in the HAZ of FSWs, the
microstructural evolution was mainly depend-
ent on the local thermal history. Published CCT
diagrams for Ti-6Al-4V were derived for supra-
transus thermal cycles and are of limited value
for subtransus thermal treatments. Conse-
quently, microstructural evolution in the TMAZ
and HAZ of friction stir welds on Ti-6Al-4V
alloys can be rationalized with the aid of the
appropriate phase diagrams along with knowl-
edge of the local thermal cycles. Figure 7.14
contains schematics similar to those of Fig. 7.12
that can be used to discuss microstructural evo-
lution in the TMAZ/HAZ of the FSWs on Ti-
6Al-4V. Figure 7.15 contains schematics of the
microstructures of the TMAZ/HAZ in a fashion
similar to Fig. 7.13. Positions “a” and “b” in
Fig. 7.14 correspond to the schematics in Fig.
7.15(a) and (b).

Data on the thermal cycles experienced in the
TMAZ/HAZ were presented previously. Recall
that peak temperatures in the TMAZ/HAZ fell
below the �-transus temperature. Consequently,
complete transformation to � did not occur. The
phase balance in the TMAZ/HAZ apparently
varied with distance from the weld centerline in

accord with the local thermal cycle experienced
(Fig. 7.14b). Consistent with the schematic 
phase diagram for the Ti-Al-V ternary system
(Fig. 7.14c), the volume fraction of � in the
TMAZ/HAZ increased with decreasing distance
from the edge of the stir zone (i.e., increasing
peak temperature). Conversely, the fraction of
retained (untransformed) � increased with dis-
tance from the boundary.

Thermocouple measurements and micro-
structural evidence revealed that regions corre-
sponding to the HAZ experienced peak temper-
atures well below the �-transus temperature,
resulting in some growth of the � phase (at the
expense of the � phase) during heating (Fig.
7.15a). Thermocouple measurements and
microstructural observations also indicated that
regions corresponding to the TMAZ underwent
peak temperatures just below the �-transus tem-
perature, resulting in further growth of the �
phase during heating (Fig. 7.15a). Pockets of
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Fig. 7.15 Schematic of evolution of heat-and-deformation-
affected zone microstructures for friction stir 

welding on Ti-6Al-4V. Schematics (a) and (b) correspond to
positions “a” and “b” in Fig. 7.14. (a) During heating, grain-
boundary � grows to consume �. (b) Final microstructure: rem-
nant � with fine acicular � in �

untransformed � phase remained in the micro-
structure in both the TMAZ and HAZ, and the �
phase present at peak temperatures subse-
quently transformed to � along prior-� grain
boundaries, with acicular � phase growing into
prior-� grains on cooling in a manner similar to
that described previously (Fig. 7.15b). Unlike
the continuous grain-boundary � phase seen in
the stir zone, the grain-boundary � in the TMAZ
took on a globular or blocky form. This obser-
vation suggests that the transformation to grain-
boundary � may have occurred concurrent with
deformation, or that the blocky � phase formed
by sympathetic nucleation (Ref 38).

Hardness and Tensile Properties. Recall
that an increased hardness was observed in the
HAZ. This trend was opposite to that found in
precipitation-hardened and/or cold-worked alu-
minum alloys, which exhibit a large drop in
hardness in the HAZ due to overaging or recrys-
tallization, respectively. The exact reason for
the increase in HAZ hardness here is not known;
however, it may have resulted from cold work-
ing of the HAZ during FSW and/or from strain-
ing during cooling due to coefficient of thermal
expansion differences between the � and �

phases (Ref 39). Another possibility may in-
volve precipitation of secondary � phase within
the � in the TMAZ (Ref 40). Further work is
needed to discern the cause.

Note that while the average hardness of the
stir zone was nearly identical to that of the base
metal, the point-to-point variation in hardness
was much smaller for the stir zone region than
for the base metal. The smaller variations of the
stir zone apparently derived from the greater
local uniformity of the microstructure relative
to the base metal. For example, indents in the
base metal may have encountered different
amounts of � and � phase depending on loca-
tion (to give different hardness values), while
indents in the stir zone always sampled the same
amounts of each phase.

Consistent with the increased HAZ hardness,
welded samples did not fail in the HAZ as a result
of tensile testing, as occurs in FSW of aluminum
alloys. Rather, welded samples were found to fail
in regions of the reduced section corresponding
to the base metal. Interestingly, results of tensile
testing of the weld samples suggested apparent
yield and tensile strength joint efficiencies in
excess of 100%. Joint efficiencies greater than
100% result from strain localization, owing to
the different microstructures (and thus tensile
properties) across the gage length, and are mis-
leading. More specifically, certain regions of the
gage length may begin to deform, while other
regions with greater hardness and yield strength
(for example, the stir zone and TMAZ) do not.
Consequently, the deforming regions must be
pulled to greater stress values to achieve a given
offset strain, thereby giving artificially high yield
stress values. In this case, the base-metal region
apparently was the weak link among the various
regions. Finally, note that properties of the
welded regions of the samples were not directly
measured here, because failure occurred in the
base metal. Testing of miniscale samples taken
completely from a given weld region would be
needed to directly determine the properties of
each region.

7.4.5 Summary and Conclusions
Extrapolations of temperature measurements

from the tool indicated that the temperatures at
the tool shoulder were at least 1045 °C (1910
°F) and may have exceeded 1150 °C (2100 °F).
To a first-order approximation, the top of the stir
zone and tool shoulder were at the same tem-
perature during steady state. Cooling rates of the
workpiece were estimated at ~40 °C/s (70 °F/s).



138 / Friction Stir Welding and Processing

Several microstructurally distinct regions
were observed in sections of the FSWs, includ-
ing the stir zone, TMAZ, and HAZ. Tempera-
ture estimates and microstructural observations
suggested that peak temperatures experienced
in the stir zone exceeded the �-transus tempera-
ture. The stir zone or nugget contained � phase
outlining the prior-� grains, with fine acicular �
phase in a � matrix. The � decomposition in the
stir zone occurred by a nucleation-and-growth
mechanism involving a diffusional transforma-
tion. Consistent with CCT diagrams and the
slow cooling rate, no martensitic �� phase was
observed in the stir zone. Temperature measure-
ments and microstructural observations indi-
cated that peak temperatures experienced in the
TMAZ and HAZ did not exceed the �-transus
temperature. The volume fraction of � phase in
the TMAZ and HAZ increased with decreasing
distance from the edge of the stir zone. Grains in
the TMAZ were elongated in a direction paral-
lel to the stir zone/TMAZ boundary. In accord
with the local subtransus thermal cycle, the
microstructure of the TMAZ and HAZ con-
tained remnant � phase along with � phase out-
lining the prior-� grains and fine acicular �
phase in a � matrix. The � decomposition in the
TMAZ and HAZ also occurred by a nucleation-
and-growth mechanism.

The microhardness traverse revealed an
increase in hardness from approximately 340
VHN in the base metal and stir zone to 370
VHN in the HAZ. The welds exhibited 100%
joint efficiency with respect to both yield and
tensile strength, and the average elongation to
failure for the weld samples was identical to that
for the base metal. Failure of the weld tensile
samples occurred in the gage section in regions
corresponding to the base metal.

Comparison of temperature and strain-rate
estimates with published hot working diagrams
suggests that FSW of Ti-6Al-4V may involve
ASB formation in the stir zone. Further work is
needed to unambiguously determine how the
grain structure evolves in the stir zone of these
welds. Initial results support the feasibility of
FSW for Ti-6Al-4V.

7.5 Characterization of FSW Plates 
of Mill-Annealed and Beta-Annealed 
Ti-6Al-4V

A characterization study of FSW of mill-
annealed and beta-annealed Ti-6Al-4V has been

reported by Ramirez and Juhas (Ref 40). Results
from that study are summarized in this section.
The FSWs were made on 6 mm (0.24 in.) thick
plates of Ti-6Al-4V, using parameters identical
to those described in the previous section. Plates
with two starting heat treat conditions were
examined: mill annealed and � annealed. After
welding, microstructures of the samples were
characterized using light optical microscopy
(LOM), scanning electron microscopy (SEM),
and transmission electron microscopy (TEM).

Base-Metal Microstructures. The mill-
annealed base-metal sample exhibited a bimodal
microstructure, with bands of � grains and
colonies of transformed �. On the other hand, the
�-annealed microstructure was composed of
large prior-� grains decorated with grain-bound-
ary �. The grain interiors were characterized by
a lamellar structure of � + � colonies.

Stir Zone Microstructures. The micro-
structure of the bulk of the stir zone for welds
with both starting heat treat conditions was very
similar. They exhibited small (~10 μm) prior-�
grains with thin layers of grain-boundary � and
fine � + � colonies in the grain interior. Grain
growth was reportedly limited by the severe
deformation and short dwell time near peak
temperatures. These microstructures suggested
that the stir zone temperatures exceeded the �
transus during FSW. The similarity in stir zone
microstructure after welding for the two differ-
ent starting heat treat conditions indicated that
microstructural evolution depended on the ther-
momechanical cycle imposed during FSW and
not on the starting microstructure. Figure 7.16 is
a TEM bright-field image of an equiaxed �
grain from the stir zone of the mill-annealed
material. The low dislocation density of this
grain suggested that dynamic recrystallization
had occurred during FSW.

Microstructures near the TMAZ were also
examined. A region near the stir zone/TMAZ
interface, called the near-stir zone by the
authors, exhibited a distinctive microstructural
feature in welds made on both starting micro-
structures. Small, equiaxed grains of �, approx-
imately 1 μm in size, were reported. Again, their
similar structure appeared to indicate that for-
mation of the local microstructure was depend-
ent on the thermomechanical cycle and not on
the starting microstructure.

TMAZ Microstructures. The microstruc-
tures of the TMAZ were somewhat different for
the two different starting materials, although the
TMAZ for both materials contained fine,
equiaxed grains of � phase. In the TMAZ of the
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Fig. 7.16 Transmission electron microscopy bright-field
image of an equiaxed alpha particle in the stir 

zone of the mill-annealed material

Fig. 7.17 Transmission electron microscopy (a) bright-field image and (b) dark-field image indicating acicular secondary alpha
within large beta grains in the thermomechanically affected zone of the mill-annealed material. (c) Selected area 

diffraction pattern indicating the Burgers orientation relation between the beta and alpha phases

mill-annealed weld, the regions of remnant �
were thought to have undergone recrystalliza-
tion, leading to the small size of the grains as a
result of the thermomechanical treatment. For
the �-annealed sample, the � lamellae within
the � + � colonies were reported to have dy-
namically recrystallized as a result of globular-
ization. For both starting materials, the peak
temperature did not exceed the �-transus tem-
perature for the TMAZ region.

Evidence for the formation of acicular parti-
cles within larger � grains of the TMAZ of the
weld on the �-annealed sample was also

(a) (b) (c)

reported. Figure 7.17 includes a TEM bright-
field image (Fig. 7.17a), a dark-field image (Fig.
7.17b), and a selected area diffraction pattern
(Fig. 7.17c) for the grain containing the second-
ary phase. The acicular precipitates formed an
orientation relationship (Burgers OR) with the
matrix and were identified as either hexagonal
�� martensite or secondary �. Differentiation
between the two phases was not possible.

7.6 FSW of Ti-15V-3Cr-3Al-3Sn Sheet

A study of FSW on sheets of Ti-15-3 has been
completed by Lienert (Ref 41). Details of the
work are reported in this section. Results of this
work are also discussed in a later section involv-
ing a comparative study of FSW of different tita-
nium sheets. The composition of the as-received
alloy is given in Table 7.7. The material was hot
rolled and subsequently cold rolled to a final
thickness of ~2 mm (0.08 in.). Following cold
rolling, the alloy was annealed to produce a
recrystallized microstructure.

Friction stir welds were produced using tools
machined from a W-25%Re alloy. A tool with a
shoulder diameter of 14 mm ( 9/16 in.) and a pin
length of ~/.9 mm (0.075 in.) was used to pro-
duce all of the welds discussed here. No threads
or other profiles were used on the pin. Tool
plunging was completed under displacement
control. The tool was maintained at a forward
tilt angle of 1° for welding, and the welds were
run under load control of the axial (z) force. The
welds were produced with a tool rotation rate of
200 rpm and a travel rate of 100 mm/min (4.0
in./min), using an axial load of either 9.8 or 10.7
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Fig. 7.18 Optical micrograph of the Ti-15-3 base metal

Fig. 7.19 Photograph of the top surface of a friction stir
weld on Ti-15-3. Note the absence of surface oxi-

dation.

Table 7.7 Base-metal and friction stir weld
(FSW) compositions for Ti-15-3

Composition, wt%

Component V Al Sn Cr Fe O

Base metal 15.5 3.19 2.99 2.97 0.10 0.12
FSW 15.6 3.14 3.00 3.02 0.74 0.12

kN (2200 or 2400 lbf). Tool torque and loads
were recorded during welding. To protect the
Ti-15-3 alloy workpiece and the tungsten alloy
tool, a clear acrylic glass inert gas box with a
sliding top that traveled with the tool was fabri-
cated and placed over the entire work area for
welding. Tool wear and deformation were mon-
itored before and after each weld by measure-
ments using an optical comparator.

7.6.1 Compositions and
Microstructural Characterization

Figure 7.18 is an optical micrograph of the
Ti-15-3 base metal. It displays equiaxed grains
of beta phase, with an average size ranging from
50 to 100 μm. No evidence of alpha phase can
be discerned with optical microscopy. The com-
position of the base metal is given in Table 7.7
in weight percent. The composition is close to
the nominal 15% V, 3% Al, 3% Sn, and 3% Cr
composition. The alloy also contains small
amounts of iron and oxygen.

Figure 7.19 is a photograph of the top surface
of a weld. The surface was clean and relatively
free from oxide, indicating that the inert gas box
was successful in protecting the workpiece from
atmospheric contamination. This statement is
corroborated by examining the weld composi-
tion data in Table 7.7. No difference in oxygen
content was found in the stir zone relative to the
base metal, indicating no significant pickup of
contaminants from the atmosphere.

Figure 7.20 is an optical macrograph of a
transverse section from one of the welds. The
weld showed full penetration and no defects.
Optical micrographs of the interface between
the stir zone and the TMAZ are shown in Fig.
7.21(a) and (b). The stir zone is at the upper left
in both micrographs. The grains of the stir zone
have been refined to a size of approximately 10
to 20 μm as a result of FSW, presumably due to
dynamic recovery (bcc materials tend to recover
rather than recrystallize during hot deformation
due to their high SFE). The average grain size in

the TMAZ was slightly larger than that of the
base metal, indicating limited coarsening during
welding. Grains of the TMAZ were elongated
parallel to the stir zone/TMAZ boundary as a
result of material flow. No alpha phase was
observed in the stir zone using optical micro-
scopy, and no tungsten was found in the stir
zone using energy-dispersive spectroscopy.

Additional optical micrographs of the stir
zone region are shown in Fig. 7.22(a) and (b).
The microstructure of the flashing at the top
edge of the stir zone is shown in the optical
micrograph of Fig. 7.22(a). Note the very fine
grain size that apparently results from the large
strains and high strain rates experienced with
the material in direct contact with the shoulder
surface. The microstructure of the bottom of the
stir zone is shown in Fig. 7.22(b). A region of
unrefined grains approximately 30 μm across
can be seen at the bottom surface.

After welding, selected samples were aged
for 8 h at 635 °C (1175 °F) under vacuum.
Microstructures of the base metal and stir zone
of aged samples are shown in Fig. 7.23(a) and
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Fig. 7.20 Optical macrograph of a transverse section of a friction stir weld on Ti-15-3

(b). Aging in this temperature range results in
precipitation of alpha phase on grain boundaries
and throughout grain interiors (Ref 42–44). A
nearly continuous film of alpha phase can be
seen along grain boundaries of the base metal in
Fig. 7.23(a). The alpha phase nucleated along
the boundaries with an orientation relation with
respect to one of the grains forming the bound-
ary. Widmanstätten alpha phase can also be
seen in some grain interiors. Aging also creates
a continuous grain-boundary film of alpha

phase along beta-phase grain boundaries of the
stir zone, as seen in Fig. 7.23(b).

7.6.2 Microhardness and Tensile
Properties

Microhardness profiles of a weld are plotted
in Fig. 7.24. The spatial limits of the stir
zone/TMAZ boundary and the TMAZ/base-
metal boundary are indicated by vertical lines.
The nominal hardness of the base metal was

Fig. 7.21 Optical micrographs of the stir zone/heat-and-
deformation-affected zone boundary of a friction 

stir weld on Ti-15-3

Fig. 7.22 Optical micrographs of the stir zone of a friction
stir weld on Ti-15-3. (a) Top surface. Note the fine 

grain size along the top surface. (b) Bottom surface. Note the
lack of grain refinement near the bottom surface.

(a)
(a)

(b)
(b)
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Fig. 7.23 Optical micrographs of (a) heat treated base metal (Ti-15-3) and (b) stir zone of postweld heat treated sample for friction
stir welding on Ti-15-3

Fig. 7.24 Microhardness results for as-welded friction stir weld on Ti-15-3. HAZ, heat-affected zone; R, retreating; A, advancing

~260 VHN. Hardness through the weld region
varied between approximately 240 and 280
VHN, with an average hardness of approxi-
mately 260 VHN. A slight increase in hardness
in the stir zone may be inferred from the results.
The increased hardness in the stir zone may
have stemmed from the locally refined grain
size through the Hall-Petch relation.

Figure 7.25 is a comparison of the tensile
results between the base metal and a representa-
tive weld sample. These results are also summa-
rized in Table 7.8. The welds displayed higher
yield and tensile strength relative to the base
metal. The average values determined from four
tests were 817 MPa (118.5 ksi) yield strength,
822 MPa (119.2 ksi) tensile strength, and 6.4%
elongation. All of the welds failed in locations

outside the weld region, indicating the absence
of weld defects, as shown in Fig. 7.26.

Microhardness results for welds that were
aged after welding (postweld heat treated) are
shown in Fig. 7.27. The spatial limits of the stir
zone/TMAZ boundary and the TMAZ/base-
metal boundary are indicated by vertical lines.
The aging treatment produced little change in
the hardness response in the base-metal and
weld regions relative to the nonaged samples. A
slight increase in hardness can be seen in the stir
zone region. The average hardness of the base
metal remained at ~260 VHN.

A comparison of tensile curves of as-received
base metal, aged base metal, and aged weld sam-
ples is shown in the plot in Fig. 7.28. Average ten-
sile results for each of these conditions are sum-

(a) (b)
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marized in Table 7.8. The aged base metal evi-
denced greater yield and tensile strength relative
to the as-received base metal but lower strain to
failure. Average values for the aged base metal
were 807 MPa (117.0 ksi) yield strength, 811.5

Fig. 7.25 Stress vs. strain plots for as-received base metal
and as-welded friction stir weld (FSW) samples of 

Ti-15-3

Table 7.8 Tensile properties for base metal and friction stir welds (FSWs) of Ti-15-3

0.2% offset yield strength Tensile strength

Specimen type MPa ksi MPa ksi Elongation, %

Annealed base metal: longitudinal 810.2 117.5 813.6 118.0 31
Annealed base metal: transverse 765.3 111.0 768.8 111.5 28
Heat treated base metal: transverse 807 117.0 811.5 117.7 8.2
19 mm (0.75 in.) FSW (average of three) 728.8 105.7 768.1 111.4 5.5
14.3 mm (0.563 in.) FSW (average of four) 817 118.5 822 119.2 6.4
14.3 mm (0.563 in.) FSW postweld heat treat (average of three) 815.7 118.3 825.3 119.7 6.0

Fig. 7.26 Photograph documenting the failure locations from transverse tensile samples for friction stir welds made on Ti-15-3

MPa (117.7 ksi) tensile strength, and 8.2% elon-
gation. The aged weld sample shown here had a
very similar stress-strain response to the aged
base metal, with slightly greater percent elonga-
tion. Average values for the aged weld speci-
mens were 817 MPa (118.5 ksi) yield strength,
822 MPa (119.2 ksi) tensile strength, and 6.4%
elongation. Three of the four weld tensile sam-
ples failed outside of the weld region, as shown in
Fig. 7.29.

7.6.3 Discussion
Microstructural Evolution in the Stir

Zone. Important aspects of the microstructure
of the stir zone include the grain size as well as
the volume fraction and distribution of phases.
Microstructural evolution in the stir zone is dic-
tated by the thermomechanical cycle imposed
during FSW. More specifically, the microstruc-
ture develops in accord with the local strain/
strain-rate/temperature path. Little is known
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Fig. 7.27 Microhardness results for postweld heat treated
friction stir weld sample on Ti-15-3. HAZ, heat-

affected zone

about the temperature cycle experienced in the
stir zone for the work reported here, beyond the
fact that the tungsten-rhenium tool glowed red
during FSW, suggesting temperatures above
1000 °C (1830 °F). Microstructural evidence
and heat flow analysis reported for FSW of Ti-
6Al-4V indicated that peak temperatures in the
stir zone exceeded the beta transus of that alloy
(~1000 ° C) (Ref 4). Given that the beta transus
of the Ti-15-3 alloy investigated here is ~760 °C

(1400 °F), it is not unreasonable to assume that
peak temperatures experienced in the stir zone
were in excess of the transus temperature.

Refinement of the grain size in the stir zone of
the welds produced here occurred as a result of
some restorative process. The restoration
processes include recovery or recrystallization,
and they may occur either statically (during
heating after cold deformation), dynamically
(during hot deformation), or metadynamically

Fig. 7.28 Stress vs. strain plots for annealed base metal,
heat treated base metal, and postweld heat 

treated (PWHT) friction stir weld (FSW) samples on Ti-15-3

Fig. 7.29 Photograph documenting the failure locations from transverse tensile samples on Ti-15-3 (postweld heat treated)
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(after hot working) (Ref 18). As mentioned pre-
viously, hot deformation in the beta-phase field
of the Ti-15-3 alloy normally involves dynamic
recovery due to the low SFE of the alloy. 
The apparent activation energy for this process
is reported to be very close to that for self-
diffusion (Ref 45). However, metadynamic
recrystallization may ensue at heavily deformed
regions, such as grain boundaries, after defor-
mation has ceased and during subsequent cool-
ing (Ref 45). Hence, the most likely scenario for
grain refinement in the stir zone during FSW of
the Ti-15-3 alloy involves dynamic recovery
during deformation, followed by metadynamic
recrystallization.

After FSW, no evidence of alpha phase 
was observed in the stir zone or TMAZ, using
LOM and SEM characterization. However, very
fine alpha precipitates too small to resolve using
LOM or SEM may exist in the microstructure.
Metastable beta alloys, in general, and the 
Ti-15-3 alloy, in particular, are essentially alpha-
beta alloys that are rich in beta stabilizers. They
are designed to have sluggish beta decomposi-
tion to alpha during cooling from above the beta
transus in order to retain a 100% beta microstruc-
ture during rapid cooling (Ref 1, 44, 46).

An approximate time-temperature transfor-
mation (TTT) diagram for alpha precipitation
during reheating of Ti-15-3 has been reported
(Ref 44). Assuming that this TTT diagram may
be used to estimate cooling transformations, a
bound or limit may be determined for cooling
rates that would promote alpha precipitation.
Cooling rates slower than 0.5 to 1 °C/s (1 to 
2 °F/s) through the temperature range of 700 
to 500 °C (1300 to 930 °F) would be required to
promote formation of any alpha phase. Even
slower cooling rates would be required to allow
appreciable alpha formation.

Microstructural Evolution during Post-
weld Aging. Aging of the Ti-15-3 alloy can 
be used to increase strength after processing 
of the beta-phase microstructure. Aging in the
temperature range of 480 to 540 °C (900 to 
1000 °F) promotes precipitation of alpha 
phase. Higher-temperature aging treatments
tend to result in precipitation of grain-boundary
alpha, while lower-temperature treatments give
homogeneous distributions of alpha (at grain
boundaries and throughout grain interiors), 
with better toughness. Two-step heat treats 
that involve lower-temperature treatments to
develop homogeneous nucleation followed by

higher-temperature aging to hasten growth rates
can also be employed. Aging at too high a tem-
perature allows overaging and a loss of strength
and hardness.

In this work, an 8 h aging treatment at 635 °C
(1175 °F) was employed after welding to mimic
the arc welding study of Becker and Baeslack
(Ref 42). This aging treatment resulted in the
formation of continuous films of alpha along
beta grain boundaries of both the base metal and
stir zone. This treatment produced a small
increase in yield and tensile strength of the base
metal and virtually no increase in strength for
the weld samples. Moreover, no discernible
change in microhardness was observed in the
aged weld samples relative to the as-welded
samples. Consequently, the aging treatment
used here appears to have been performed at too
high a temperature to give any real strength or
hardness improvements over the annealed base-
metal samples and as-welded samples. The heat
treatment used here apparently resulted in over-
aging. Lower-temperature aging treatments are
suggested for better strengths and hardness.

Mechanical Properties. One peculiar fea-
ture of the stress-strain curves for the samples
tested here is the lack of work hardening. In
fact, the samples exhibit a slight work-softening
effect. The features noted here are consistent
with those seen by other researchers (Ref 1, 46)
and result from the balance of beta-stabilizing
elements (Ref 46). Beta isomorphous stabilizer
additions to titanium alloys, such as vanadium,
promote low solid-solution strengthening rates
but do not form embrittling compounds. On the
other hand, beta eutectoid stabilizers, such as
chromium, provide greater solid-solution stabi-
lizing rates but tend to promote formation of
embrittling eutectoid compounds. The largest
alloy addition to the Ti-15-3 alloy is vanadium
(15%), a beta isomorphous stabilizer. The lack
of work hardening in Ti-15-3 is believed to stem
from co-planar slip in bands that widen as strain
is increased (Ref 46).

Note that the percent elongation of the weld
samples was much lower than that found for the
base-metal samples. The percent elongation of
defect-free welds normally appears low relative
to the base metal, owing to nonuniform elonga-
tion throughout the gage length stemming from
microstructural gradients created by the weld-
ing process. For welded samples, the strain is
usually carried by narrow regions of lower
strength, such as the TMAZ, and assumptions
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made concerning uniform elongation through-
out the gage length are not valid. Hence, inter-
pretation of the lower elongation experienced
by samples produced in this study is compli-
cated by nonuniform elongation.

7.6.4 Summary
Friction stir welds were successfully pro-

duced on 2 mm (0.08 in.) thick sheets of the Ti-
15-3 alloy without gross defects. No measurable
tool wear/deformation or pickup of material
from the W-25%Re tool during welding was
found. The W-25%Re tool material is suitable
for FSW of this alloy. Moreover, no evidence of
appreciable atmospheric contamination was
observed in the weld area, proving the efficacy
of the inert gas box.

The FSW resulted in considerable grain
refinement in the stir zone. No evidence for the
presence of alpha phase was observed in the
TMAZ or stir zones of welds made on the as-
received base metal, using LOM and SEM tech-
niques. Aging of the base metal and weld sam-
ples resulted in the formation of a nearly
continuous film of alpha phase along grain
boundaries of the base metal and of the weld stir
zone. A slight increase in hardness was ob-
served in the stir zone of welds on as-received
material and aged material.

Welds exhibited high tensile joint efficiencies
with acceptable ductility. Defect-free welds
failed in regions corresponding to the base metal.
The FSW of Ti-15-3 is feasible, but more work is
needed for a more complete understanding.

7.7 Texture of FSWs in Beta 21-S

Microstructures and crystallographic texture
of FSWs on Beta 21-S have been reported by
Reynolds et al. (Ref 47). The FSWs were pro-
duced on 1.6 mm (1⁄16 in.) thick sheets of Beta 21-
S using a tool made from a tungsten alloy. All
welds were made in an inert gas box backfilled
with argon. Welds were produced at 200 rpm at
travel speeds ranging from 0.85 to 5.08 mm/s
(0.0335 to 0.2 in./s). After welding, microstruc-
tures of the welds were examined using LOM,
and textures were examined using orientation
imaging microscopy (OIM). The OIM results
were given as pole figures. Stir zone pole figures
were rotated to align the welding direction with
the vertical direction of the figure and the tangent
to the pin at the trailing edge parallel to the hori-

zontal direction. This arrangement placed the
rotation axis of the tool nearly parallel to the nor-
mal direction of the figure.

Defect-free welds were produced with a re-
fined grain size in the stir zone. Average grain
sizes in the stir zone decreased with increasing
weld travel speed. The OIM was used to deter-
mine crystallographic texture at the centerline
of the stir zone at the sheet midplane. Base
metal {111} and {110} pole figures (Fig. 7.30)
as well as stir zone {110} pole figures (Fig.
7.31) were reported.

Stir zone pole figures for the four different
welds are presented in Fig. 7.31. All of the stir
zone pole figures from the sheet midplane
showed similar textures, with {110} pole
closely aligned with the normal direction. The
pole figures for each of the stir zones could be
brought into coincidence with small rotations
about the normal directions. Pole figures from
planes near the top and bottom of the plate
thickness were also similar to that for the mid-
plane for the weld made at the slowest travel
speed. This observation suggested that the tex-
ture was relatively homogeneous through the
sheet thickness. Welds made at the slower travel
speeds had a stronger texture than those made at
faster travel speeds. Textures for the stir zones
of the welds made in this study were shown to
closely match those reported for torsion of
another bcc metal, tantalum (Ref 48). The tor-
sion axis was closely aligned with the tool rota-
tion axis.

7.8 FSW of CP Titanium

Lee and coworkers (Ref 49) have reported on
a study of FSW on pure titanium. Although no
details were given on the composition of mate-
rial, it was similar to some type of CP titanium
alloy. Plates of CP titanium, 5.6 mm (0.22 in.)
in thickness, were joined by FSW using a sin-
tered TiC tool with a water-cooling system.
Welds were produced at 1100 rpm at a welding
speed of 500 mm/min (20 in./min).

The base metal had equiaxed grains with an
average diameter of ~25 μm. Welds were pro-
duced with no apparent defects. Optical micro-
scopy revealed that the microstructure of the 
stir zone was characterized by a high density 
of deformation twins within the grains. The
twin density varied with position relative to 
the position of the tool shoulder, with denser
twins found near the upper part of the weld. The
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Fig. 7.30 Base-metal {110} and {111} pole figures from Beta 21-S

stir zone was reported to have undergone
recrystallization.

The TEM results indicated that the base metal
had an equiaxed grain structure with a low twin
content. The TEM characterization of the stir
zone showed a large amount of twin embedded

structure, with many grains having a high dislo-
cation density within a network structure. The
observation of dislocation walls suggested that
recovery was incomplete or continuous in nature.
The high dislocation density and presence of dis-
location walls indicated that the initial stage of

Fig. 7.31 {110} pole figures from friction stir welds on Beta 21-S
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Table 7.9 Base-metal compositions for Ti-6Al-
4V and commercially pure (CP) titanium

Composition, wt%

Component V Al Sn Cr Fe O

6–4 base metal 6.28 3.73 . . . . . . 0.17 0.15
CP base metal . . . . . . . . . . . . 0.30 0.25

deformation during FSW occurred by slip. How-
ever, the observation of twinning suggested that
slip subsequently ceased, and further deforma-
tion was accommodated by twinning.

The microhardness trace across the weld
showed scattered results, with the average hard-
ness similar to that of the base metal. Slight soft-
ening of the HAZ due to annealing was
reported. Peaks in the hardness data in the stir
zone were shown to correspond to regions of
higher twin content. The increase in hardness in
densely twinned areas was attributed to the
Basinski effect. The average tensile strength of
the weld samples was 430 MPa (62 ksi) com-
pared with 440 MPa (64 ksi) of the base metal.
Elongations of the weld samples averaged 20%
versus 25% for the base-metal samples. Frac-
tures were reported to have occurred in the HAZ
on the retreating side of the weld.

7.9 Comparative FSW Study 
of Titanium Sheet Alloys

A comparative study of FSW of three differ-
ent titanium sheet alloys was reported by
Lienert (Ref 41). The three alloys were CP tita-
nium (grade 2), Ti-6Al-4V, and Ti-15V-3Cr-
3Al-3Sn. All materials were in sheet form and
were in the range of 2.1 to 2.3 mm (0.084 to
0.090 in.) thick. Results for the Ti-15-3 alloy
have been presented in a previous section.
Results for the CP titanium alloy and the Ti-
6Al-4V are discussed in this section.

The FSWs were produced using the same
parameters and methods described previously in

the study on Ti-15-3. Tool plunging was com-
pleted under displacement control. The CP tita-
nium welds were run under load control of the
axial (z) force, while the Ti-6Al-4V welds were
run under displacement control. The welds were
produced with a tool rotation rate of 200 rpm
and a travel rate of 100 mm/min (4.0 in./min).

Process Results. Successful welds could
not be produced on the Ti-6Al-4V material
using load control. The loads required for the
CP titanium welds (in load control) were much
greater than for the Ti-15-3 welds discussed ear-
lier, despite the same approximate sample thick-
ness. Forward loads for the CP titanium and Ti-
6Al-4V were also much greater than for the
Ti-15-3 welds. No measurable wear or defor-
mation of the single tool used to run all of the
welds was found after total weld lengths of over
9 m (30 ft).

Compositions and Microstructures. The
compositions of CP titanium alloy and the Ti-
6Al-4V alloy are given in Table 7.9. The main
alloying elements in the CP alloy were iron and
oxygen. A photograph of the top surface of the
CP weld is shown in Fig. 7.32. This alloy was
very difficult to weld and exhibited a flaky sur-

Fig. 7.32 Photograph of the top surface of a friction stir weld on commercially pure titanium. Note the absence of surface oxidation.



Chapter 7: Microstructure and Mechanical Properties of Friction Stir Welded Titanium Alloys / 149

face appearance. An optical micrograph of a
transverse weld section is given in Fig. 7.33.
The weld surface showed considerable flash and
sheet thinning. The base-metal microstructure
of the CP titanium alloy is presented in Fig.
7.34. The �-phase grains had intercept lengths
between 10 and 40 μm in size and often con-
tained twins. The grains in the stir zone of the
CP titanium welds were refined to a size of less
than ~5 μm, presumably by dynamic recrystal-
lization (Fig. 7.35). The density of twins found
in the stir zone with LOM was very low.

A photograph of the top surface of the Ti-
6Al-4V weld is shown in Fig. 7.36. This alloy
was very difficult to weld but exhibited a

smooth surface. An optical micrograph of a
transverse weld section of the Ti-6Al-4V weld
is given in Fig. 7.37. A slight lack of penetration
is apparent. The base-metal microstructure of
the Ti-6Al-4V alloy is presented in Fig. 7.38.
The base-metal microstructure was character-
ized by fine grains of � phase (10 to 30 μm in
size) that were slightly flattened, with a nearly
continuous distribution of � phase along grain
boundaries. An optical micrograph of the stir
zone/TMAZ boundary is shown in Fig. 7.39.
The grains of the stir zone for this weld were
refined to a size of less than ~5 μm, again pre-
sumably by dynamic recovery. Although not
shown, the TMAZ exhibited regions of remnant

Fig. 7.33 Optical macrograph of a transverse section of a friction stir weld on commercially pure titanium

Fig. 7.34 Optical micrograph of the commercially pure
titanium base metal

Fig. 7.35 Optical micrograph of the stir zone of a friction
stir weld on commercially pure titanium

Fig. 7.36 Photograph of the top surface of a friction stir weld on Ti-6Al-4V. Note the absence of surface oxidation.
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Fig. 7.40 Microhardness results for as-welded friction stir welds on commercially pure titanium

Fig. 7.39 Optical micrograph of the stir zone/heat-and-
deformation-affected zone boundary of a friction 

stir weld on Ti-6Al-4V

� phase with grains of � and grain-boundary �
phase.

Hardness and Tensile Results. Results of
the microhardness traverse across the weld
region in the CP titanium weld are shown in Fig.

7.40. There was considerable scatter in the data.
The stir zone exhibited increased hardness rela-
tive to the average base-metal hardness, most
likely due to the refined grain size. A slight loss
in hardness in the HAZ can be seen from the

Fig. 7.38 Optical micrograph of the Ti-6Al-4V base metal

Fig. 7.37 Optical macrograph of a transverse section of a friction stir weld on Ti-6Al-4V. Note the lack of full penetration.



Chapter 7: Microstructure and Mechanical Properties of Friction Stir Welded Titanium Alloys / 151

data. A summary of the tensile results for the 
CP titanium base metal and welds is given in
Table 7.10. The welds had a joint efficiency 
of ~85% for yield and tensile strength. How-
ever, the elongation for the weld samples was
much lower than for the base metal. Failures
occurred through the stir zone due to excessive
sheet thinning.

Results of the microhardness traverse across
the weld region for the Ti-6Al-4V weld are
shown in Fig. 7.41. Again, there was consider-
able scatter in the data. The boundaries of the
stir zone are indicated by the vertical lines. A
large increase in hardness is evident in the stir
zone relative to the average base-metal hard-
ness, possibly due to the refined grain size. 
A summary of the tensile results for the Ti-6Al-
4V base metal and welds is given in Table 7.11.
The welds had a joint efficiency in excess of
95% for yield and tensile strength. Elongations
for the weld samples averaged 4.5%, much

lower than the base metal. Three of the four
samples tested failed in locations corresponding
to the stir zone as a result of the lack of penetra-
tion defect.

Comparison of the Weldability of a,
a + b, and b Alloys. In the comparative study
discussed here, three titanium alloys with dif-
ferent compositions and phase balance (�, � +
�, �) have been FSWed under nominally identi-
cal conditions. Their response to FSW varied
considerably. The Ti-15-3 alloy was the easiest
to weld, with the largest process window and
lowest axial and forward loads. Production of
welds without defects was easiest with the Ti-
15-3 alloy. In contrast, welds on the Ti-6Al-4V
alloy could not be produced using load control
and exhibited large forward loads. The CP tita-
nium alloy also produced large forward loads
and large axial loads. The ease of welding rank-
ing, from easiest to hardest, was Ti-15-3, Ti-
6Al-4V, and CP titanium. However, the reasons

Table 7.10 Tensile properties of base metal and friction stir welds (FSWs) on commercially pure
titanium

0.2% offset yield strength Tensile strength

Specimen type MPa ksi MPa ksi Elongation, %

Base-metal transverse 376.5 54.6 453.0 65.7 22
FSW as-welded (avg of four) 319.2 46.3 393.0 57.0 2.6

Fig. 7.41 Microhardness results for as-welded friction stir welds on Ti-6Al-4V
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for the differences in ease of welding are not
clear.

A comparison of thermophysical and thermo-
mechanical properties for all three alloys is
given in Table 7.12. Values for thermal conduc-
tivity, heat capacity, density, thermal diffusiv-
ity, flow stress (800 °C, or 1470 °F, and strain
rate =10 s–1) and beta-transus temperature are
given. Also recall that the CP titanium alloy has
an hcp crystal structure, the Ti-15-3 alloy has a
bcc structure, and the Ti-6Al-4V alloy has a
dual hcp/bcc structure. Furthermore, it is impor-
tant to note that the total alloy content increases
from CP titanium to Ti-6Al-4V to Ti-15-3.
Study of the various properties suggests that
ease of welding may be dependent on crystal
structure, thermal conductivity, and beta-
transus temperature. However, much more
work is needed to understand differences in the
FSW response of the three alloys.

One key factor was not investigated here.
Several researchers have reported in presenta-
tions that there may be an interaction between
the tungsten-rhenium tool and some titanium
alloys during FSW that makes welding difficult.
At present, no quantitative explanation has been
offered for this interaction. Nonetheless, the
choice of tool material in the current study may
have had unintended consequences on the
results.

7.10 Summary

To summarize, FSW of titanium alloys appears
feasible and promising despite the limited 

work to date, and further studies are warranted.
Initial results indicate that acceptable tensile
properties can be achieved. Microstructures 
of the various weld regions evolve in accord
with the local thermomechanical cycle, and
phase diagrams, CCT curves, and hot working
data are useful in rationalizing microstructural 
evolution.

Despite the successes to date, more work is
needed for a complete understanding of FSW 
of titanium alloys. Development of new tool
materials/designs is needed to increase tool life
to a point where FSW of titanium alloys is 
cost-competitive with other joining processes.
Moreover, an explanation for tool/workpiece
material interactions is required. Better designs
for FSW machines purpose-built for process-
ing of titanium and higher-flow-stress/higher-
temperature materials that can accommodate
the heat lost to the tool holder are probably 
necessary.

Only a handful of titanium alloys have cur-
rently been FSWed. Considerable scope for
investigation of other titanium alloys exists.
Finally, property databases for first-tier (tensile)
and second-tier (fatigue, fracture) mechanical
properties are mandatory if designers are to use
FSW of titanium alloys in future designs. Cor-
rosion databases are also required for designers.
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Flow stress(a) Beta-transus temperature

Thermal conductivity, Heat capacity, Density, Thermal 
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(a) Flow stress at 800 °C (1470 °F) and strain rate = 10 s–1
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CHAPTER 8

Microstructures and Properties of
Copper Alloys after Friction Stir
Welding/Processing
Terry R. McNelley, Keiichiro Oh-Ishi, and Alexander P. Zhilyaev 
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Astronautical Engineering

FRICTION STIR WELDING (FSW) and
friction stir processing (FSP) of higher-melting
metals and alloys, including copper, steels,
stainless steels, nickel, and titanium, are emerg-
ing from the laboratory and moving into indus-
trial use. Many potential applications of friction
stir technology to copper and copper-base
alloys have been identified. However, few of
these applications have been evaluated, and cor-
responding microstructure-property data are
limited in scope. The current understanding of
FSW/FSP of copper and its alloys, with particu-
lar concern for microstructure evolution and
microstructure-property relationships, is sum-
marized in this section. 

8.1 Physical Metallurgy Considerations

Copper and copper-base alloys offer unique
combinations of conductivity (both thermal and
electrical), strength, formability, and corrosion
resistance and are used in a wide range of engi-
neering applications. Additional valuable attrib-
utes of these materials include color, resistance
to sparking, and nonmagnetic behavior.

The thermal and electrical conductivities of
copper are highest for the pure metal and
decrease significantly with alloying. Unlike iron
and titanium, pure copper does not undergo
phase changes after solidification and remains as

a face-centered cubic � phase in the solid state.
Several elements exhibit extensive solid solubil-
ity in copper, and so, the corresponding alloys are
strengthened by the solutes and by cold work.
The solubility of zinc in copper exceeds 30 wt%
at 25 °C (77 °F), and brasses exhibit excellent
strength-toughness combinations over wide
composition and temperature ranges; they are
also readily formed and strengthen by cold defor-
mation and annealing treatments. 

With sufficient alloying additions, several
copper-base alloys become heat treatable and
respond to quenching and tempering treatments
that are analogous to those employed with
steels. Aluminum bronzes containing ~10 wt%
Al transform to the body-centered cubic � phase
upon heating to temperatures >850 °C 
(1560 °F). The microstructures of such alloys
reflect the decomposition of the � phase during
subsequent cooling; the various decomposition
products of the � phase depend sensitively on
the details of the alloy composition and the heat
treatment. Microstructure/mechanical property
relationships in these alloys are complex, and
the hardening response due to quenching is not
as pronounced as that in carbon steels. 

Finally, precipitation hardening is attainable
with the addition of 1.5 to 2.0 wt% Be to copper.
Such alloys are typically solution heat treated,
quenched, and then aged to develop refined 
dispersions of the � (CuBe) phase. Strength 
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and hardness values comparable to those of
quenched and tempered steels are readily
attained in copper-beryllium alloys.

8.2 Conventional Joining of Copper
and Copper Alloys

Joining of copper and copper-base alloys in
manufacturing is routinely carried out by vari-
ous welding, brazing, and soldering processes.
Arc welding can be accomplished by shielded
metal arc, gas tungsten arc, gas metal arc, and
submerged arc welding as well as by many vari-
ants of these processes. The main factors deter-
mining weldability are the thermal conductiv-
ity, the solidification range of the materials
being joined, and the presence of low-melting
constituents. 

The high thermal conductivity of pure copper
dictates that high heat source intensity must be
employed in order to achieve localized melting
in the pure metal and dilute alloys. Several
alloying additions, including zinc and tin,
reduce weldability by increasing susceptibility
to cracking. Adherent oxides of aluminum,
nickel, and beryllium may inhibit welding and
often must be removed to ensure sound welds.
Various elements that may be present in copper
alloys (e.g., zinc) are both volatile and toxic,
and this dictates control of ventilation and facil-
ities to contain fumes and dust in order to pro-
tect welders and the surrounding environment. 

Brazing and soldering of copper and its alloys
are also well-developed techniques for joining
during manufacture and repair and are some-
times preferred in order to avoid problems that
may be associated with fusion welding
processes. Almost all copper-base alloys can be
joined by conventional brazing techniques;
these include torch, furnace, dip, induction, and
resistance brazing. Likewise, most copper-base
alloys exhibit good solderability, although joint
strength is typically lower than materials being
joined and lower than the joint strengths attain-
able by welding or brazing processes.

8.3 Temperature Considerations in
FSW/FSP of Copper and Its Alloys

Pure copper melts at 1083 °C (1981 °F),
which is the lowest melting temperature among
the higher melting metals discussed in this

book. However, peak temperatures approaching
1000 °C (1830 °F), which is 0.94TMelt for cop-
per, have been reported for FSP of cast NiAl
bronze (Cu-9.4Al-5Ni-4Fe; compositions are in
weight percent) (Ref 1). Thus, temperatures as
well as forces developed in FSW/FSP of copper
and its alloys will impose limits on the choice of
tool materials. Similarly, peak temperatures
have been estimated to be in the range of 0.7 to
0.95TMelt in FSW of oxygen-free copper, phos-
phorus-deoxidized copper, an aluminum bronze
(Cu-Al-5Zn-5Sn), and copper-nickel (Cu-25Ni)
(Ref 2). Conventional hot work die steels, such
as H-13, and pure tungsten performed well with
the nominally pure copper materials but poorly
with the alloys. This apparently reflected the
higher flow stresses of the alloys for the pro-
cessing conditions chosen. Various sintered car-
bide tools performed poorly due to brittleness,
while polycrystalline cubic boron nitride tools
performed well with all of these alloys when
care was exercised in tool and process design. In
the development of tooling for FSP of the cast
NiAl bronze material, excessive tool wear was
encountered with tools prepared from MP159
(25Ni-36Co-19Cr-9Fe-7Mo-3Ti), while tools
fabricated using Densimet 176 (92.5W-Fe,Ni; a
sintered powder metallurgy material) have per-
formed consistently well (Ref 3).

8.4 FSW of Oxygen-Free Copper 

Following a decade of development, FSW
has emerged as the preferred process in the seal-
ing of copper canisters for encapsulation of
nuclear waste material (Ref 4–6). The canisters
are to be fabricated from seamless copper tubes
that are nominally 4.8 m (16 ft) in length, 1 m 
(3⅓ ft)in diameter, and 50 mm (2 in.) in wall
thickness. Top and bottom caps must be joined
to the tube to complete the encapsulation of the
waste material. To meet the requirements of this
application, oxygen-free copper was chosen for
the tubes and end closures. The high heat source
intensity of electron beam welding and careful
joint preparation were required in order to
achieve high weld quality with adequate control
of melting during fusion welding of the end clo-
sures to the tube cylinders. For FSW, numerous
tool designs and tool materials, including
Nimonic 105 and Densimet, were evaluated,
and high-quality welds were obtained routinely.
This solid-state process appears to produce
thick-section welds in pure copper reliably and
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reproducibly. By tailoring FSW and tool param-
eters, welds were produced that exhibited uni-
form, equiaxed grain structures throughout the
weld nugget, with a grain size matching that of
the base metal and 100% efficiency in the result-
ing weld joints (Ref 4). In contrast, in a more
limited study, softening and a nonuniform stir
zone (SZ) grain size were reported in FSW of 
4 mm (0.16 in.) thick strain-hardened and
annealed pure copper sheet (Ref 7).

8.5 Microstructure Evolution during
FSW of Oxygen-Free Copper and
Selected Copper-Base Alloys 

Dynamic recrystallization has been cited as
the predominant mechanism of microstruc-

ture evolution during FSW of oxygen-free cop-
per. This mechanism also appears to explain
weld nugget microstructures in phosphorus-
deoxidized copper as well as in an aluminum
bronze (Cu-Al-5Zn-5Sn) and a copper-nickel
(Cu-25Ni) alloy (Ref 2). Typical orientation
imaging microscopy data in support of this con-
clusion are summarized in Fig. 8.1. The grain
maps in the images of Fig. 8.1(a) and (b) are for
the oxygen-free copper-base material, which is
apparently in a cold-worked condition. Bound-
aries surrounding elongated grains are indicated
in black, and twin boundaries are light lines in
Fig. 8.1(a); the twins account for 2.1% of the
boundaries in the base metal. The different
shades indicate different lattice orientations
from grain to grain in this representation. These
same data are classified according to the state of

Fig. 8.1 Orientation imaging microscopy data for oxygen-free copper-base material are represented as (a) a grain map and (b)
according to the state of strain as follows: deformed (medium gray), recovered (light gray), and recrystallized (dark gray).  

For the weld nugget, the grain map in (c) shows an equiaxed grain structure with a large fraction of twin boundaries and in (d) that most
of these grains are recrystallized (dark gray). Courtesy of T. Saukkonen and K. Savolainen, Helsinki University of Technology, Espoo,
Finland 
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Table 8.1 Nominal and typical compositions of UNS95800 cast NiAl bronze
Element, wt%

Composition Cu Al Ni Fe Mn Si Pb

Min/max 79.0 min 8.5–9.5 4.0–5.0 3.5–4.5 0.8–1.5 0.10 max 0.03 max
Nominal 81 9 5 4 1 ... ...
Typical 81.2 9.39 4.29 3.67 1.20 0.05 <0.005

strain as deformed (medium gray), recovered
substructure (light gray) or recrystallized (dark
gray) in Fig. 8.1(b). The predominance of sub-
grains suggests that the cold-worked copper-
base metal had been given a recovery anneal
prior to FSW (Ref 2).

Representative microstructure data for the
weld nugget are shown in Fig. 8.1(c) and (d). The
data of Fig. 8.1(c) show that the weld nugget
microstructure comprises refined, equiaxed
grains that contain annealing twins. The fraction
of twin boundaries is ~35% in the weld nugget.
Figure 8.1(d) indicates that most of the weld
nugget grains are free of substructure and there-
fore are recrystallized. Altogether, these data
indicate that restoration in the weld nugget and
surrounding thermomechanically affected zone
(TMAZ) takes place by recrystallization during
FSW of oxygen-free copper (Ref 2). Highly
refined SZ grains 0.8 to 1.5 μm in size were pro-
duced from ~22.5 μm base-metal grains by FSW
of 2 mm (0.08 in.) thick Muntz metal (60-40Zn)
sheets (Ref 8). Distinct hardening of the SZ was
observed. The mechanism of grain refinement
was not reported, although such a composition is
fully � above ~800 °C (1470 °F), and it is an �/�
alloy at ordinary temperatures. 

8.6 FSP of Cast NiAl Bronze Alloys

An allied process of FSW/FSP is emerging as 
a metalworking technology that can provide
localized modification and control of mi-
crostructures in near-surface layers of processed
metallic components (Ref 9–11). In FSP, the tool
is traversed in a predetermined pattern over the
surface of a single workpiece in order to achieve
microstructure modification and corresponding
improvement of properties in selected regions of
wrought or cast metals and alloys. Severe plastic
deformation and restoration during the thermo-
mechanical cycle of FSP may create highly
refined SZ microstructures, especially in alloys.
For cast metals, FSP also results in closure of

casting porosity as well as homogenization
refinement of the as-cast microstructure and con-
verts the as-cast microstructure to a wrought con-
dition in the absence of macroscopic shape
change (Ref 1).

Cast NiAl bronze alloys are used for compo-
nents in a wide range of marine systems due to
good combinations of corrosion resistance,
strength, toughness, friction coefficients, and
nonsparking behavior (Ref 12). Many cast com-
ponents produced in NiAl bronze involve thick
sections, and the resulting slow cooling rates
contribute to coarse microstructures and reduced
physical and mechanical properties (Ref 13). In
such applications, NiAl bronze materials may
not be readily heat treatable, and so, FSP repre-
sents an alternative means of selectively
strengthening the surfaces of such components
(Ref 14, 15).

Physical Metallurgy of NiAl Bronze. The
addition of nickel and iron to copper-aluminum
alloys extends the terminal face-centered cubic
(fcc) �-phase field and suppresses �-phase for-
mation that occurs in binary copper-aluminum
alloys (Ref 16–18). The � phase forms by the
eutectoid reaction � 3 � + � in binary alloys
containing more than 9.5 wt% Al (Ref 19); the �
corrodes preferentially in marine environments
due to its high aluminum content, and so, its
presence is deleterious (Ref 16, 20). The nickel
and iron additions increase NiAl bronze
mechanical properties through the precipitation
of complex � phases that form in both the � and
the � phases (Ref 18). Altogether, NiAl bronzes
are quaternary copper-base alloys; the alloy of
particular interest here is designated UNS95800
(Ref 21), and composition data are given in
Table 8.1.

The constitution and transformation charac-
teristics of NiAl bronze materials have been
described in detail elsewhere (Ref 16–18, 20,
22–30). An as-cast Cu-9Al-5Ni-4Fe alloy solidi-
fies as a single-phase � solid solution. The
sequence of transformations during subsequent
equilibrium cooling is summarized in Fig. 8.2(a),
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while the micrograph in Fig. 8.2(b) was obtained
from a cast NiAl bronze component that required
10 days to cool to room temperature. The corre-
sponding cooling rate is ~10–3 · °C · s–1. The as-
cast alloy remains fully �until cooled to approxi-
mately 1030 °C (1890 °F). At this temperature,
the primary � phase begins to form with a Wid-
manstätten morphology. Meanwhile, nucleation
of globular �, which is nominally Fe3Al, takes
place in the �, beginning at 930 °C (1705 °F). The
globular morphology is apparent in the micro-
graph of Fig. 8.2(b) and is usually termed �ii (in
Cu-Al-Ni-Fe alloys containing >5 wt% Fe, an
Fe3Al phase forms with a dendritic morphology

and is termed �i) (Ref 25, 27). At approximately
860° C (1580 °F), the solubility of iron is
exceeded in the �, and fine �precipitates begin to
form; these fine precipitates are also nominally
Fe3Al and are usually termed �iv. The remaining
� decomposes by a eutectoid reaction at approxi-
mately 800 °C (1470 °F), which results in the for-
mation of a nickel-rich � phase, �iii, that has a
lamellar morphology. Proeutectoid �iii may ex-
hibit a globular morphology and may form by
epitaxy on the �ii.

The � phase is an fcc terminal solid solution
having a lattice parameter a0 = 0.364 nm (Ref
25). The Fe3Al phases (�ii and �iv) have a DO3
structure; the lattice parameter of the �ii is 0.571
nm, while that of �iv is 0.577 nm (Ref 25, 27,
29). The NiAl (�iii) phase has a B2 structure
with a lattice parameter of 0.288 nm (Ref 25, 27,
28). Fully ordered Fe3Al  (�ii and �iv) and NiAl
(�iii) will have interatom spacing that differs by
less than 1% and is therefore difficult to distin-
guish by diffraction methods alone.

Microstructure Evolution in NiAl Bronze
due to FSP. Montages of micrographs from
transverse and longitudinal sections through the
SZ of a representative example of a single FSP
pass on an NiAl bronze material are shown in Fig.
8.3. In this instance, the FSP was accomplished
with a tool fabricated from MP159 (25Ni-36Co-
19Cr-9Fe-7Mo-3Ti). The tool shoulder diameter
was 23.8 mm, while the pin was 7.95 mm in
diameter, 6.95 mm in length, and machined with
a spiral groove. The tool rotation rate was 1000
rpm, and the traversing rate was 20.3 cm · m–1

(Ref 31). Both montages include base metal as
well as the SZ. In the transverse section shown in
Fig. 8.3(a), the boundary between the SZ and sur-
rounding material is distinct on the advancing
side and beneath the tool but is indistinct on the
retreating side. The longitudinal section shown
in Fig. 8.3(b) was obtained along the centerline of
the SZ, denoted A-A� in Fig. 8.3(a), and the dis-
tinct character of the SZ boundary is apparent in
this image as well. Base-metal grains are dis-
torted in the TMAZ, although the extent and
direction of shearing varies with location along
the SZ-TMAZ boundary. The dark-etching fea-
tures in the TMAZ and nearby base metal reflect
local reversion of the lamellar � + �iii to form �
due to the heating associated with the process,
followed by rapid cooling and transformation of
the � to various nonequilibrium transformation
products.

Comparison of the SZ and the as-cast NiAl
bronze base metal shows that the microstructure

Fig. 8.2 (a) Sequence of transformations during equilibrium
cooling of a Cu-9Al-5Ni-4Fe alloy. (b) Typical 

microstructure of slowly cooled (rate ~10–3 · °C · s–1) material

(a)

(b)
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is much finer in the SZ, but that it also varies
with depth. Detailed analyses of regions such as
those indicated in Fig. 8.3 (1 to 4 in the trans-
verse plane and 1� to 4� in the longitudinal
plane) have shown that the observed variation 
in microstructure can be correlated with peak
temperature attained during the FSP ther-
momechanical cycle (Ref 1, 3). The microstruc-
ture data are summarized in Fig. 8.4 to 8.6. In
locations nearest the surface in contact with the
tool shoulder, that is, region 1 in Fig. 8.4 and
region 1� in Fig. 8.5, the microstructure re-
flects full transformation to �. During subse-
quent cooling after passage of the tool, the �
begins to decompose by the formation of �with
a Widmanstätten morphology and then by the
formation of dark-etching constituents during
further cooling. In regions 2 and 2�, elongated
band- or blocklike clusters of equiaxed primary
� grains that contain annealing twins are inter-
spersed with elongated regions that comprised
fine �-transformation products. Elongation of
the primary � in region 2 is more notable in the
transverse plane (Fig. 8.4); in region 2� in the
longitudinal plane, the clusters of primary �
grains are more irregular in shape, but the grains
within these clusters are still equiaxed. The
prior-� regions exhibit fine Widmanstätten �
and fine, unresolved �-transformation products
in the dark-etching regions. Transmission elec-
tron microscopy investigations have shown that
these products include bainitic and martensitic
constituents formed by decomposition of the �.
The central regions of the SZ exhibit distinct
“onion ring” flow patterns. The ringlike charac-
ter of these patterns is seen most clearly in Fig.

8.3(a); these features appear as alternating lay-
erlike structures that are inclined away from the
direction of tool travel in the longitudinal sec-
tion in Fig. 8.3(b). At higher magnification
(region 3 in Fig. 8.4; region 3� in Fig. 8.5), these
layers appear to consist of bands of � having a
Widmanstätten morphology interspersed with
elongated bands of primary � containing fine,
equiaxed grains. The apparent horizontal spac-
ing of these bands is ~230 μm in region 
3�, while the tool advance per revolution is 
~203 μm · rev–1 (Fig. 8.5). Thus, it is likely that
these features constitute bands that have experi-
enced different thermomechanical histories and
are then brought into proximity behind the tool
on successive revolutions. Finally, a highly
refined but unresolved structure is apparent in
regions 4 and 4� (Fig. 8.4 and 8.5, respectively)
at the bottom of the SZ in both transverse and
longitudinal planes. 

Transmission electron microscopy in Fig.
8.6(a) illustrates the highly refined structure of
� grains that are 1 to 2 μm in size at the bottom
of the SZ (region 4) for this same tool and mate-
rial after processing at 800 rpm and a traversing
rate of 15.2 cm · m–1. The absence of �-trans-
formation products at the bottom of the SZ
likely reflects heating only to the vicinity of the
eutectoid temperature during FSP. In this loca-
tion, microstructure evolution appears to have
occurred mainly by deformation and recrystal-
lization of the primary �. Convergent beam
electron diffraction methods were employed to
obtain grain-specific orientation data in this
region, and the corresponding grain-to-grain
disorientations are indicated by the line width in

Fig. 8.3 Montages of micrographs for a single friction stir processing pass in as-cast NiAl bronze, showing the stir zone from the tool
shoulder region downward into base metal. (a) Transverse section. (b) Longitudinal section along A-A�

(a) (b)
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Fig. 8.4 Variation in microstructure in the transverse plane. In region 1, transformation of � with a Widmanstätten morphology is
evident. In region 2, a mixture of deformed primary � and �-transformation products has formed. Bands from the 

“onion rings” are shown in region 3, and a grain-refined region is seen in region 4 near the bottom of the stir zone.



162 / Friction Stir Welding and Processing

Fig. 8.5 Variation in microstructure in the longitudinal plane. The Widmanstätten morphology in region 1 is distinct. In region 2,
the primary � and �-transformation products appear blocky. The bands in region 3 have a spacing corresponding to the 

tool advance per revolution, while the grain-refined region in region 4 is at the bottom of the stir zone.
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the tracing of the boundary structure shown in
Fig. 8.6(b). (The term disorientation refers to
minimum angle among all crystallographically
equivalent rotations that bring adjacent lattices
into coincidence.) Many of the straight bound-
aries have disorientations corresponding to
twins, and so, these features reflect the forma-
tion of annealing twins following recrystalliza-
tion during the FSP thermomechanical cycle.   

Various annealing and hot rolling experiments
were conducted in order to establish a basis for
estimation of local SZ peak temperatures during
FSP. Typical results of these experiments are
illustrated in Fig. 8.7(a); these data were obtained
by annealing small coupons for 1 h at the indi-
cated temperatures, followed by cooling of the
coupons in laboratory air to give cooling rates of
~100 °C·s–1. Additional experiments involving
shorter anneals or concurrent hot rolling (with
reheating between passes) were also conducted.
Upon heating into the range of the eutectoid reac-
tion, the lamellar � + �iii eutectoid constituent
redissolves to form �. Then, during subsequent
cooling, various � transformation form, while
the primary � remains unaffected. The reaction
apparently has not yet begun upon heating at 

770 °C (1420 °F) but has clearly taken place dur-
ing heating at �820 °C (1510 °F); full transfor-
mation to � is only apparent upon heating to 
1000 °C (1830 °F). Altogether, the annealing
data demonstrated that equilibrium fractions of �
were attained within 6 min of heating at tempera-
ture. However, the globular �ii apparently dis-
solved more slowly. With concurrent hot rolling
at this same temperature, the � and � phases
apparently deform compatibly; upon cooling
after hot rolling, the deformed and recrystallized
primary � remains, while various transformation
products form from the �.

The microstructure data in Fig. 8.7(a) show
that the volume fraction of �-transformation
products increases as the annealing temperature
increases and that the �-transformation products
include � with a Widmanstätten morphology.
Figure 8.7(b) is a plot of the volume fraction of
�-transformation products as a function of the
heating temperature in this annealing experi-
ment; identical results were obtained from hot-
rolled samples. The volume fraction of the glob-
ular �ii was measured as well; this phase
dissolved more slowly because of its morphol-
ogy and the low iron diffusion rate, but it had
disappeared upon heating above 950 °C (1740
°F). Estimates of the local peak temperature
were made by measuring the corresponding vol-
ume fraction of �-transformation products in SZ
microstructures. Concurrent deformation has
been shown to result in order of magnitude
increases in spheroidization rates during warm
working of high-carbon steels (Ref 32, 33). On
this basis, the dissolution of the lamellar � + �iii
constituent will be accelerated by the severe
concurrent deformation, and near-equilibrium
microstructures should develop in the SZ during
FSP. The schematic in Fig. 8.8 illustrates an SZ
peak temperature distribution for the material
processed at 800 rpm and 15.2 cm · m–1 that cor-
responds to the microstructures of Fig. 8.3 to
8.6. This distribution assumes that the reversion
of the as-cast microstructure occurs during
deformation and heating to the local peak tem-
perature and that the reversion reactions are
greatly accelerated by the concurrent deforma-
tion. The average volume fraction of �-transfor-
mation products was determined in regions
exhibiting distinct onion-ring formation.

Distribution of SZ Mechanical Properties
after FSP. Because microstructures vary signif-
icantly with location, a miniature sheet-type ten-
sion test coupon design was developed to evalu-
ate the distributions of strength and ductility

Fig. 8.6 (a) Transmission electron microscopy images of
refined grain structure. (b) Results of convergent 

beam electron diffraction analysis from the lower stir zone cor-
responding to region 4 in Fig. 8.3. Grain boundaries are delin-
eated by various lines, depending on grain-to-grain disorienta-
tion angle: thick for � > 40°, thin for 15° < � < 40°, and dotted
for � < 15°, respectively.
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throughout SZs. In the current study, FSP was
conducted using a 12 mm (0.5 in.) step-spiral
Densimet 176 tool, as illustrated in Fig. 8.9(a).
Processing was conducted at 800 rpm, with a tra-
versing rate of 10.2 cm·m–1. Test coupons
according to the design in Fig. 8.9(b) were
obtained by wire electric discharge machining,
and care was taken to maintain sample location

relative to the SZ centerline and surface. This is
suggested in the schematic of Fig. 8.9(c) for ten-
sile axes that are aligned with the direction of
tool travel. The registry with SZ microstructure
is illustrated in Fig. 8.9(d) by superposition of
the gage cross sections of the tensile coupons on
a montage of micrographs from a transverse sec-
tion of the corresponding SZ. 

Fig. 8.7 (a) Influence of annealing temperature on microstructure of a cast NiAl bronze. (b) Plot of corresponding dependence of
the volume fraction of �-transformation products, determined by quantitative metallography, on temperature
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Fig. 8.8 Variation in peak temperature with depth in the stir
zone. The local peak temperature was estimated 

from the local apparent fraction of �-transformation products
and the data of Fig. 8.7.

Tension testing involved standard procedures.
Corresponding nominal base-metal mechanical
properties were 220 MPa (32 ksi) yield strength,
450 MPa (65 ksi) tensile strength, and 10% elon-
gation to fracture. Typical results are shown in
Fig. 8.10. Altogether, these data show that FSP
may result in increased elongations as well as in
increased yield and tensile strengths. The distri-
butions of yield and tensile strengths are shown
in Fig. 8.10(a) and (b), while the corresponding
ductility data are in Fig. 8.10(c). Of particular
note is that yield and tensile strength values near
the plate surface in contact with the tool shoulder
are highest, where yield strength has been raised
to approximately 500 MPa (73 ksi) and tensile
strength to 760 MPa (110 ksi); ductility was
approximately 20% elongation to failure at this
location. This reflects the high local SZ tempera-
ture and the predominance of Widmanstätten �
as a transformation product of a fully � mi-
crostructure. The yield and tensile strengths as
well as the ductilities all appear to remain above
base-metal values throughout the SZ. However,
there appear to be locations of low ductility (~5%
elongation) in the TMAZ underneath the tool

shoulder. Similar sites of low ductility appear in
the heat-affected zones of fusion welds and
appear to be associated with martensitic transfor-
mation products of � formed during rapid cool-
ing after heating to ~800 °C (1470 °F). At 
this temperature, the lamellar � + �iii reverts to
form � of relatively high aluminum content,
which would decrease upon heating to higher
temperatures. 

A similar investigation was performed fol-
lowing multipass FSP using a raster pattern
involving overlapping of adjacent passes. The
FSP was again conducted using a 12 mm (½ in.)
step-spiral Densimet 176 tool operated at 800
rpm with a traversing rate of 10.2 cm·m–1. A
montage of the microstructure and location of
tensile coupons is illustrated in Fig. 8.11(a). The
micrographs in Fig. 8.11(b) show microstruc-
tures at two SZ locations and illustrate highly
refined microstructures and a predominance of
the Widmanstätten morphology in the SZ for
this material and processing condition. The cor-
responding distributions of the tensile proper-
ties are shown in Fig. 8.12. The distributions of
yield and ultimate strength are summarized in
Fig. 8.12(a) and (b), and the elongation data are
in Fig. 8.12(c). These data span a region corre-
sponding to two overlapping passes and show
that the region of low ductility under the tool
shoulder has been eliminated by this multipass
process. Yield strengths at the plate surface now
approach 550 MPa (80 ksi), tensile strengths are
800 MPa (115 ksi), and the ductility is also con-
sistently high at 30% elongation to failure. This
emphasizes that FSP of cast NiAl bronze mate-
rials results in distinct surface hardening of the
material. Nevertheless, in locations below the
SZ, there still appears to be a region of low duc-
tility corresponding to the TMAZ, and presum-
ably, there would be such a region at the outer
edge of the region processed by such a raster
procedure.

Monotonic and Cyclic Mechanical Prop-
erties Following FSP. In developing FSP for
application to large marine castings, 38.1 mm
(1.5 in.) thick NiAl bronze plates were processed
by the Densimet 176 tool (Fig. 8.9). The FSP
parameters are included in Table 8.2. The pro-
cessing involved either a linear raster pattern or a
rectangular spiral raster pattern in order to
process large areas of the as-cast plate material
(Ref 34). Macrographs of sections that are trans-
verse to the long axis of the linear or rectangular
rasters are shown in Fig. 8.13(a) or (b), respec-
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Fig. 8.9 (a) Densimet 176 tool used to process as-cast NiAl bronze. (b) Miniature tensile sample design (dimensions in millimeters
(c) Schematic representation of the distribution of tensile coupons in a stir zone (SZ). (d) Transverse section of the SZ for 

processing at 800 rpm/10.2 cm · m–1. (d) The cross sections of the tensile coupons are indicated by the rectangles.  

tively. Mechanical properties were then evalu-
ated by means of cylindrical test samples that
were machined approximately from the mid-
depth of the SZ, so that the gage section con-
tained only FSPed material (Ref 35). Test sam-
ples were always machined having their long

axes perpendicular to the local  direction of tool
travel. Conventional tension testing was con-
ducted using tensile bars of 4 mm (0.16 in.) gage
diameter. Fatigue testing was accomplished
using samples of 6 mm (0.24 in.) gage diameter.
The fatigue testing involved either fully reversed
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rotating-bending fatigue (R � 	min/	max = –1) or
tension-tension fatigue (R = 0.1).

Table 8.2 provides a summary of the influ-
ence of FSP parameters on the conventional
monotonic tensile properties of an as-cast NiAl
bronze material. 

The tensile data are presented as a function of
raster pattern and tool parameters for the SZ tests.
The yield and tensile strength data for as-cast
material agree well with results of testing with
the miniature samples. However, the as-cast duc-
tility here is twice as high, and this may reflect the
effect of sample size relative to the size and dis-
tribution of casting defects in the material as well
as variations in the as-cast materials. The yield
and tensile strengths in the linear raster here also
compare well with the results from the miniature
coupons, despite the different orientations of the
tensile axes relative to the local direction of the
tool traverse. These larger samples may have an
averaging effect on the SZ ductility values in that
the miniature coupon data indicated a gradient in
ductility from the plate surface downward
through the SZ. 

Nevertheless, from these data, FSP modifica-
tion of the as-cast material produces a 140 to
172% increase in yield strength and a 40 to 57%
increase in tensile strength. The raster patterns
give slight yield and tensile strength differences
as a function of tool parameters, but no consistent
trend is evident. These increases in strength may
be attributed to the elimination of casting defects
and refinement of the microstructure. In particu-
lar, FSP produces microstructures (e.g., fine
grained, Widmanstätten, and lamellar) that gen-
erally exhibit greater yield and tensile strength
values compared to the as-cast material. In these
data, the FSP produced either an 18 to 41%
decrease (linear raster) or a 12 to 38% increase
(rectangular spiral raster) in percent elongation.
However, all of the FSP elongation values are
above 10%, which is the minimum specified for
as-cast NiAl bronze, as well as uniformly above
results from testing with the miniature coupons.
The observed differences in percent elongation
may reflect differences in grain flow patterns
between the linear and rectangular raster pat-
terns. Profile views of the crack path in samples
from the linear and rectangular raster patterns are
shown in Fig. 8.14. Tensile samples from linear
raster patterns exhibit strain localization at
uplifted grains, as shown in Fig. 8.14(a), while
spiral raster patterns tend to give increased uni-
formity of microstructure, as seen in Fig. 8.14(b),
through the sample depth and therefore reduced
strain localization.

The results of rotating-bending fatigue tests
are provided in Fig. 8.15(a) for as-cast NiAl
bronze and for this material after FSP using the
linear raster pattern. Corresponding data for uni-

Fig. 8.10 The mechanical properties for the stir zone in Fig.
8.9, showing the distribution of (a) yield strength, 

(b) tensile strength, and (c) ductility in for tensile test coupons
aligned with the longitudinal axis. Both strength and ductility
are raised relative to the as-cast material, although regions of
low ductility are apparent in the thermomechanically affected
zone under the tool shoulder.  
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axial fatigue tests conducted with R = 0.1 are
included in Fig. 8.15(b). For both loading modes,
the processed material has significantly higher
fatigue resistance when compared to the as-cast
condition. This is not surprising, insofar as
fatigue strength would be expected to scale with

static tensile strength. However, these data also
show that the fatigue resistance of the processed
material is dependent on processing parameters
as well as loading mode. In Fig. 8.15(a), the
material processed using 1000 rpm/7.6 cm·m–1

has the highest fatigue resistance, the material

Fig. 8.11 (a) Transverse section of the stir zone for a multipass raster process involving friction stir processing at 800 rpm/
10.2 cm · m–1, with the distribution of tensile coupon cross sections also highlighted. (b) At higher magnification, the
microstructure consists of refined Widmanstätten �; also, the bands in the “onion ring” structures are less distinct for
multipass processes.   

(a)

(b)
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als. These data show that the material with the
highest tensile strength exhibits the lowest
fatigue resistance. Models to describe the influ-
ence of processing parameters on the thermome-
chanical history or on microstructure evolution
during FSW/FSP remain to be developed. In the
current study, neither metallography nor fractog-
raphy has revealed the microstructural basis for
the influence of processing parameters on the
fatigue behavior of the processed materials.

Under uniaxial conditions, the FSP material
again exhibits a significant improvement in
fatigue resistance in comparison to the as-cast
material. A lesser dependence on processing
parameters is evident in the data for the FSP
material in Fig. 8.15(b), but the same trend
observed for the rotating-bending data is evi-
dent. This may reflect the more aggressive
nature of the loading under rotating-bending
conditions in this study.

8.7 Summary

Applications of friction stir technologies to
welding and processing of copper and several
copper-base alloys have been described. As an
alternative to fusion welding, joining of oxy-
gen-free copper and dilute solid-solution copper
alloys may be readily and reliably accomplished
by FSW, and resulting joints may exhibit uni-
form microstructures and offer 100% joint effi-
ciency. In cast NiAl bronzes, FSP may enable
localized modification and improvement of
properties by closure of porosity and refinement
of microstructures in near-surface regions of
cast components. In combination with FSP,
transformations in NiAl bronze materials may
also enable selective strengthening of surfaces
and improved resistance to fatigue.
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processed using 800 rpm/10.2 cm·m–1 has inter-
mediate fatigue resistance, and the material
processed at 1200 rpm/5.1 cm·m–1 has the lowest
fatigue resistance among the processed materi-

Fig. 8.12 The mechanical properties for the stir zone in Fig.
8.11, showing the distribution of (a) yield 

strength, (b) tensile strength,  and (c) ductility for tensile test
coupons aligned with the local longitudinal axis for the multi-
pass raster pattern. Exceptional strength/ductility combinations
are achieved near the plate surface, although low ductility is
apparent in the thermomechanically affected zone under the stir
zone.  
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Fig. 8.14 Macrographs of fractured tensile samples having tensile axes perpendicular to the local longitudinal direction of the
raster for either (a) linear or (b) rectangular spiral raster patterns. Courtesy of C.B. Fuller and M.W. Mahoney, 

Rockwell Scientific Corporation, Thousand Oaks, CA

Fig. 8.13 Cross-sectional views of microstructures produced by (a) linear raster and (b) rectangular spiral raster patterns. Process-
ing used the tool shown in Fig. 8.9. The distinct uplift pattern in (a) reflects the switching between advancing and 

retreating sides as the processing takes place (the tool is alternately moving into or out of the plane of the micrograph). Courtesy of C.B.
Fuller and M.W. Mahoney,  Rockwell Scientific Corporation, Thousand Oaks, CA

Table 8.2 Monotonic tensile properties of NiAl bronze

Friction stir processing
Linear raster(a) Rectangular spiral raster(b)

parameters, Yield strength Tensile strength Yield strength Tensile strength 

rpm/cm·m–1 MPa ksi MPa ksi Elongation, % MPa ksi MPa ksi Elongation, %

800/10.2 504 73.1 765 111 12.8 460 66.8 743 108 30.0
1000/7.6 522 75.7 769 112 14.3 507 73.6 761 110 25.8
1200/5.1 518 75.1 805 117 17.4 472 68.4 743 108 24.4
As-cast 192 27.9 530 77 21.8

(a) Average of four samples. (b) Average of six samples

(a)

(a)

(b)

(b)



Chapter 8: Microstructures and Properties of Copper Alloys after Friction Stir Welding / 171

Fig. 8.15 Plots of maximum applied stress versus cycles to failure for (a) rotating-bending fatigue (R = –1) and for (b) uniaxial
fatigue (R = 0.1). (a) Data for base metal and the linear raster. (b) Data for the rectangular spiral raster are also 

included. Courtesy of C.B. Fuller and M.W. Mahoney, Rockwell Scientific Corporation, Thousand Oaks, CA
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CHAPTER 10

Process Modeling
Hugh R. Shercliff and Paul A. Colegrove

Department of Engineering, University of Cambridge

PROCESS INNOVATIONS invariably
evolve empirically, using accumulated experi-
ence from laboratory trials. Friction stir welding
(FSW) is no exception, with development ini-
tially based on aluminum alloys and later for
other engineering alloys. The modern power of
process modeling should, however, be exploited
to support and guide experimental development
work, in particular to accelerate takeup in indus-
trial applications and reduce development costs.
Modeling based on scientific understanding of
the mechanisms and physical phenomena of
FSW has still lagged behind but has great poten-
tial for guiding tool design, predicting likely
operating conditions in new materials or joint
geometries, and then optimizing process condi-
tions for maximum process speed. Process mod-
elers also seek to address the performance of
FSW joints, for example, to predict the occur-
rence of voids and defects, the extent of micro-
structural and property changes in the deformed
and heat-affected regions, and the development
of residual stress.

This chapter discusses the status of modeling
of FSW, based on reviews (Ref 1) by the authors
to which readers are referred for more detail.
Friction stir welding presents a multiphysics
modeling challenge, because it combines
closely coupled heat flow, plastic deformation
at high temperature, and microstructure and
property evolution. All three contribute to the
processability of a material by FSW and to the
subsequent properties of the weld. Figure 10.1
illustrates the key physical interactions involved
in linking process and material parameters to
the outputs needed by designers. The core

process model governs the heat generation by
plastic dissipation and friction between tool and
workpiece and the subsequent thermal history
imposed on the material. The metal flow needed
to produce sound joints is determined by tool
design and control of process parameters, such
as the downforce, but is intimately linked to
heat generation. The thermal history is central to
the process—controlling material softening to
enable efficient stirring and rapid traverse
speeds, microstructure and property changes,
and final residual stress and distortion.

In all process modeling, it is essential to keep
the goals of the model in view and to adopt an
appropriate level of complexity. Analytical and
numerical methods each have a role to play,
although numerical methods dominate due to the
power and ease of use of modern workstations
and software. Numerical modeling is based on
discretized representations of specific welds,
using finite element, finite difference, or finite
volume techniques. These methods can capture
much of the complexity in material constitutive
behavior, boundary conditions, and geometry,
but the computational penalty means that, in
practice, a limited range of conditions tends to be
studied in depth. Therefore, it is good modeling
practice to explore simplifications to the problem
that give useful insight across a wider domain,
for example, making valid two-dimensional 
(2-D) approximations to inherently three-
dimensional (3-D) behavior. It is also essential to
deliver a model that is properly validated and
whose sensitivity is known to uncertainty in the
input material and process data—ideals that are
rarely carried through in practice.
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10.1 Analytical Estimates of Heat
Generation

As discussed in Chapters 1 to 3, the tool
shoulder provides heating and constrains the
deformation zone, while the probe shapes the
deformation path that seals the joint and also
generates a proportion of the heat, depending on
the tool dimensions. The tool rotates at high
speeds, such that the peripheral speed of the
shoulder and probe is very much greater than
the translational speed. Friction stir welding pri-
marily uses viscous dissipation in the workpiece
material, driven by high shear stresses at the
tool/workpiece interface. However, the bound-
ary conditions in FSW are complex. Material at
the interface may either stick to the tool, in
which case it has the same local velocity as the
tool, or it may slip, in which case the velocity
may be lower and not in the same direction. The
temperature and normal contact stresses vary
widely over the tool, so it is unlikely that a sin-
gle contact condition will be valid. Contact may
be partially slipping and partially sticking, and
if local melting occurs, there may be oscillating
stick-slip behavior. The effect (or even exis-
tence) of local melting in FSW is a heavily
debated topic. Peak temperatures close to the
solidus temperature have certainly been mea-
sured, but heating above this temperature is
physically limited; local melting of second-
phase particles or eutectic microstructures will
rapidly reduce the shear stress effectively to
zero, leading to a steep drop in local heat input
and temperature. Hence, the heat generation is
self-stabilizing at near-solidus temperatures,
and any melt volume must remain very small—
too small to be evident in the final microstruc-
ture or (critically) to lead to problems associated
with melting, such as liquation cracking.

Modeling the heat generation therefore
requires some representation of the interface
contact behavior together with the viscous dissi-
pation behavior of the material. Simple analyti-
cal approaches are discussed in this section;
numerical methods, in which heat generation is
calculated directly from coupled models of the
temperature field and metal deformation, are
discussed in section 10.3, “Metal Flow.”

The simplest estimates of average heat-
generation rate (Ref 1) consider a purely rotat-
ing tool shoulder (neglecting the translation
velocity and the probe) by analogy with con-

ventional rotary friction welding. For a slipping
contact, the power q is given by:

(Eq 10.1)

where μ is the coefficient of friction, p is the
normal pressure, � is the angular velocity (radi-
ans/s), and Rs is the tool shoulder radius
(neglecting the central area occupied by the
probe). For the limit of sticking friction, μp is
replaced by a constant shear yield stress k, so the
average power generation is:

(Eq 10.2)

Both approaches require calibration. The
average pressure below the tool may be esti-
mated from the downforce (if measured), but
the coefficient of friction is a parameter that can
be adjusted within the physically meaningful
range (�0.2 to 0.5). Similarly, the shear yield
stress will be of the order of half the tensile yield
stress at temperatures approaching the solidus
but will again be adjusted empirically.

Probe heating can also be estimated using
sticking friction (normal pressure not being
straightforward in this case). For a cylindrical
probe of radius Rp and length Lp, rotating at
angular velocity �, the heat-generation rate is:

q = 2� k � LpRp
2 (Eq 10.3)

For given tool dimensions and assuming the
same shear yield stress on probe and shoulder,
the relative contribution from each may be esti-
mated from Eq. 10.1 and 10.2. This shows that
heat generation from the probe is negligible in
thin plate but is typically 10% or more for thick
plate. Finally, it should be noted that a fraction
of the heat is also lost by conduction into the
tool itself (typically on the order of 10% or less).
This may either be estimated from a simple heat
flow model for the tool or introduced as an
adjustable efficiency factor in the net heat input.

Given the need to calibrate these estimates of
heat input, they are best regarded as simple
checks on experimental data. Modern FSW
equipment routinely outputs torque, T, as well
as angular velocity, so the total heat input from
the machine may be directly estimated from the

q �
2p

3
 k w Rs

3

q �
2p

3
 m p w Rs

3
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Fig. 10.1 Summary of the key physical interactions in friction stir welding and the models linking process and material input
parameters to the outputs needed by designers. TMAZ, thermomechanically affected zone; HAZ, heat-affected zone

product T� (neglecting the heat generation from
translation that is approximately 1% of this
value). Thermocouple measurements are then
used for further refinement of the net heat input.
A model based on heating at the tool interface
must also describe the spatial distribution in
heat input over the tool. This is considered fur-
ther in the analysis of heat conduction in the
subsequent section.

10.2 Heat Conduction

Thermal modeling to predict the temperature
field in FSW is central to the problem (Fig.
10.1). It has been applied to optimize welding
conditions and as input to the prediction of
microstructure, properties, distortion, and resid-
ual stress. Thermal modeling is also closely
coupled to the metal flow (section 10.3, “Metal
Flow”).

The thermal analysis of FSW means solving
the partial differential equations for heat flow,

subject to the imposed boundary conditions, to
find the temperature field as a function of posi-
tion and time. Modeling the heat flow in FSW
must consider the following factors:

• Distribution and intensity of the heat input
• Heat losses, particularly to the tooling and

backing plate
• Influence of the initial stationary dwell
• Transients along the weld induced by finite

plate effects (e.g., heatup of the workpiece
and backing plate may mean that steady-state
conditions are not obtained)

10.2.1 Analytical Methods
The classical starting points for heat flow

analysis, originally for arc welding, are the
point and line source solutions for a moving
heat source, due to Rosenthal (Ref 2, 3) and ele-
gantly reassessed and extended by Myhr and
Grong (Ref 4, 5). These solutions approximate
the plate as being infinite in extent in two or
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Fig. 10.2 (a) Inputs and boundary conditions required for numerical thermal analysis of friction stir welding. (b) Typical finite ele-
ment mesh for analysis of the temperature field in both workpiece and backing plate

three dimensions and use constant thermal
properties. They provide a valuable reference
point before embarking on more complex heat
flow analyses. Two significant differences
between arc and FSW are:

• The heat input is distributed around and
beyond the interface of a solid tool in FSW,
whereas an arc can be better approximated by
a concentrated source at the surface of the
melt pool.

• The plunge in FSW generates an initial ther-
mal field around the tool, which greatly short-
ens the transient-to-steady-state conditions
compared to a source moving over an initially
cold workpiece.

Early work lumped all of the heat input to the
workpiece into a point source and used the
Rosenthal solutions directly, demonstrating via
instrumented welds that this was reasonably
accurate for the far field (i.e., for distances
greater than the shoulder radius) (Ref 6). Given
the distributed nature of the heat source, it is
also common to use the Rosenthal equations for
FSW by integrating infinitesimal heat inputs
distributed over the tool area, for example,
assuming a constant power density or a power
intensity that varies with the radius from the tool
axis (Ref 7–9). If this level of detail is applied to
the heat source, then other issues become sig-
nificant, for example, the thermal boundary

conditions between the workpiece and the back-
ing plate and the temperature dependence of the
thermal properties. This all incurs a significant
programming penalty and offers little that can-
not be achieved using techniques such as finite
element analysis, for which commercial codes
are routinely available. Analytical methods
have therefore largely been superseded by ther-
mal analysis using finite element or finite vol-
ume techniques.

10.2.2 Numerical Methods
Numerical methods offer many advantages

over analytical methods, being better suited to
finite plate geometries, temperature-dependent
thermal properties, and complex boundary con-
ditions (such as heat losses to the backing plate,
distributed heat sources, or frictional heating).
The tool and backing plate can also be explicitly
included as conducting solids in the thermal
analysis. Finite element analysis is the most
common numerical tool used for this problem
(Ref 10–24), although finite difference methods
have also been used (Ref 25). Finite volume
solvers are equally suitable but tend to be used
only when a simultaneous metal flow solution is
sought (see section 10.3, “Metal Flow”). Figure
10.2(a) summarizes the ingredients required for
a numerical solution of the thermal field: the
heat input, material thermal properties, and
thermal boundary conditions, discussed in turn
as follows. All require a degree of calibration



Chapter 10: Process Modeling / 191

using experimentally determined temperatures
(and heat inputs). It is most important to appre-
ciate the sensitivity of the results to uncertainty
in all of the inputs. Repeat analyses with param-
eters set at upper and lower realistic values are
essential in order to appreciate the uncertainty
in the results and to identify which parameters
have the greatest influence for the problem of
interest. Recognizing that some parameters are
secondary may allow simplifications to be
made, giving gains in computational efficiency.
Unfortunately, there is a strong tendency with
modern software to add complexity, because it
is possible and gives the illusion of greater pre-
cision, and to interrogate the models fewer
times rather than more. This is inherently bad
practice in modeling and should be resisted.

Numerical methods are able to capture full
transient heat flow behavior, that is, in which the
temperature at a given position with respect to
the heat source evolves with time. Transient
heat flow is important in the early stages of
welding or as an effect of finite plate geometry.
The initial plunge provides a degree of preheat,
so steady-state conditions, in which the thermal
field with respect to the source is unchanging,
are reached more rapidly in FSW than, for
example, in arc welding. Long friction stir
welds, as used in shipbuilding, for example, are
in any case predominantly in the steady-state
regime. Steady-state thermal analysis is much
faster than a full transient solution and is a good
starting point in building a model, even if tran-
sient analysis is required to capture later detail.
The key difference in implementation is the
nature of the mesh used to discretize the vol-
ume. In a Eulerian formulation, the mesh is
fixed, and the material is allowed to flow
through the mesh, which is suitable for steady-
state analysis; the material flows through a sta-
tionary thermal field “attached” to the tool. The
Lagrangian formulation is more general and
used for transient analysis, with the mesh being
fixed to the material, and temperature evolving
everywhere as the heat source moves with
respect to the mesh.

There are several other important issues in
the choice of discretization of the material vol-
ume in the software implementation, that is, the
choice of mesh and element size and element
type (linear, quadratic, 3-D, shell, etc.). Numer-
ical solvers approximate the temperature field
over the volume, constrained by both boundary
conditions and type of meshed representation
used. Figure 10.2(b) shows a typical finite ele-

ment mesh for solving the thermal field in both
workpiece and backing plate. A fine mesh is
used near the heat source, where the tempera-
ture gradients are steep. These effects are not
discussed in detail here, but it should be recog-
nized that they can have as much of an influence
on the results as the material and process input
data. It is important for the modeler to have a
proper awareness of the effects of the mesh size
and type on both results and computation time.
Sensitivity analysis has an equal role to play in
validating a numerical model.

Heat Input. Most thermal analyses use a
heat source distributed over the tool surface,
with a heat flux per unit area (in W/m2) of con-
stant intensity or prescribed spatial variation
(e.g., with radius from the tool axis). This rec-
ognizes that the heat is generated at the interface
by friction or by viscous dissipation in a layer
that is sufficiently thin to consider it to be at the
interface. Alternatively, for the probe, its share
of the heat input may be distributed over the
probe volume. In heat flow problems, such
approximations rapidly lose significance as the
distance from the heat source increases. The
second assumption is usually to ignore tool tilt
and the effect of metal flow on the distribution
of heat generation and to treat the source as
axisymmetric. The high rotational speed and
consequent convective heat flow by motion of
the material act to smooth out the circumferen-
tial distribution of heat. As an example, the heat
input intensity has been represented as follows
(Ref 17):

(Eq. 10.4)

that is, the intensity increases with radius r for
Rp � r � Rs, where Rp and Rs are the radius of the
probe and shoulder, respectively, and Qs is the
power input from the shoulder (at the workpiece
surface).

(Eq. 10.5)

that is, a uniform volumetric heat source occu-
pying the space filled by the probe, of length Lp,
supplying a power Qp. The parameters Qs and
Qp are adjusted empirically, usually informed

For the probe 1W>m3 2 : qp 1r 2 �
Qp

p Rp
2 Lp

For the shoulder 1W>m2 2 : qs 1r 2 �
3

2p
�

Qs � r

Rs
3 � Rp

3
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Fig. 10.3 Example of thermal property data for aluminum
alloy 2024. Adapted from Ref 26, 27

by experimental measurements of the total
power input, as discussed in section 10.1, “Ana-
lytical Estimates of Heat Generation.” The
radial increase in shoulder heat input is one way
to recognize the local tool velocity over the
workpiece (neglecting the translational veloc-
ity). Other distributions are, of course, possible
and indeed likely; the nature of the contact will
be temperature dependent, with the heat gener-
ation limited as the temperature approaches
melting. The radial source will tend to overesti-
mate the peripheral temperature in conse-
quence. It is difficult to be more physically real-
istic without fully solving the coupled
heat-generation and conduction problem (dis-
cussed in section 10.3, “Metal Flow”), although
this introduces further assumptions and approx-
imations. It is important to recognize that the
total heat input is the key parameter, and there
are limits to the refinements of the spatial distri-
bution of the heat that are meaningful in fitting
experimental temperature data.

Material Thermal Properties. The partial
differential equation for heat flow depends on
three material properties: density, �; specific
heat (per unit mass), Cp; and thermal conductiv-
ity, �. Specific heat and conductivity, in partic-
ular, are temperature-dependent properties, and
numerical methods are able to incorporate this
in solving for the temperature field. There are
practical difficulties, however, in obtaining reli-
able data. The situation is particularly compli-
cated in heat treatable aluminum alloys in which
the microstructure evolves significantly during
welding. The thermal conductivity is influenced
primarily by the amount of solid solution and
the presence of fine-scale hardening precipi-
tates. The initial temper therefore has an influ-
ence on the room-temperature properties, and
the properties will evolve as precipitates dis-
solve and reform during the thermal cycle, on
top of the normal temperature dependence of a
stable alloy microstructure (caused by phonon
scattering). Published data tend to be for mate-
rial after some fixed (long) hold time, which
may not be representative of the state in a weld
for which thermal cycles last tens of seconds.
Figure 10.3 shows typical data for aluminum
alloy 2024 (Ref 26, 27). A degree of pragma-
tism is again required in using such data. It 
is common to take published temperature-
dependent values that neglect microstructure
evolution, as in Fig. 10.3, or simply to take aver-
age constant values at a midrange (or room)
temperature. Because heat input (and boundary
conditions) requires calibration, uncertainty in

thermal properties is, to a large degree, masked
by comparable uncertainties elsewhere in the
model.

Thermal Boundary Conditions. Heat is
lost to the tool, to the surrounding atmosphere,
and to the backing plate (and any clamps
applied to the plate). The effect of the tool was
discussed previously, because allowance is
made for this in the net heat input. Convection
to the atmosphere is modeled via a heat-transfer
coefficient. The value for air convection is low;
little heat is lost this way, and the temperature in
the plate is insensitive to the value of the heat-
transfer coefficient to air. The most important
heat loss is to the backing plate, usually mod-
eled with a thermal conductance between the
two solids (workpiece and backing plate).
Because a significant downforce is applied to
the tool, and the metal under the tool is hot, the
thermal contact is intimate under the tool. Fur-
thermore, the good contact is retained beneath
the weld after the tool moves on. A constant
conductance does not capture this behavior
well, but the conductance should preferably
evolve depending on the tool position, which
makes the numerical analysis more complex.
One approach is to have a high conductance
under the tool itself and a lower value every
place where there is contact with the backing
plate. An alternative is to calibrate a tempera-
ture-dependent conductance, with increasing
thermal coupling as the temperature rises. This
has the numerical advantage that the boundary
condition depends on the local temperature
alone, independent of the tool position, which is
numerically similar to using a heat-transfer
coefficient. Faster solutions still can be
achieved by replacing the backing plate alto-
gether with an equivalent convective fluid, cali-
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brating an appropriate notional heat-transfer
coefficient. Figure 10.4(a) shows a typical ther-
mal field predicted using a finite volume solver,
with a high conductance under the tool. The dif-
ference in workpiece and backing plate temper-
atures away from the tool can be seen.

10.2.3 Experimental Validation
The experimental measurement of the tem-

perature field was introduced in Chapter 3,
“Temperature Distribution and Resulting Metal
Flow.” Most evaluation of the thermal field uses
thermocouples, although thermal cameras and
pyrometers have been used to indicate the sur-
face temperatures around the shoulder. The dif-
ficulties with using standard K-type thermocou-
ples are:

• Their finite size, such that an average temper-
ature is indicated over a finite range of tem-
perature in a thermal gradient

• Their response time, which may not keep up
with the temperature when this varies rapidly,
although FSW is a relatively slow welding
process

• Accurate location of the thermocouple at the
desired position in the depth and transverse
directions

• Ensuring good contact between the thermo-
couple and the root of the associated hole

With care, an accuracy on the order of 10 °C 
(18 °F) can be achieved, and this sets a limit to
the degree of calibration in heat input and
boundary conditions that can be justified.

Figure 10.4(b) shows a typical set of thermal
cycles measured by thermocouple, together
with the predicted curves (in this case, calcu-
lated using a finite volume solver). Note that the
experimental history for the hottest thermocou-
ple is truncated, because the weld deformation
ran into the thermocouple and it was destroyed.
This has the advantage of giving direct evidence
of peak temperatures in the weld nugget,
although the cooling history is lost.

The predicted thermal histories are most sensi-
tive to the heat input and to the heat loss to the
backing plate. These affect the thermal history
differently in each location, so the more thermo-
couples the better. There is a tendency for the two
parameters to compensate for one another to
some extent, particularly in thin plate where the
through-thickness temperature gradient is small.
Increasing the heat input raises the peak tempera-
ture everywhere and changes the cooling rate,
while increasing the thermal conductance prima-

rily modifies the cooling part of the curve. It is
beneficial in decoupling these two effects to have
an instrumented backing plate, measuring its
temperature in at least one location. Figure
10.4(a) shows a typical predicted 3-D tempera-
ture field, with the backing plate. Efficient and
physically realistic adjustment of heat-transfer
conditions is not easy and improves with experi-
ence of thermal modeling in many different situ-
ations. As always, greater insight into the prob-
lem is obtained by running multiple analyses,
showing the sensitivity of the thermal histories to
systematic variations in key parameters, such as
conductance to the backing plate. Note also that
different interpretations of the quality of fit are
obtained, depending on the way the predicted
temperature field is evaluated against the ther-
mocouple data. For example, different conclu-
sions may be drawn on the model quality by com-
paring the full thermal cycles T(t), as opposed to a
plot of the peak temperature Tp as a function of
transverse position.

10.3 Metal Flow

Modeling the metal flow in FSW is a chal-
lenging problem but is fundamental to under-
standing and developing the process. As intro-
duced in Fig. 10.1, flow models seek to
simultaneously capture the thermal and
mechanical aspects of the problem in enough
detail to address a subset of the following
issues:

• Flow visualization and insight into the mech-
anisms by which the joint line is broken down
and forged in a sound metal-metal bond,
including the flow of dissimilar metals

• Improved evaluation of the heat generation
and the related heat flow that governs the
temperature field (and hence microstructure,
properties, loads, and residual stress)

• Virtual tool design, to optimize tool profiling
for different materials and thicknesses

• Accelerate the optimization of process condi-
tions (minimize force and maximize speed),
particularly for new alloys

• Susceptibility to formation of defects (e.g.,
voids) and sensitivity to process variability,
such as fluctuations in the plunge depth or ini-
tial plate fit-up

Some conceptual descriptions of the flow
behavior were introduced in Chapter 3, “Tem-
perature Distribution and Resulting Metal
Flow,” and further experimental evidence is dis-
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Fig. 10.4 (a) Typical predicted global three-dimensional temperature field for moving friction stir welding (FSW) heat source,
including heat transfer to backing plate. Source: Ref 28. (b) Measured and predicted thermal cycles for a typical FSW in 

aluminum alloy 7075, using a finite volume solver for the numerical analysis. Source: Ref 29
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cussed in section 10.3.7, “Experimental Flow
Validation.” These experiments both guide the
development of flow models and provide some
direct validation of predicted flow patterns. A
number of key points are worth emphasizing at
the outset:

• The shoulder, pin, and backing plate provide
significant kinematic constraint on the
incompressible metal flow; that is, the path is,
to a large extent, geometrically determined
by the process. Continuity dictates that the
flow separates on the advancing side, with the
material ahead of the pin being swept around
the retreating side in an extrusion-like
process, forming a longitudinal friction weld
as the metal streams are forced together.

• The circumferential speed of points on the
tool interface (both pin and shoulder) is
higher than the translational speed of the tool,
usually significantly so.

• The material speed at the interface may reach
the local tool speed if sticking occurs, but slip
will limit the speed to a lower value, and this
aspect will be highly sensitive to the local
temperature (and hence local viscosity or
shear flow stress).

• Heat generation and conduction, combined
with the typical softening response of alloys
with increasing temperature, leads to a tem-
perature gradient away from the tool and an
intense, thin deformation zone close to the
interface.

• Tool features on pin and shoulder and the
overall kinematics of flow to bypass the tool
induce some flow in the through-thickness
direction, superimposed on the essentially in-
plane flow around the pin.

The flow around the pin is at the heart of the
process and is one of the main determinants of
success in FSW. Away from the shoulder and
backing plate, the kinematics of the process
noted previously dictate that the flow is pre-
dominantly in the plane of the plate. Hence, var-
ious authors have first analyzed the 2-D flow
around the pin at midthickness rather than the
full 3-D flow, giving significant benefits in com-
putational efficiency. When this has been suc-
cessfully modeled, the analysis can be extended
with more confidence to three dimensions.

10.3.1 Analytical Flow Modeling
Some analytical approaches have been tried

to model the flow in FSW, assuming a simpli-

fied view of the flow pattern and tool/workpiece
interface conditions, in order to estimate tool
forces, torques, or heat generation. For exam-
ple, Stewart et al. (Ref 30) compared two alter-
native theories for material flow: a mixed-zone
model, with deformation distributed over the
nugget and thermomechanically affected zone
(TMAZ), and a single slip surface model, with
slip concentrated on a surface. The latter
appeared more consistent with experimental
observations. An upper-bound analysis was pre-
sented by Shercliff and Colegrove (Ref 1) to
predict the size of the deformation zone around
the pin, based on the inherent kinematic con-
straint of the in-plane 2-D flow around the pin
and continuity of flow. Schmidt and Hattel (Ref
31) extended this to solve for the continuum
velocity field analytically, using continuity with
a linear velocity profile away from the tool.
Heurtier et al. (Ref 32) assumed a velocity field
superimposing rotation, translation, and vortex
flows (conceptually similar to the qualitative
kinematic description, Ref 33, discussed in
Chapter 3, “Temperature Distribution and
Resulting Metal Flow”). This approach delves
considerably deeper into the prediction of
deformation and temperature.

Metal flow in FSW is inherently complex,
and, as with analytical thermal models, a point
is rapidly reached where it is preferable to
switch to numerical meshed methods using
commercial codes. These are discussed in the
next section.

10.3.2 Numerical Flow Modeling
The deformation aspect of FSW suggests that

the underlying physics has parallels in other
thermomechanical processes outside the usual
domain of thermal welding research. Numerical
FSW flow modeling can therefore draw on
analyses and codes used for other processes,
such as friction welding, extrusion, machining,
forging, rolling and ballistic impact. The FSW
flow modeling uses finite element (Ref 1, 12,
34–41), finite volume (Ref 28, 29, 42–51), or
shock wave physics (Ref 52) codes. Most of
these are used for computational fluid dynamics
(CFD) analyses, which treat the problem as one
of viscous fluid flow rather than solid plasticity.
The validity of this approach stems from the
large inelastic strain, with hot metal flow corre-
sponding to viscoplastic behavior at very low
Reynolds number. Hence, the Navier-Stokes
equations may be solved with the convective
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and time-dependent terms neglected, using 
an appropriate temperature and strain-rate-
dependent viscosity. Key aspects of all flow
analyses are thus:

• Coupling between flow and thermal fields
• Choice of an appropriate constitutive

response for the material (and the availability
of data)

• Contact conditions at the tool workpiece
interface

These issues are discussed in the following 
sections.

As for heat flow analyses, numerical flow
models can use either a Eulerian or Lagrangian
formulation for the mesh (or a hybrid of the two,
arbitrary Lagrangian-Eulerian, or ALE), but the
distinction is more significant than in thermal
analysis. This is because in a Lagrangian analy-
sis, the mesh is attached to the material, but the
material itself (and thus the mesh) deforms. This
limits the strains to only a moderate level before
mesh distortion leads to failure of the analysis,
so frequent remeshing and a fine mesh in the
deforming regions are required. This leads to
computationally intensive analyses that can
only simulate the initial plunge and dwell or rel-
atively short distances of real welding.

The difficulty of solving the full 3-D metal
flow in FSW as an elastic-plastic problem has
therefore led most researchers to concentrate on
CFD viscoplasticity approaches. One conse-
quence is that some mechanical effects are
excluded from the scope of the analysis, for
example, studying the effect of varying the
downforce. Free surfaces also present difficul-
ties in CFD, because the deforming material
must fill the available space between the solid
boundaries of the tool, backing plate, and so on.
However, experimental evidence exists (dis-
cussed later) that for some tools and welding
conditions, there is a stable cavity behind the
pin or within the tool features, and it is also
well-established empirically that defects such as
tunnel voids can be left in the wake of the tool.
These cavities are assumed to have a second-
order effect on the flow as a whole, but it is
important not to overinterpret the predicted flow
in the wake of the pin if, in practice, some form
of separation occurs. It would be of great bene-
fit if the likelihood of voids could be predicted
by CFD analysis of the material state in the
wake of the pin; for example, a state of high
hydrostatic tension may correlate with a ten-

dency to cavitate and generate a stable pore.
This has so far proved elusive in CFD modeling,
but a few researchers have pursued this via 3-D
elastic-plastic finite element analysis of FSW
using an ALE formulation (Ref 39, 40). The
results provide interesting physical insight but
show great sensitivity to the assumed material
response and contact conditions. The very long
computation times also make it unlikely that
these analyses will be used routinely as design
tools.

An intermediate style of analysis is illustrated
by the application of the CTH code (developed
by Sandia National Laboratory) to FSW (Ref
52). This code is primarily used to simulate
high-speed impact and penetration phenomena
encountered in ballistics. It has the advantage
over CFD that it captures the elastic as well as
the viscoplastic response of the material and has
been shown to produce detailed flow predic-
tions for a wide range of geometries.

The CFD analysis of FSW ranges from 2-D
flow around a cylindrical pin to full 3-D analy-
sis of flow around a profiled pin. Some of the
numerical issues are the same in all cases, in
particular, building an efficient mesh for rapid
computation. One difficulty is the steep gradient
in flow velocity near the tool. Most analyses
divide the mesh into zones, as illustrated in Fig.
10.5(a). Because the flow near the tool is pre-
dominantly rotational, the mesh in this region
rotates with the tool. In the far field, all material
that undergoes some deformation is treated as a
fluid, with the mesh stationary and the metal
flowing through it at the traverse velocity. The
rotating zone is made large enough to contain
the entire deformation zone, such that the veloc-
ity to be matched across the interface between
the two zones is equal to the traverse velocity
everywhere. However, the mesh size in the
rotating zone is much finer and graded toward
the tool, to capture the intense deformation (Fig.
10.5b). A further simplification is to model the
workpiece to either side as a translating solid,
rather than a fluid (which, of course, in reality it
is). This reduces the number of elements for
which the fluid solver must operate. Note that 
3-D analysis, as illustrated in Fig. 10.5(a), is
able to handle some of the process complexities:
a concave shoulder, tool tilt, and threaded pin
profiles.

A particular complexity of FSW flow model-
ing is that the rotation of a profiled tool gener-
ates a geometry that varies cyclically. The
deformation field evolves continuously but
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Fig. 10.5 Mesh definition for computational fluid dynamics analysis of friction stir welding. (a) Subdivision into translating and
rotating zones. (b) Example of two-dimensional mesh

repeats on a period determined by the sequential
positions at which the tool orientation is identi-
cal with respect to the traverse direction. This is
once every revolution for the original threaded
tools but every one-third revolution for more
recent tools with threefold rotational symmetry,
such as the Triflute (TWI Ltd.). In principle, a

full transient flow solution is required to capture
the flow during this period of revolution. Faster
solutions of sufficient accuracy can be obtained
by finding the steady-state solution for given
angular orientations of the tool; each solution is
like a snapshot of the flow at a particular instant
in time (Ref 28, 45, 46). The full transient analy-
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sis, with the tool rotating incrementally, is much
more laborious but was undertaken periodically
as a check on this steady-state simplification.

10.3.3 Coupled Thermal and Flow
Modeling

The close coupling between heat flow and
metal flow in FSW was discussed earlier (Fig.
10.1). Viscous dissipation and friction generate
heat at or near the tool interface, and a thermal
gradient develops away from the tool by conduc-
tion, but the loop is closed by the temperature
dependence of the viscosity and friction condi-
tions at the interface. As noted earlier, a common
approximation is to recognize that most of the
heat generation takes place in a thin layer close to
the tool. Hence, if an estimate of the heat input
can be measured or estimated independently
(section 10.1, “Analytical Estimates of Heat
Generation”), the thermal problem may be
solved first, imposing the heat flux at the
tool/workpiece interface. The resulting thermal
field is then imposed on a flow model (in which
heat generation by viscous dissipation is not then
strictly required). Some analyses have imposed
isothermal conditions on the basis that the tem-
perature difference across the deformation zone
is small, and heat transfer by convective material
flow will also smooth out temperature differ-
ences in the circumferential direction. Sequential
thermal and flow analyses are much quicker than
fully coupled analysis, which needs to converge
on temperature and flow fields that are spatially
self-consistent with the heat generation and con-
duction. It is important, however, to compare the
approximate analyses with occasional fully cou-
pled solutions to check the influence on the pre-
dicted flow field.

10.3.4 Material Constitutive Behavior
for Flow Modeling in FSW

All flow modeling to date has been on FSW of
aluminum alloys, with the exception of Goetz
and Jata (Ref 36), who also analyzed titanium
alloys. For aluminum alloys, it is reasonable to
assume that steady-state hot deformation condi-
tions apply. At typical FSW temperatures, the
large strain deformation is perfectly viscoplastic,
with work hardening balanced by dynamic
recovery or dynamic recrystallization. Hence,
the hot forming literature provides relevant
information from hot testing in torsion, tension,
or compression, although much of the best data

may be proprietary. Aluminum extrusion data
are most relevant, because there are many simi-
larities in the deformation conditions (high strain
rates and near-melt temperatures), while the
greatest commercial application of FSW is in
welded extrusions of heat treatable aluminum
alloys.

The most common approach to modeling
steady-state hot flow stress, �, is the Sellars-
Tegart law (Ref 53), combining the dependence
on temperature, T, and strain rate, 	·, via the
Zener-Hollomon parameter, Z:

(Eq 10.6)

where Q is an effective activation energy, R is
the gas constant, and 
, A, and n are material
constants. If the data cannot be well fitted to this
equation, an alternative option in numerical
modeling is to store the data as a look-up table
and to interpolate directly.

A difficulty with using hot deformation data
for FSW modeling is that the test temperatures
rarely extend right up to the solidus, when mate-
rial melting commences. The near-solidus loss
in strength is critical to the way that FSW oper-
ates, but data are not yet routinely available for
this regime. Recognizing the physical cutoff of
the solidus, empirical softening regimes have
been proposed (Ref 43, 44, 48, 50, 51). A typi-
cal fit of Eq 10.6 to experimental data, with an
empirical near-solidus response, is shown in
Fig. 10.6(a) for aluminum alloy 7449.

Askari et al. (Ref 52) and Schmidt et al. (Ref
40, 41) have used an alternative constitutive
response developed by Johnson and Cook (Ref
54) for modeling ballistic impacts:

� = (A + B	n) (1 + C ln 	·*) (1 – T*m) (Eq 10.7)

where, A, B, n, C, and m are material constants;
	·* (= 	· /	·0) is the dimensionless plastic strain rate
for 	·0 = 1); and T* is the homologous tempera-
ture, given by T* = (T – T0)/(Tm – T0), with Tm
and T0 being the melt and ambient temperatures,
respectively.

Figure 10.6(b) shows the form of this consti-
tutive law for aluminum alloy 2024 (neglecting
the strain-hardening term for hot deformation of
aluminum alloys, i.e., setting B = 0). While this
law captures the desirable feature that the
strength falls to zero at the solidus temperature,
it is somewhat at odds physically with the well-
established strain-rate dependence exhibited by
aluminum alloys in the Zener-Hollomon re-

Z � e
#
 exp a Q

RT
b � A 1sinh as 2 n
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Fig. 10.6 (a) Constitutive data for hot deformation of aluminum alloy 7449, fitted to the Sellars-Tegart law, with a linear empirical
softening regime applied between the limit of the data and the solidus temperature. Tm, melt temperature; Ts, solidus 

temperature. Source: Ref 50, 53. (b) Typical form of the Johnson-Cook constitutive law for aluminum alloy 2024, neglecting strain hard-
ening. Source: Ref 47

gime. The general flow pattern predicted is
somewhat insensitive to the constitutive law,
due to the inherent kinematic constraint of the
process. However, the heat generation, temper-
ature, and flow stress near the tool and the 
loading on the tool will depend closely on 
the material law. Hence, predictions using the 
Johnson-Cook law should be treated with cau-
tion, and more physically realistic constitutive
data should be used.

A further complexity is that the standard tests
used to obtain hot deformation data involve
holding the specimen at temperature for a
period of time before conducting the test. While
this has little effect on non-heat-treatable alloys
(1000, 3000, and 5000 series), it may be signif-
icant for heat treatable alloys (2000, 6000, and
7000 series). This is because commercial tem-
pers such as T3 and T6 have unstable micro-
structures, which evolve when heated to tem-
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peratures of 200 °C (390 °F) or more. In the rel-
atively short thermal cycles in FSW, the flow
stress of heat treatable alloys will evolve at a
rate determined by the dissolution of the hard-
ening precipitates, giving a different strength to
that observed using standard test procedures.
Furthermore, the deformation itself may accel-
erate the dissolution of precipitates by disloca-
tions cutting shearable precipitates and short-
circuit diffusion along dislocations, so it is not
purely an effect of thermal history. For most
commercial alloys and tempers, however, disso-
lution is rapid and does not lead to coarse equi-
librium precipitation within the thermal cycles
induced by FSW. The important temperature
regime for metal flow is 100 to 200 °C (180 to
360 °F) below the solidus, when a solid solution
can usually be assumed. Microstructural model-
ing is also now capable of tracking the complex
evolution of precipitation in commercial alloys
(section 10.4, “Microstructure and Property
Evolution in FSW of Aluminum Alloys”). It is
clear, however, that better experimental flow
data are needed in the near-solidus regime.

10.3.5 Tool Material Interface
Conditions

The contact conditions between the tool and
the material are central to the friction stir
process. The process sweeps material from 
the leading to the trailing edge of the tool,
around the retreating side of the tool. The shear
stresses at the tool/workpiece interface control
this behavior, in particular, the dragging of
material into the probe wake to generate the
seam between the separated flows around 
the advancing and retreating sides. The na-
ture of the contact is virtually impossible to
observe directly, so modelers have used various
physical assumptions to capture the problem 
numerically.

The boundary conditions applied at the tool
interface either prescribe the material velocity
field at the interface or the interfacial shear-
stress distribution:

• Full sticking, with the local material velocity
matching that of the tool interface every-
where, or the applied shear stress being equal
to the shear yield stress (sticking friction)

• Slipping, with the rotational speed of the
material being an arbitrary constant fraction
of the tool rotation speed

• Stick/slip conditions, in which the shear
stress is limited to an arbitrary constant value

• Coulomb friction, with the shear stress being
limited to a maximum value dependent on the
local normal pressure. Because Coulomb
friction depends on the normal stress, this is
only valid for finite element analysis in which
the elasticity is included. It is most com-
monly applied to model the shoulder contact
but requires the assumption of a constant
coefficient of friction, usually calibrated via
the net measured torque or indirectly through
the temperature field, which reflects the fric-
tional heat input.

Analyses range widely in complexity from
isothermal models with a constant shear stress
to represent sticking friction at the interface, to
fully coupled thermal and flow models with
temperature-dependent stick/slip conditions
over the whole interface. The particular prob-
lem of the limited knowledge of flow properties
close to the solidus was discussed in section
10.3.4, “Material Constitutive Behavior for
Flow Modeling in FSW.” Coupled analyses that
do not include softening tend to predict exces-
sive torques and heat generation. This is over-
come empirically by setting a relatively low
limiting frictional stress, so that slipping condi-
tions prevail. Alternatively, empirical softening
regimes (as in Fig. 10.6a) achieve the same
effect by rapidly reducing the shear flow stress
near the solidus, with sticking conditions
throughout. It is therefore difficult to determine
from first principles whether stick or slip occurs.
The latter approach is numerically more robust,
because the interfacial velocity is prescribed
everywhere, and it captures the inherent self-
stabilization of the process as the temperature
approaches the solidus. For the shoulder, stick-
ing conditions tend to predict excessive heating,
even with softening. This probably reflects the
lower degree of constraint on material near the
periphery of the shoulder, where hot metal can
be extruded out of the contact, and also the
lower contact pressure (or incomplete contact)
on the leading edge of the shoulder due to tool
tilt.

The main outputs of flow modeling are flow
visualizations, to illustrate the process mecha-
nism and to compare with experimental marker
techniques (section 10.3.7, “Experimental Flow
Validation”). These include streamlines, parti-
cle tracks, velocity maps, and strain-rate con-
tour plots. Flow models can also be validated
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Fig. 10.7 Typical generic flow path around the probe in
friction stir welding, illustrated from a two-

dimensional computational fluid dynamics model with a cylin-
drical tool. Adapted from Ref 44

indirectly, through the coupling to the thermal
field (i.e., heat generation) or the net loading on
the machine, by integration of the stresses act-
ing on the tool (torque, traverse force, and
downforce). The CFD models cannot predict
absolute forces, because elasticity is neglected.
Nonetheless, the trends in forces, torque, and
heat generation can be investigated as the rota-
tion and traverse speeds are varied or as the tool
profile is changed (see section 10.3.6, “Influ-
ence of Tool Profile and Process Conditions”).

Two-Dimensional Flow Modeling.
Because the intense deformation is limited to a
relatively thin layer near the interface, the
shoulder and probe can, to some extent, be con-
sidered separately. Cross sections of friction stir
welds (Chapters 1 to 3) show a characteristic
sweep of material across the joint line near the
surface, driven by the trailing edge of the shoul-
der. At midthickness, however, the influence of
the shoulder is primarily as a remote heat source
contributing to the temperature field along the
probe, particularly for thick-section welds. This
enables simpler, faster 2-D analyses to be con-
sidered as an approximation to the flow around
the probe. The 2-D analyses assume the tool is
prismatic and reasonably long compared to its
radius. The high-speed rotation primarily drives
the flow circumferentially, but tool features pro-
mote some out-of-plane flow. However, 2-D
analyses are suitable to explore the effect of
those features that are predominantly longitudi-
nal, such as the deep grooves in a Triflute or
machined flats. Threads cannot be modeled in 2-
D, because their pitch is small compared to the
probe diameter.

A number of 2-D analyses have been pre-
sented, initially using finite element analysis but
later switching to CFD using the commercial
code FLUENT (Fluent, Inc.) (Ref 35, 38,
43–46, 48, 50), evolving from steady-state
analyses for a plain cylinder to full transient
analyses of profiled tools.

Figure 10.7 shows the basic 2-D flow field for a
rotating, translating cylinder (Ref 44). A stagna-
tion point is observed on the advancing side, with
the flow separating and all material in the path of
the probe being swept around the retreating side,
with a friction weld being generated on the
advancing side in the tool wake. Note how the
streamlines are packed into a thin zone on 
the retreating side, where the material is acceler-
ated from the traverse velocity to values close to
the probe velocity. Note also that there are sharp
changes in direction predicted on the advancing

side. On the leading edge, the stress field is essen-
tially compressive, and this can be achieved.
However, on the trailing edge, the stress field will
become tensile, and there will be a strong ten-
dency for separation at or near the interface, with
a stable cavity behind the tool (and the potential
for generating a longitudinal void).

The effect of changing the interfacial bound-
ary conditions is illustrated in Fig. 10.8. This is
for a cylindrical tool with small concave features
(discussed further in section 10.3.6, “Influences
of Tool Profile and Process Conditions”) but
shows the effect of stick versus slip. Two flow
representations of each analysis are shown:
velocity vectors and streamlines. The streamline
plots show that under sticking conditions, it is
predicted that a layer of material adheres to and
rotates with the tool (Fig. 10.8c). With slipping
conditions (Fig. 10.8d), the flow past the retreat-
ing side is more diffuse, and the stagnation point
is much closer to the tool interface on the advanc-
ing side. The width of the nugget and TMAZ is
therefore influenced by the nature of the interface
conditions. Another way to illustrate this is
shown in Fig. 10.8(a,b). A boundary is superim-
posed on the arrow plot, indicating where the
effective strain rate exceeds the (arbitrary) value
of 2 s–1. This boundary is indicative of the defor-
mation region size and is closer to the tool in the
slipping case. Finally, further insight into the
process mechanism is obtained by tracking mate-
rial through the deformation zone. A straight line
of points across the workpiece, normal to the
welding direction, has been tracked for a con-
stant time along the streamlines. The change in
shade of the streamlines indicates their final posi-
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Fig. 10.8 Effect of interfacial boundary conditions on the predicted flow from a two-dimensional computational fluid dynamics
model with a profiled tool. (a, b) Velocity vectors and the boundary at which the effective strain rate is 2 s–1. (c, d) 

Streamline plots, with the change in shade indicating the final position of points that were initially in a line perpendicular to the weld.
(a) and (c) use a stick boundary condition; (b) and (d) use a slip model, with a limiting shear stress of 40 MPa (6 ksi). Adapted from 
Ref 46

tion. This indicates a backward bulge in the mate-
rial behind the probe, with a thin region swept
forward on the advancing side, with some differ-
ences in profile for stick and for slip. Marker
experiments confirm this general pattern of
deformation (see section 10.3.7, “Experimental
Flow Validation”).

10.3.6 Influence of Tool Profile and
Process Conditions

Friction stir tooling has evolved empirically,
based on observation of forces, microstructures,
and defects. Early flow models analyzed cylin-
drical probes (Ref 36–38, 44), moving on to ide-
alized 2-D profiles (usually with threefold sym-
metry) (Ref 45–47, 50), and complete 3-D
models incorporating threads and flutes, includ-
ing the commercial tools such as the 5651 tool
and the MX-Triflute (TWI, Ltd.) (Ref 1, 12, 28,

48, 49, 52). Tool profiles described in com-
puter-aided design can routinely be transferred
to CFD and finite element models of the
deforming solid, but mesh generation for the
flow around 3-D tool features is nontrivial,
given the complexity of shape and the need to
capture steep velocity gradients without exces-
sive computation times.

There is an almost infinite variety of possible
tool shapes, and fabricating tool steel profiles
and conducting experimental trials is expensive.
Hence, the potential of modeling is particularly
great in the area of tool design. Colegrove and
Shercliff (Ref 45–47, 50) used the 2-D CFD
methods discussed in section 10.3.5, “Tool
Material Interface Conditions,” to study a series
of profiles, as illustrated in Fig. 10.9. The sensi-
tivity of the flow pattern, torque, and traverse
force to tool shape was compared for 2024,
7075, and 7449 aluminum alloys. Experimental
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Fig. 10.9 Example of two-dimensional tool profiles tested by computational fluid dynamics modeling. Source: Ref 45–47, 50

Fig. 10.10 Effects of tool profile and orientation on the predicted flow from a two-dimensional computational fluid dynamics
model using interfacial slip, with a limiting shear stress of 40 MPa (6 ksi). (a, b) Velocity vectors and the boundary at 

which the effective strain rate is 2 s–1. (c, d) Streamline plots, with the change in shade indicating the final position of points that were
initially in a line perpendicular to the weld. Adapted from Ref 46

trials were conducted on the Trivex tool (TWI
Ltd.) (Ref 28), because the model indicated that
a lower traverse force was required than with
the Triflute for the same rotation and traverse
conditions. It was also predicted that the tool
would reduce “hooking” in lap welds (Ref 48).
Both proved to be the case experimentally, but
the Trivex also proved to be prone to generating
voids (Ref 50), something that the flow models
struggle to predict explicitly, as discussed ear-
lier.

Figure 10.10 shows the flow vectors and
streamlines for a Triflat tool. These use the slip
version of the model, so they may be compared
directly with Fig. 10.8(b, d). Again, the broad
pattern of flow around the probe is similar, but
the detail is significantly altered. These figures
also explore the variation in the flow as the tool
orientation with respect to the translation direc-
tion changes; the two extreme positions 60°
apart are illustrated. The instantaneous flow
path around the tool oscillates significantly be-
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Fig. 10.11 Predicted particle tracks through multiple revolutions of a Triflat tool from a two-dimensional computational fluid
dynamics model. The cumulative number of revolutions (n) in each case is indicated. Adapted from Ref 47

tween these limits, three times per revolution.
This adds weight to the hypothesis that the
cyclic patterns of the nugget (“onion rings”)
directly reflect the tool rotation between posi-
tions of identical orientation of the profiling. A
numerical marker experiment was also con-
ducted to trace the material path throughout the
deformation. Figure 10.11 shows a series of
stills of material points (initially in a straight
line) passing the tool and being deposited
downstream in the characteristic curve. The
curve breaks up somewhat on the advancing
side of the tool center, this being the region
where the onion ring pattern is most pro-
nounced. Limits on mesh density and the
approximations made in the flow model do not
enable the onion ring to be predicted directly,
but the results are nonetheless interesting point-
ers to the process mechanism and the effect of
changing the tool profile, particularly when the
model output is animated as a video clip.

Three-dimensional flow analysis is much
more demanding computationally but is neces-
sary to capture the full detailed characteristics
of FSW. Added detail in 3-D includes complete
tools with shoulder and probe; tool tilt; probe
features such as threads, helical flutes, and taper
in diameter; and flow below the pin—important
for avoiding root defects. The output of 3-D
CFD is essentially the same as in 2-D, but flow
paths are more difficult to present graphically,
requiring 2-D slices or isometric views. Figure
10.12 shows an example of the output from 3-D
flow modeling: streamlines in an incoming hor-
izontal plane passing a Triflute and a Trivex
profile. Vertical movement of the material is
now apparent. Note that the Triflute shows sig-
nificantly more material being captured and
taken around the tool more than once, whereas

the Trivex struggles to fill the space behind the
tool on the advancing side. This is therefore
consistent with the generation of a void in the
wake of a Trivex tool.

Many combinations of tool profile, material
properties, and boundary conditions have been
investigated by flow modeling. It is common in
the literature for great effort to go into modeling
an individual weld, partly due to availability of
samples and partly due to the computational
overhead in complex analyses. From an indus-
trial perspective, it is essential for modeling
tools to be fast enough to explore the parameter
space, for example, the effect of rotation and
traverse speeds on heat generation, torque, and
traverse force. As discussed earlier, not all
analyses can predict all of these parameters, due
to the way the model is constructed. Figure
10.13 shows (in schematic form) the typical
trends in recent modeling work (Ref 51) as rota-
tional speed is varied (for a given weld speed in
2024 aluminum alloy). These trends correspond
qualitatively with experience. Heat input satu-
rates at a certain rotation speed, and the model
suggests that this corresponds to the interface
approaching the solidus temperature and stabi-
lizing. The reduced interfacial stress is unable to
generate more heat to take the material above
the solidus. The minimum in force is of particu-
lar interest. Modeling suggests that this is
achieved when the material condition around
the tool corresponds to temperatures and strain
rates close to the onset of near-solidus soften-
ing, as discussed in section 10.3.4, “Material
Constitutive Behavior for Flow Modeling in
FSW” (Fig. 10.6) (Ref 50, 51). The results are
preliminary, but it would clearly be of great
benefit in reducing experimental trials if near-
optimal welding conditions could be predicted
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Fig. 10.12 Predicted streamlines for a three-dimensional computational fluid dynamics model using interfacial slip for (a) a Tri-
flute tool and (b) a Trivex tool. Adapted from Ref 28

directly from a knowledge of the constitutive
response of the material.

10.3.7 Experimental Flow Validation
Experimental validation of flow modeling in

FSW is particularly challenging, because
observing flow paths in real-time is extremely
difficult. As noted in Chapter 3, “Temperature
Distribution and Resulting Metal Flow,” a range
of experiments has been devised to study the
flow by subsequent sectioning and optical
microscopy and by x-ray tomography. Marker
experiments use embedded contrast materials to
observe the movement of material elements
from their initial to final position. A range of
materials and marker geometries has been used
in aluminum alloy FSW: steel or lead balls (Ref
55, 56), contrasting aluminum alloy pins (Ref
57–59), SiC or copper foil (Ref 57, 60–64),

tungsten wire (Ref 65), and titanium powder
(Ref 66). Care is needed to ensure that the mark-
ers do not influence the deformation behavior.
This can be checked by comparing metallo-
graphic sections with and without the marker
and by logging the machine force and torque as
the marker passes the tool (Ref 60). Welding
dissimilar materials enables the redistribution of
the joint interface and the materials to either
side to be seen clearly, using the etching con-
trast in the alloys (Ref 67–69), and dissimilar
alloy welding is, of course, of commercial inter-
est in its own right. Stop-action techniques have
been used to “freeze” the complete deformation
zone (Ref 55, 56, 60, 63, 64, 70). Careful syn-
chronization of tool withdrawal and rotation can
enable the thread to be disengaged, leaving the
deforming material behind (Ref 55, 56). A
selection of examples of flow validation experi-
ments is shown in Fig. 10.14 and 10.15.
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Fig. 10.13 Schematic of computational fluid dynamics predicted trends with rotation speed in heat generation, peak tempera-
tures, and traversing force for friction stir welding of 2024 aluminum alloy

Figure 10.14(a) shows an initially straight
transverse marker that has been welded through
(Ref 58). Note that the material bulges back-
ward in a curve, and a thin zone is swept for-
ward on the advancing side, both characteristics
seen in the predicted streamlines and particle
tracks of Fig. 10.8, 10.10, and 10.11. Stop-
action welds with discrete thin SiC layers (Ref
63, 64) also match the streamline pattern. Figure
10.14(b) shows parallel incoming markers
being swept around the retreating side and the
flow separation near the advancing side, while
Fig. 10.14(c) shows the path of the original joint
line around the retreating side and its breakup
into layers of the onion ring. Figure 10.14(d)
shows Colligan’s early stop-action micrograph
(Ref 56) of a longitudinal section after tool
extraction. In this example, it is apparent that
the threads are not full on the rear of the tool,
and that the onion ring pattern is generated in
the tool wake but compressed into the upper half
of the section by the flow of material under the
tool root. Experiments such as these offer great
detail for model validation, but models cur-
rently only have the capability to be tested on
the broad pattern of flow and not in the detail.

Optical microscopy is limited to plane sec-
tions through welds, but x-ray tomography offers
the potential for 3-D visualization. Figure
10.15(a) shows an isometric image of a copper
foil placed on the joint line of a stop-action weld

in 2024 aluminum alloy (Ref 60). The initial
sweeping of the joint line by the shoulder is
apparent, and the copper is dispersed over a sig-
nificant distance from the joint line. However,
transverse slices of the x-ray image downstream
of the tool (Fig. 10.15b) indicate a concentration
of copper particles in a characteristic curve on the
retreating side of the nugget, and this is con-
firmed by optical micrographs in the plane of the
workpiece (Fig. 10.15c). This view also reveals
several contrasting zones being generated in the
deformation zone, seen at higher magnification
in Fig. 10.15(d, e). The deforming material clos-
est to the tool etches much darker than the sur-
rounding material extruding past the tool, and the
dark etching material itself divides into two lay-
ers (“A” and “B” in Fig. 10.15e). Downstream,
the paler etching material occupies the retreating
side (containing most of the copper marker mate-
rial), with the darker etching material on the
advancing side. The onion ring appears to be
made of thin, alternating layers of the two in a
remarkably uniform repeating pattern, not a
chaotic flow, as has been suggested by some
authors. The darker material completely encir-
cles the tool, suggesting that this material makes
many revolutions of the tool. The paler etching
material extrudes past the retreating side, making
less than one revolution, capturing and breaking
up the copper and thus the joint line (Fig. 10.15d).
Incoming material must steadily transfer into the
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Fig. 10.14 Metallographic techniques for tracking the flow pattern in friction stir welding (FSW). (a) Transverse copper foil.
Adapted from Ref 58. (b, c) Longitudinal SiC markers. Adapted from Ref 63, 64. (d) Longitudinal section of exit hole 

after synchronized pin retraction. Adapted from Ref 56

Fig. 10.15 X-ray tomographic and corresponding metallographic interpretation of friction stir weld flow mechanism. (a) Three-
dimensional x-ray tomography showing breakup of copper foil placed on joint line. (b) Longitudinal view of transverse 

slice through x-ray tomograph. (c–e) Corresponding optical micrographs in plane of workpiece at midthickness. Adapted from Ref 60
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Fig. 10.16 Metallographic cross sections of dissimilar friction stir welds between 6082-T6 and 2024-T3. (a, b) Welds under iden-
tical conditions with the two alloys reversed. Adapted from Ref 68

intense deformation zone on the leading edge of
the tool to maintain the supplies of outgoing “A”
and “B” material into the nugget. The transition
zone “B” is clear on the retreating side, but on the
advancing side, incoming material may be cap-
tured directly into zone “A.” Some material must
also transfer from zone “B” into the dark etching
zone “A,” because some of the copper is
observed in zone “A” and in the nugget material
on the advancing side downstream (Fig. 10.15c,
e). It is unwise to generalize too much from a sin-
gle section through one weld, and, of course, the
detail of the interpretation will vary somewhat
with different tool geometries, process condi-
tions, and alloys. However, the figures illustrate
the experimental detail potentially available for
validation of flow models and for understanding
the mechanism of breakup of the joint line and
the formation of the nugget. They do confirm the
general interpretation of the mechanism of FSW
as being an intense deformation zone near the
tool, with a surrounding extrusion zone, as
described by Arbegast (Ref 71) and outlined in
Chapter 3, “Temperature Distribution and
Resulting Metal Flow.”

Figure 10.16 shows transverse sections in
welds between dissimilar alloys (6082-T6 and
2024-T3) (Ref 68), with the placing of the
alloys reversed with respect to advancing and
retreating sides but identical rotation and tra-
verse speeds. The etching contrast highlights
the separate alloys, and it is clear that the “hand-
edness” of the weld has a significant influence
on the formation of the nugget. The dominant
contact with the shoulder is with the alloy on the
retreating side, because this is swept across the
joint line on the trailing edge. Experiments by

Palm (Ref 67) showed that, in a dissimilar-
material weld, the entire intense plastic zone in
contact with the pin could consist of the alloy
placed on the advancing side (consistent with
zone “A” in Fig. 10.15 being formed from
advancing-side material). Modeling the flow
with two dissimilar incoming materials has yet
to be attempted and presents a major challenge
in dealing with the fine-scale layering of the
materials and the complexities of handling two
different deformation laws for the flow stress.

10.4 Microstructure and Property
Evolution in FSW of Aluminum Alloys

Chapter 4, “Microstructure Development in
Aluminum Alloy Friction Stir Welds,” discusses
the main microstructural observations in the
FSW of wrought aluminum alloys. The evolution
of microstructure in welded heat treatable alu-
minum alloys has been modeled in great detail.
The methods were mostly developed for arc
welding and have been more recently applied to
the thermal cycles in FSW (Ref 4, 72–79). For the
heat-affected zone, the problem is purely ther-
mal; for the TMAZ and nugget, there is the poten-
tial added complexity of coupling between the
deformation microstructure and precipitation.

These microstructure models fall into two
categories:

• Semiempirical (with some physical basis),
based on isothermal heat treatments and indi-
rect calibration via hardness measurement
and able to predict hardness profiles across
welds
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• Physically based, using detailed thermody-
namics and kinetics of phase transformations,
calibrated on direct measurement of micro-
structural features and able to predict hard-
ness and strength, with the potential for
extension to ductility, fracture toughness,
fatigue, and corrosion properties.

Semiempirical Microstructure Model.
The semiempirical methodology has been
applied to FSW in 2000-, 6000-, and 7000-
series alloys (Ref 6, 25, 48, 68, 80–84). It is cur-
rently limited to artificially aged tempers (T5,
T6, or T7) for reasons discussed subsequently.
The procedure is as follows.

Isothermal softening experiments are con-
ducted, typically from 200 °C (390 °F) up to the
solidus temperature for times ranging from 1 to
105 s. Figure 10.17(a) shows a typical data set
for alloy 2014-T6 (Ref 68). Softening of a peak-
aged condition stems from two possible mecha-
nisms: dissolution of hardening precipitates or
overaging to a more stable (nonhardening)
phase. To distinguish between these, the sam-
ples are naturally aged (which may take 
3 months or more for 2000- and 7000-series
alloys) (Fig. 10.17b). Subtracting the two data
sets reveals the change in hardness by natural
aging (Fig. 10.17c). It is apparent that the
strength recovery is determined primarily by the
hold temperature. Maximum recovery after 
the highest hold temperature corresponds to full
dissolution. As the hold temperature falls, the
degree of dissolution falls, with the hardening
increment scaling directly with the available
solute. Below a temperature of 350 °C (660 °F),
there is no strength recovery; softening is thus
permanent and is due to overaging. For natu-
rally aged tempers (T3 or T4), the data are more
complex and beyond the scope of the semiem-
pirical approach. For intermediate tempera-
tures, further artificial aging occurs, the hard-
ness increases, and the response is also sensitive
to the heating rate.

The softening data are fitted to a simple
model, based on dissolution kinetics. Even
though softening also stems from overaging, the
underlying mechanism is still governed by the
kinetics of precipitate dissolution, so a single
model suffices for both. The time t1

* for full dis-
solution at a temperature T is given by:

(Eq 10.8)t*
1 � tr1 exp c aQeff

R
b  a 1

T
�

1
Tr
b d

where R is the universal gas constant, Qeff is an
effective activation energy for precipitate disso-
lution in the particular alloy, and Tr is a refer-
ence temperature at which the time for full dis-
solution is tr1. For one-dimensional dissolution
(i.e., assuming platelike precipitates), the parti-
cle fraction (normalized by the initial value)
depends on time at constant temperature as:

(Eq 10.9)

The volume fraction of hardening precipitates is
inferred from the hardness data as:

(Eq. 10.10)

where HV is the measured hardness, and HVmax
and HVmin are the maximum and minimum
hardness corresponding to peak precipitation
and full dissolution, respectively. Figure
10.17(d) shows the model for 2014-T6, plotted
as log (1 – f/f0) versus log (t/t1

*). By adjusting
Qeff, the data converge to a single master curve.
From Eq 10.9 a straight line of gradient 0.5 is
expected. The early stages of dissolution follow
this slope, but the slope steadily decreases in the
later stages of dissolution, due to impingement
of adjacent diffusion fields. Hence, a pragmatic
semiempirical approach, which retains the
physical basis of the model, is to use the master
curve as a “look-up table.”

The second step is to apply the isothermal
model to the thermal cycles T(t) predicted from
heat flow analysis. Writing the microstructure
evolution law (Eq 10.9) in differential form, this
may be integrated directly over the cycle, such
that Eq 10.9 is replaced by:

(Eq 10.11)

The integral in Eq 10.11 represents the kinetic
strength of the thermal cycle with respect to pre-
cipitate dissolution. Grong and Shercliff (Ref
74) discuss in detail the circumstances in which
single internal-state variable models for
microstructure evolution can be integrated via a
kinetic strength. Essentially, the differential
evolution law must be isokinetic and therefore
additive (i.e, df/dt is a separable function of f
and T). The thermal profile is therefore con-
verted into a series of short isothermal steps of
duration �t; �t/t1

* is calculated for each isother-
mal step and the values summed over the ther-
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Fig. 10.17 Semiempirical modeling of weld hardness profile after friction stir welding for alloy 2014-T6. (a) As-quenched hard-
ness after isothermal heat treatment. (b) Naturally aged hardness one week after isothermal heat treatment. (c) Change 

in hardness by natural aging (data from a and b). (d) Data fit to master curve for softening model based on precipitate dissolution. (e)
Measured hardness profile compared with predicted hardness (as-quenched and after natural aging). Adapted from Ref 68

mal cycle to give the net effective t/t1
*. This is

converted into a fraction of precipitates dis-
solved using the master curve in 10.17(d) and
converted to as-welded hardness using Eq
10.10.

The kinetic strength may also be used to esti-
mate an equivalent isothermal hold time at the

peak temperature Tp of the thermal cycle. The
kinetic strength is set equal to (teq/t1

*), with t1
*

evaluated for a temperature equal to Tp. Typi-
cally, teq is of the order of 2 to 5 seconds in FSW.
Natural aging after welding is accounted for,
using the hardness change data (Fig. 10.17c), by
finding the hardness change at a temperature

slope = 0.5
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equal to Tp for hold times of the order of teq. Fig-
ure 10.17(e) shows the predicted hardness pro-
files in 2014-T6 using this procedure, both as-
welded and naturally aged. The form of the
hardness profile is captured reasonably well, in
particular, the minimum hardness, which is criti-
cal in design. The model is sufficiently accurate
to investigate the effect of changing process con-
ditions, for example.

Similar methods have been applied to soften-
ing in non-heat-treatable alloys (Ref 82). Alloys
in H-conditions (cold worked by rolling or
extrusion) soften by recovery and recrystalliza-
tion. This may also be described in simple
kinetic terms using isothermal data and applied
to thermal cycles, as mentioned previously.

Physically Based Microstructure Model.
More sophisticated approaches to the evolution
of precipitation in heat treatable aluminum
alloys have recently been proposed (Ref 75–79).
In these analyses, the evolution of the full size
distribution of precipitates is modeled, because
this governs the competition between dissolu-
tion, coarsening, and transformation from one
phase to another. Isothermal and ramp heating
and weld thermal cycles have been modeled for
previously aged conditions. Extensive use is
made of direct measurement of volume fractions
and particle radii by small-angle x-ray scattering
and electron microscopy (transmission electron
microscopy or field emission gun/scanning elec-
tron microscopy, or FEG/SEM) for calibration
and validation of the model. The models have
been applied to ternary extrusion alloys in the
6000 and 7000 series and more recently to the
more complex copper-bearing aerospace alloys
of the 2000 and 7000 series.

The key ingredients of the physically based
methodology are:

• Thermodynamic calculation of phase stabil-
ity for both metastable and equilibrium pre-
cipitates, employing thermodynamic data-
base software

• Classical isothermal nucleation, growth, and
coarsening theory, applied to thermal cycles

More than one population of precipitates may
be considered simultaneously, with the compe-
tition between phases and evolution of each
phase determined by the instantaneous micro-
structural state and temperature. A fundamental
concept is the relationship between the size dis-
tribution of a given precipitate and the critical
radius for stability. The microstructure evolu-
tion is tracked continuously in small time-steps

and involves complex “bookkeeping” to main-
tain conservation of solute as the populations of
different precipitates change in response to the
temperature of each time-step. The models are
dependent on several thermodynamic and
kinetic parameters, which must often be cali-
brated for a given alloy. While there is a signif-
icant computational penalty and the need for
considerable expertise in implementation and
validation of such a model, the potential bene-
fits are large. For example, FEG/SEM is able to
provide independent data for grain bulk and
grain boundaries. This opens up the potential
for modeling the effect of dislocation structures
on precipitation within the TMAZ and nugget,
including quench sensitivity effects (i.e., pre-
cipitation of nonhardening phases during the
cooling part of the thermal cycle).

The desired output from the models is not
microstructure but properties. Strength (and
hardness) predictions can be made at a more
detailed level than in the semiempirical ap-
proach, using the predicted volume fraction and
average radius (Ref 85). Detailed validation of
strength distributions has become possible by the
experimental technique of electronic speckle
pattern interferometry (Ref 86). In this tech-
nique, the surface of a tensile specimen is ana-
lyzed to determine the local stress-strain curve at
every point in the weld cross section. In principle,
the detailed description of the precipitate state
(including distinctions between grain interiors
and boundaries) can be used to predict more com-
plex but industrially critical properties, such as
ductility, fracture toughness, fatigue, and corro-
sion. The development of robust microstructure
property relationships in this context remains a
challenge for future research.

10.5 Residual Stress

Residual stress and distortion are important
in any welding process. Modeling of these
effects in FSW again draws primarily on earlier
work on arc welding of heat treatable aluminum
alloys, adapted to the thermal histories and
mechanical constraint imposed in FSW. Resid-
ual stress in welding is primarily caused by the
transient thermal cycles in the vicinity of the
weld. The intense local heating around the heat
source generates nonuniform expansion and
contraction. The hot expanding metal close to
the weld yields due to its reduced strength and
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the constraint of the cooler surrounding metal.
On cooling, a misfit in strain results between the
yielded and unyielded regions. These strains
lead to residual tensile stress (predominantly
parallel to the weld) in the near-weld region, or
distortion, or a combination of the two. Model-
ing of residual stress in FSW therefore requires
a good thermal model for the whole workpiece,
coupled to a mechanical model for the elastic-
plastic response at temperature.

The relatively few modeling studies to date
all use finite element analysis (Ref 10, 11, 14,
17, 22, 24, 84, 87). The thermomechanical
aspect of residual stress introduces the need for
further input data, in addition to the thermal data
discussed in section 10.2, “Heat Conduction.”
The plastic strains responsible for residual
stress are small, due to the constraint of the sur-
rounding workpiece. They are much less than
the strains in the flow region due to the FSW
process, but it is the strain outside the flow
region and in the nugget region as it cools
behind the tool that matters. Input data required
therefore include the Young’s modulus as a
function of temperature, the coefficient of ther-
mal expansion, and the temperature dependence
of the flow stress. The complexity of the flow
response with temperature in heat treatable
alloys was discussed in the context of flow mod-
eling earlier (section 10.3, “Metal Flow”). For
residual-stress modeling, the low strain-rate
data are relevant, but there are similar issues
about the influence of hold time in standard tests
prior to measurement of the yield stress. How-
ever, the plastic strains occur at relatively high
temperature, when most hardening precipitates
have dissolved (and work hardening may also
be neglected). These aspects have been investi-
gated for 2024-T3 arc welds (Ref 88, 89).

The mechanical constraint imposed on the
workpiece during any welding process is criti-
cal in determining the residual stress and distor-
tion. In contrast to arc welding, the FSW pro-
cess also applies mechanical loads directly via
the tool: downforce, traverse force, and torque.
Preliminary residual-stress models have been
attempted to investigate this effect (Ref 17).
Figure 10.18 shows the predicted longitudinal
stress in a 2024-T3 alloy FSW, first with the
heat input alone and second with a superim-
posed downforce and torque under the tool
shoulder. Figure 10.18(a) shows the characteris-
tic pattern of parallel bands of tensile residual
stress on either side of the joint line, also ob-
served in arc welds (Ref 88, 89). Superposition

of the torque (Fig. 10.18b) produces a degree of
asymmetry in the residual-stress profile across
the weld, typically shifting the peak stress by
10%. These predictions have not yet been prop-
erly validated, but modest asymmetry has been
observed experimentally. The maximum tensile
stress predicted for 2024-T3 is on the order of
200 MPa (29 ksi), comparable to the room-tem-
perature (postwelding) yield strength.

Robust validation data for residual-stress
models require experimentally intensive and
costly diffraction testing, using neutrons or 
x-rays. The particular value of synchrotron 
x-ray techniques has been illustrated for several
aluminum welding studies, including FSW
applied to dissimilar alloys (Ref 88–90). Bring-
ing together the finite element analysis of resid-
ual stress and the extensive synchrotron data is
a matter of current research.

10.6 Summary

Modeling of FSW has followed the empirical
development of the process for the last decade.
Numerical methods now dominate, due to their
ability to capture essential complexity in the
underlying physics. Heat-generation and tem-
perature-prediction techniques are now suffi-
ciently robust and fast to be used routinely as
inputs to models that build on the thermal history
of the weld. The prediction of metal flow remains
challenging, but CFD models in particular have
shed considerable light on the fundamental
mechanisms of FSW and the influence of chang-
ing the tool design and process conditions.
Robust prediction of the formation of defects
remains elusive, however. Modeling of micro-
structure evolution and residual stress has mainly
concentrated on the commercially dominant heat
treatable aluminum alloys. Semiempirical pre-
dictions of hardness profiles have been tested for
many alloys, but the emerging physically based
models hold out the promise of predictive capa-
bility for properties such as ductility, fracture,
fatigue, and corrosion. This and the validation of
numerical models for residual stress are the next
major challenges in FSW modeling.
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CHAPTER 11

Robots and Machines for Friction 
Stir Welding/Processing
Christopher B. Smith, Friction Stir Link, Inc.

FRICTION STIR WELDING (FSW) and its
variants of friction stir processing (FSP) and
friction stir spot welding (FSSW) have numer-
ous equipment solutions for production and
development applications, like most manufac-
turing processes. There are three basic cate-
gories of production equipment solutions for
most processes: manual, fixed automation, and
robotic solutions. Production FSW solutions are
similar, with the exception that a manual solu-
tion is generally not possible due to the high
forces required for FSW and its variants. 

Typically, the decision for the type of produc-
tion solution is based on economic and technical
factors. The economic factors include cost and
productivity, for example, parts per unit of time
the machine is capable of producing, while there
are several technical factors for FSW that affect
the choice for the production equipment solution.
These technical factors for FSW include the
force requirements, the stiffness requirements,
the intelligence or sensing requirements, and the
flexibility requirements. For FSW applications,
the force, stiffness, intelligence, and flexibility
requirements can be vastly different depending
on the application. Thus, the equipment solution
can vary depending on the specific application
characteristics. 

This chapter first reviews the various FSW
application characteristics (material thickness,
alloy, etc.) and how they affect each of these
technical categories (force requirements, stiff-
ness requirements, intelligence requirements,
and flexibility requirements). These application
characteristics ultimately dictate the equipment

solution that is required for any one application.
This chapter also reviews the basic equipment
solutions and their relative ability with respect
to these technical categories. Lastly, peripheral
equipment is discussed that provides solutions
for special applications.

11.1 Application Characteristics 

Each FSW, FSP, and FSSW application has
basic characteristics that affect the force re-
quirements, stiffness requirements, intelligence
requirements, and flexibility requirements for
the application. These characteristics are appli-
cation dependent and dictate the type of
machine solution that should be employed. 

Part Geometry. There are several geomet-
rical characteristics of the part/application that
affect the force, stiffness, intelligence, and flex-
ibility requirements of the production machine.
These include the following.

Part thickness most significantly affects the
force and stiffness requirements of the machine: 

• As thickness increases, force requirements
increase.

• For thin material (<1 mm, or 0.04 in.), stiff-
ness requirements can increase due to in-
creased sensitivity of the FSW process.

• For thin material (<1 mm), intelligence or
sensing requirements can increase to over-
come increased sensitivity of the FSW
process.
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Weld Path. The weld path mainly affects the
flexibility required from the machine. This flex-
ibility is related to the number of axes the
machine must possess:

• One-dimensional (1-D) paths typically
require the least flexibility (fewest axes of
motion), although a 1-D path can still require
a five-axis machine. One such case is welding
of tailor-welded blanks, where dissimilar-
thickness butt welds are required. A typical 
1-D application requiring the fewest number
of axes is the joining of long extrusions.

• Two-dimensional (2-D) paths require signifi-
cantly more flexibility due to the need to
maintain work and travel angles along 
the path, in most applications. This will typi-
cally require at least a five-axis machine,
unless the FSW or FSP tool is held perpendi-
cular to the path. A typical application with 
2-D paths is an FSP application on a flat sur-
face of a casting.

• Three-dimensional (3-D) paths require the
most flexibility and always require the
machine to have at least five axes of motion.
Typical applications requiring 3-D paths are
FSP of castings on a complex surface or FSW
on complex surfaces.

• Circumferential paths (e.g., tank ends) re-
quire a moderate level of flexibility. A 
single-axis machine can be used for circum-
ferential welding, with the aid of an external
rotary positioner. 

• Multiple welds are required in many applica-
tions at multiple orientations, which affect
the flexibility requirements of the FSW
machine. In this case, a machine with six axes
is often the most suitable for economic and
technical reasons, although machines with
fewer axes can be used in special cases where
external positioners could be used. If ma-
chines with fewer than six axes are employed,
it often means that multiple setups are
required. This significantly affects productiv-
ity in a negative manner with machines hav-
ing less than six axes.

Part Size/Weld Lengths. Weld length basi-
cally affects the required working envelope of
the machine. For example, welding of long
extrusions requires a long machine, whereas
small welds on small parts only require a small
machine.

Lack of Access to Both Sides. For applica-
tions where there is no access to the back of the
part, a self-reacting tool (bobbin tool) can be

used. The self-reacting tool is special peripheral
equipment and is described in detail in section
11.5, “Special Peripheral Equipment.” The use
of the self-reacting tool can significantly
increase the stiffness and intelligence require-
ments of the application.

Joint Type. There are several basic joint
configurations where FSW can be applied.
These different joint configurations can affect
the requirements of the FSW machine. The fol-
lowing lists the joint configurations and their
effects on the machine requirements. 

Full-Penetration Butt Weld. The full-
penetration butt weld requires the highest rela-
tive level of force.

Partial-Penetration Butt Weld. The partial
penetration butt weld requires less force than 
a full-penetration butt weld in the same thick-
ness. However, the intelligence or sensing
requirements may be increased, due to in-
creased sensitivity of the process. That is, the
range of force over which quality welds can be
produced may be smaller than for a full-pene-
tration weld. 

Lap-Penetration Weld. The lap-penetration
weld typically requires less force than a butt
weld. Additionally, the lap-penetration weld is
insensitive to the location of the FSW tool with
respect to the joint line. This decreases intelli-
gence and stiffness requirements. 

Dissimilar-Thickness Butt Weld. The dis-
similar-thickness butt weld places the most con-
straints on the machine. Major constraints
include:

• Because the FSW tool must be tilted back-
ward (travel angle) and sideways (work
angle) in a dissimilar-thickness butt weld
application, the flexibility requirements of
the machine are greatly increased. Without a
five-axis machine, welding of dissimilar-
thickness butt welds is very difficult. Another
solution is to employ complex fixturing that
allows for tilting of the parts. This alternative
is cumbersome and limits the ability to opti-
mize the work and travel angles. 

• As the thickness difference increases or the
work angle increases, the process becomes
more sensitive to off-seam conditions. This
can place added stiffness or intelligence re-
quirements (e.g., seam tracking) on the
machine.

• As the thickness difference increases or the
work angle increases, the process becomes
more sensitive to flash generation. The flash
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generation can be caused by an off-seam con-
dition or a small difference in work or travel
angle. Thus, increased thickness differences
also require the machine to be more flexible
and have better control over the work and
travel angles. 

Lap Fillet Joint. The lap fillet joint has sim-
ilar requirements to the dissimilar-thickness
butt weld, due to the need for both a work and
travel angle.

For FSSW and FSP, there are no joint types.
However, in relation to FSW, FSP has charac-
teristics similar to a partial-penetration butt
weld. For FSSW, the joint type can be equated
to a lap-penetration joint. However, with the
speeds at which friction stir spot welds must be
made in most production applications, the force
requirements for FSSW are significantly higher
than for FSW in the same thickness and alloy
combination. 

Material and Alloy. The material and alloy
can significantly affect the requirements of the
FSW, FSP, or FSSW machine. 

Aluminum. Friction stir welding, process-
ing, or spot welding of aluminum alloys is the
most common application of the FSW process.
However, machine requirements vary signifi-
cantly based on the alloy. The alloy affects the
force requirements of the machine. For exam-
ple, an FSW butt weld in 6 mm (0.24 in.) 1100
aluminum alloy can require 2.5 kN (0.28 tonf )
or less welding force, whereas a butt weld in 6
mm 7xxx aluminum alloy can require five times
or more force.

Magnesium alloys tend to require a little
higher thrust force than an equivalent-thickness
aluminum alloy.

Copper alloys require some additional
thrust force and a moderate increase in torque.
Bronze alloys tend to require similar force lev-
els to 6xxx-series aluminum but require addi-
tional torque.

Steel requires the most significant level of
force as well as very high level of machine stiff-
ness, due to current FSW tool material technol-
ogy. The current FSW tool materials are sensi-
tive to vibration and runout and thus dictate the
requirement for a very stiff machine.

Other materials are weldable, including
lead, titanium, and so on. As a broad general-
ization, the force and stiffness requirements
tend to correlate with the melting point and the
extrudability of the material that is to be welded.
However, specific alloys within a material type

can also significantly affect force and stiffness
requirements.

Tool Design. The design of the FSW tool
affects the technical requirements of the
machine. On any one application, a variety of
tool designs can be considered (see Chapter 2,
“Friction Stir Tooling: Tool Materials and
Design”). A list of tool features and how they
affect the machine requirements follows. 

Shoulder. As the tool shoulder increases, the
required welding force and torque increase.

Pin Diameter. As the pin diameter increases,
the required welding force and torque increase.

Pin Length. As the pin length increases, the
required welding force and torque increase.

Shoulder-to-Pin-Diameter Ratio. As this
ratio decreases, the process becomes more sen-
sitive. That is, the range of welding force over
which a quality weld is produced decreases.
Thus, low shoulder-to-pin-diameter ratios re-
quire increased stiffness and intelligence
requirements from the machine.

Conical pins decrease the welding force and
torque. Additionally, the welding thrust force
trace is more desirable during the plunge. That
is, the thrust force tends to continually increase
until the shoulder contacts the material. This 
can allow for improved error-proofing strate-
gies or strategies where the traverse can be ini-
tiated based on the thrust profile during the
plunge. To the contrary, a cylindrical pin will
have a thrust force profile during the plunge
where the peak force can occur prior to the con-
tact of the shoulder. 

Threads on Pin. Threads alone tend to
require the highest level of force due to the
pumping action that they create. Increasing
pitch tends to increase the welding force but
makes the process more robust. That is, the
process is less sensitive or variable, so sensing
and intelligence requirements are reduced with
increased thread pitch.

Flats on Pin. The addition of flats on the pin
tends to decrease the welding force and torque.

Spirals on Pin. Spirals tend to generate a
higher level of thrust force.

Shoulder Features and 0° Travel Angle.
Through the use of special features on the tool
shoulder, it is possible to perform FSW on flat
surfaces at a 0° travel angle. This has the benefit
of decreasing flexibility requirements (number
of machine axes). However, the process is more
sensitive using a 0° travel angle. As a conse-
quence, this increases stiffness and intelligence
requirements of the machine. 



The welding parameters of the process
can also affect the technical requirements of the
machine. 

Rotation Speed. Increases in rotation speed
generally decrease the required welding force.
The reduction in welding force is not directly
proportional to increases in rotation speed.

Travel Speed. Increases in travel speed
increase the required welding force. 

Travel Angle. Increases in travel angle
increase the required welding force. Addition-
ally, above and below a certain range of angles,
the process becomes more sensitive to flash
generation. For similar-thickness materials,
optimal travel angles, in terms of process
robustness, tend to be in the 1.5 to 3° range.
Outside this range, the stiffness and intelligence
requirements of the machine may need to be
increased to develop or maintain a consistent
process. Travel angles of 0° can be achieved,
which allows for the minimum welding force,
fastest travel speeds, and minimum flexibility
requirements from the machine. However, the
consequence is increased process sensitivity;
that is, the range of forces over which accept-
able weld quality is achieved is quite small.
Forces that are too low generate surface or
internal voids, and forces that are too high cause
flash to be generated. Thus, the machine stiff-
ness and intelligence requirements must be
increased if 0° travel angles are to be used.

Work Angle. The work angle has little effect
on the machine requirements, other than the fact
that a nonzero work angle makes a five-or-more
axis machine highly desirable. 

Plunge Rate. The plunge rate affects the
force during the plunging operation. In FSW,
the plunge rate can be set such that it is not the
controlling factor in the maximum force. How-
ever, with FSSW, the plunge rate directly
affects the required welding force. Increases in
plunge rate increase the required welding force. 

Control Types (Force or Position Con-
trol). Force or position control strategies affect
the machine intelligence requirements. De-
pending on the application, force or position
control, or both, could be required. A position-
controlled machine requires the least intelli-
gence, and a machine with a combination of
position and force control requires the most
intelligence. Each of the solutions has merit in
different applications. 

Position control is a viable control strategy,
given certain application characteristics, such as
the following applications:

• Where the FSW tool produces acceptable
results over a wide range of forces

• Where the material thickness and position of
the material will be very consistent from part
to part 

• Having partial-penetration butt welds, lap-
penetration welding, or FSP applications.
Many FSW tools can have a characteristic
where, once the tool penetrates to a certain
depth (e.g., shoulder below surface of mate-
rial), it takes less and less force to plunge the
tool. Thus, there is an unstable mode in the
FSW process where the tool can potentially
“dig” into the material, if operating in a force-
controlled manner. In these cases, position or
a combination of force and position control
may be more desirable.

Force control is most desirable in the fol-
lowing conditions:

• Application requires full-penetration butt
welds. This is helpful to guarantee sufficient
penetration. Additionally, full-penetration
butt weld applications tend to have a large
range of acceptable forces.

• Application where material may vary in
thickness, or position is liable to change from
part to part

A combination of force and position
control can be performed when force control is
used as the master and the second as a servant.
An application for force and position control
may be FSP of a casting where the surface
varies somewhat from part to part. The force
control can be used to measure and react to sur-
face variations, while the position is monitored
and, if outside certain limits, the system can shut
down or create warning messages. 

Other Application Characteristics. Tech-
nical requirements of the machine are also
affected by other characteristics of the produc-
tion application.

Quality requirements include:

• Weld strength: In many applications, opti-
mization of weld strength may not be
required. This allows more freedom on weld
parameters. As such, lower strengths may be
acceptable. This, for example, can allow for
higher rotation speeds, which lower force
requirements.

• Visual quality: In some applications, the
appearance of flash is not an issue. This may
allow for faster travel speeds or overplunging
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when using position control. Higher travel
speeds require more force, but use of only
position control reduces the intelligence
requirements.

Exit Hole. There may be applications where
the exit hole of the FSW is not acceptable. There
are multiple solutions to this problem, each hav-
ing different consequences on the technical
requirements of the machine:

• Run on/off tabs: These tabs can be used to
eliminate or avoid having the start and stop of
the weld within the part of interest. Gener-
ally, these do not affect the technical require-
ments of the machine.

• Placing the hole in a more desirable loca-
tion: It is often possible to place the exit hole
in a nondetrimental location. However, this is
often not along the joint line or the original
processing path. Thus, this will require the
machine to have additional axes or increased
flexibility.

• Plug: It is possible to perform a postweld or
post-FSP operation where the hole is plugged
with a friction plug. This requires the
machine to have additional capability and
intelligence.

• Retractable pin tool: In cases where there is
no other solution, a retractable pin tool can be
considered. The retractable pin tool is
described in section 11.5, “Secial Peripheral
Equipment.” This is a special peripheral solu-
tion that allows the pin of the tool to retract up
into the shoulder over time. This can be used
in circumferential welding or FSP applica-
tions. The use of this peripheral equipment
increases the stiffness and intelligence
requirements of the machine. To be effective,
the retractable pin technology requires the
retraction of the pin to occur in a prewelded
area or in an area of parent material away
from the joint line. This may require the FSW
machine to have additional axes.

11.2 FSW and FSP Machines

There are several different categories of
equipment solutions for FSW and FSP. Each of
these categories of equipment has different tech-
nical capabilities in the areas of force capability,
stiffness, intelligence, and flexibility. Equipment
solutions for FSW and FSP are relatively similar,
because both processes involve the plunge and
traversing of an FSW tool through material.

There are three basic equipment solutions
that can be considered: custom-built machines,
robots, and modified machining centers. Each
of these machines has different capabilities in
the technical categories (force capability, stiff-
ness, intelligence and sensing capability, and
flexibility), as discussed previously. 

Custom-built machines are available in
many sizes and shapes and can have a very large
range of technical capabilities, as discussed in
the previous sections. As the name implies, they
tend to be built exactly to the requirements of the
application. They tend to have the highest force
capability and highest stiffness but can have a
large range in these categories. However, their
intelligence is very application-specific, ranging
from being very simple to very complex. Their
flexibility also covers a great range, from single-
axis to multiaxis machines. As a consequence,
their cost also has a large range, from under
$100,000 to multimillions of dollars.

As of publication, there are several suppliers
of this type of equipment, including ESAB, AB
(Sweden), General Tool (Cincinnati, OH), MTS
(Minneapolis, MN), Novatech (Seattle, WA),
TTI (Elkhart, IN), and Hitachi (Japan), among
others. 

A good example of a custom-built machine is
one that is used for welding long extrusions to
fabricate paneling. Figure 11.1 shows an ESAB,
AB machine welding extrusions and a Friction
Stir Link, Inc. machine used for marine panel-
ing. Using these machines, multiple extrusions
are welded together to create a panel. The extru-
sions are welded in a mode where one weld is
made per setup. The process is as follows:

1. Load parts (unwelded extrusion and a par-
tially welded panel, one or more previously
welded extrusions)

2. Clamp 
3. Weld (single long weld)
4. Retract machine (return to start position)
5. Unclamp
6. Shift welded panel or unload
7. Return to step 1

This type of machine is used because this
application requires high travel speeds and high
force capability for optimal productivity. 
These extrusion welding machines have high
force capability, moderate intelligence (force
control capability), and limited flexibility (sin-
gle axis). 

Another example of a machine in this cate-
gory is an MTS five-axis gantry machine,
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Fig. 11.1 Custom-built machines for welding long extrusions

shown in Fig. 11.2. This type of machine welds
airplane fuselage sections at Eclipse Aviation.
This particular machine is used for welding rel-
atively thin material on complex surfaces. It has
moderate force capability, high flexibility, high
stiffness, and significant intelligence, all de-
signed specifically for the application.

These types of machines tend to be quite
large and the most costly, especially machines
with multiaxis capability. From an economic
perspective, they are more difficult to justify,

especially if the application is only replacing an
alternative process. These types of machines are
more likely to be economically justifiable in
applications where:

• The process is being combined with other
items that help eliminate other operations.
For example, for fabrication of large panels
out of multiple long extrusions, it is often
possible to integrate other functions into the
extrusions (e.g., mounting surfaces), elimi-



nate downstream operations (e.g., grinding),
and reduce distortion.

• Machine stiffness is very important 
• A high-value-added operation is being re-

placed, for example, riveting. 
• There is a high scrap rate, or the cost of scrap

is high.
• There is no alternative, that is, where the

welding is an enabling technology, and no
other joining process can compete with the
weld strength provided by FSW.

• The material is very thick, where the applica-
tion would normally require many welding
passes. 

An exception to the high cost of these 
machines is a small machine with a limited
number of axes. There are some applications,
especially on small parts having short linear
welds, where this may be all that is necessary. In
these cases, it is possible to develop a small cus-
tom machine that is less expensive than the
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Fig. 11.2 MTS I-STIR 5 axes process development system (PDS)



lower-cost solutions discussed in the following
sections.

Custom-built machines are most suited to the
following applications:

• Welding long parts
• Welding thick parts
• Applications where high stiffness is required,

for example, welding very thin material,
welding with a 0° travel angle, or welding
with low shoulder-to-pin-diameter ratios

• Single- or multiaxis applications 
• Applications where the alternative solution

does not exist or is very expensive

Robotic FSW or FSP Machines. One alter-
native to using custom-built machines is
robotic-based FSW systems. As with other
manufacturing processes, the availability of
robotic solutions has allowed for improved flex-
ibility and significantly lower fabrication costs.
Historically, many manufacturing processes
have transitioned from the use of custom-built
machines to robotic-based solutions. This tran-
sition has occurred at different times with other
processes, due to the four technical require-
ments discussed in this chapter and the relative
ability of robots in these categories. As dis-
cussed, FSW generally requires a high level of
force, moderate-to-high levels of stiffness, and
a significant amount of intelligence. With this in
mind, robots are now available that have suffi-
cient force, stiffness, and intelligence for some
FSW and FSP applications.

Robots have two main advantages that allow
them to eventually be a preferred solution for
many applications. The first is cost, and the sec-
ond is flexibility. Because they are produced in
moderate production volumes, their cost is sig-
nificantly less than a custom-built machine. Ad-
ditionally, they typically have much improved
flexibility. This flexibility allows for significant
productivity improvements. As an example,
consider a part with welds on multiple sides. A
robotic solution can allow for welding on multi-
ple sides of the part in a single setup. This
reduces non-value-added materials handling
applications and can yield 100% or more
improvements in productivity. This, of course,
reduces net welding cost. 

Industrial robots, since their advent in the
1970s, have continually experienced improve-
ments in force capability, intelligence, and stiff-
ness. For this reason, robots have become the
preferred solution for many production
processes. Because of the different force, stiff-
ness, and intelligence requirements of any

process, this transition to robotics has occurred
at various times for each process throughout the
last 30 years. As an example, simple material
handling applications were the first to be auto-
mated with robots, due to their low force, intel-
ligence, and stiffness requirements. On the con-
trary, laser cutting has been one of the more
recent applications for robots, because laser cut-
ting requires moderate stiffness, high precision,
and significant control technology. 

Friction stir welding, due to its high force
requirements and moderate stiffness and intelli-
gence demands, has been impossible to perform
with a robot until recent years. There are now
robots available that can generate in excess of
4500 N (1000 lb) of thrust force, making them
capable of performing FSW on material of thin-
to-moderate thickness. Given that the force
capability and stiffness of robots are improving
by a factor of 2 every 5 years or so, it stands to
reason that robots will eventually become the
dominant machine solution for FSW, as robots
have done with many other processes. 

The robotic-based solutions are available in
two basic categories: articulated arm robots and
parallel-kinematic robots. Articulated arm ro-
bots are the most common and widely used. A
typical articulated arm robot is shown in Fig.
11.3. These robots tend to have six axes and six
degrees of freedom, with all motion axes being
situated in a serial fashion. Compared to 
custom-built machines, these types of robots
have relatively low stiffness but moderate force
capability. Their intelligence and flexibility can
be significantly better than custom machines.
Furthermore, they are low in cost. Given their
flexibility and low cost, they can be the lowest-
cost solution by far but have a limited range of
materials on which they can perform FSW or
FSP. As a general rule, they are capable of
welding up to 6 mm (1/4 in.) thick aluminum
material. Their capability in higher-melting-
point materials tends to be somewhat less. 

Example applications where a robotic-based
solution would be more favorable include:

• Relatively thin material
• Applications having multiple welds that

would otherwise require multiple setups
• Dissimilar-thickness butt welds (tailor-

welded blanks). Dissimilar-thickness welds
require both a travel angle and work angle (a
minimum of five axes of motion). Robots are
ideal for this application.

• Applications where multiaxis capability is
required
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• Higher-volume applications where produc-
tivity is more important

The other basic robotic configuration is the
parallel-kinematic robot. They differ from the
articulated arm robots in that the axes of motion
are in parallel instead of series. A photograph of
one such parallel-kinematic robot is shown in
Fig. 11.4. Their benefit is that they can generate
more force and have significantly more stiffness
than an articulated arm robot. However, their
cost can be significantly higher, and their work
envelope (flexibility) is significantly less. They
are more suited to applications where the parts
are relatively small, multiaxis capability is
required, and the force requirements are a little
higher than what the articulated arm robot is
capable of generating.

Parallel-kinematic robots should be consid-
ered in similar applications to the articulated
arm robots, with the following exceptions:

• The work envelope of the part is relatively
small.

• The part can be welded near or close to the
horizontal plane.

• The force or stiffness requirements are some-
what higher.

Robot-based solutions are available from
Friction Stir Link (Waukesha, WI) and GKSS
(Hamburg, Germany), although GKSS provides
only prototyping and application development
services.

Modified Machining Centers. Another
alternative to the custom-built machine is mod-
ified machining centers. Friction stir welding
and processing are similar in nature to machin-
ing at a high level. Thus, there are potential
opportunities to modify existing equipment to
perform FSW. There are several items that must
be considered before deciding whether or not to
modify an existing machining center:

• Friction stir welding and processing can
require relatively more force than machining.
The base equipment (ways, guides, rails,
motors, spindles, etc.) must be investigated to
determine the capability of the machine prior
to any decision.

• Friction stir welding typically requires more
intelligence than machining. For example,
force control may be needed for FSW. This
means that the base machine must possess a
controller with an open architecture; if not,
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Fig. 11.3 Articulated arm robot Fig. 11.4 Parallel-kinematic arm robot



then a separate controller may be required. 
If a separate controller is required, then 
some communication with the base controller
will likely be required. The communication
capability of the base machine should be 
considered.

• In most applications, FSW or FSP requires at
least a nonzero travel angle and perhaps a
nonzero work angle. Unless the machining
center has five-axis capability, this may pose
a challenge. Mechanical fixed solutions can
be implemented to apply a travel and/or work
angle to overcome this limitation.

• Friction stir welding and processing produce
heat that can transfer into spindles, which are
not designed to handle high temperatures.
Thermal management must be considered.

A modified machining center can also be
used for FSW. Providers of modified machining
center equipment include General Tool (Cincin-
nati, OH), among others. Modification of exist-
ing machining centers can be an economical
means of implementing FSW or FSP, but the
considerations list given previously must be
investigated prior to implementation.

11.3 FSSW Equipment 

Friction stir spot welding is a variant of FSW,
where the traverse part of the FSW process is
eliminated. This means that the equipment
requires only two axes of motion (rotary and
vertical). Like FSW, it requires significant
force. However, one major benefit is that fixtur-
ing need not be as robust as with FSW. Friction
stir spot welding is very similar to resistance
spot welding (RSW) and riveting in that they are
all “point” processes, require a significant level
of thrust force, and have similar fixturing
requirements. However, the intelligence and
stiffness requirements of FSSW are increased
because of more precise vertical position con-
trol requirements. Due to the similarities to
RSW, the equipment solutions are quite similar. 

For FSSW, the equipment solutions come in
four basic categories: pedestal units, benchtop
units, C-frame units, and a poke solution. A typ-
ical pedestal unit is pictured in Fig. 11.5. The
pedestal unit is a self-contained stand-alone
solution. An operator or robot can be used to
manipulate the parts under the pedestal
machine. These units are controlled with servo
drives that communicate with an operator inter-
face, robot, or programmable logic controller
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Fig. 11.5 Pedestal-type friction stir spot welding unit. Cour-
tesy of Friction Stir Link, Inc.

(PLC). The weld schedule is stored internally or
in the external control equipment. In the manual
mode, the system is activated via push button or
operator interface. In the automatic or robotic
mode, the system is activated via communica-
tion from a PLC or robot.

The second type of machine is a tabletop or
benchtop system, as shown in Fig. 11.6. This is
a smaller stand-alone system that will sit atop a
stiff table. It has all of the other features and can
be operated in the same manner as the pedestal-
type unit. 

The third type of FSSW machine is a C-frame
unit. The purpose of the C-frame is to contain the
welding forces internal to the unit. This means
that the robot or operator does not have to gener-
ate any of the forces required for the process.
Thus, smaller robots can be used for C-frame
FSSW than for FSW. The robot arm only manip-
ulates the C-frame unit through space to the part
that is to be welded. Robots that are used for RSW
can also be used for FSSW. Typical C-frame
FSSW units are shown in Fig. 11.7.

To perform the process, the robot first places
the C-frame against the backside of the part.
The robot then activates the spot welder. The



rotary axis rotates, and the vertical axis forces
the FSSW tool down into the material, creating
an FSSW. Then, the FSSW tool is retracted.
After the tool is retracted, the robot moves the
C-frame to the next weld position. Note that the
C-frame can also be used in a manual mode,
where the C-frame hangs from a counterbalance
unit, and the operator manually moves the unit
up to the part. 

The FSSW process can also be used in the
“poke” mode, where there is lack of access to
the backside of the part. In this variant, a robot
is typically used to poke the part. The robot
forces the FSSW tool down into the part. This
means that the robot must generate the force
required for the FSSW process. Thus, robots
capable of generating the high forces required
for FSSW must be used. A robot that is used for
FSW can be used for poke FSSW.

The FSSW equipment is supplied by several
companies, including Friction Stir Link (Wauk-
esha, WI) and Kawasaki (Japan).
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Fig. 11.6 Benchtop friction stir spot welding unit. Courtesy
of Friction Stir Link, Inc.

Fig. 11.7 (a) and (b)  C-frame friction stir spot welding unit.
Courtesy of Friction Stir Link, Inc.

Friction stir spot welding is most suited to
applications where RSW or riveting is em-
ployed. This would include:

• Relatively thin material (<3 mm, or 1/8 in.)
• Where joint strength requirements are lower,

as with other spot joining processes
• Where parts are contoured 
• Where flanges or other local flat areas are

available in locations of the spots
• Where access to the backside of the part is

available (not an absolute requirement)



There exists another variant of FSSW where
the FSSW tool is traversed a short distance. This
may be referred to as “stitch” FSSW. However,
it eliminates the fixturing benefits that would
normally be accompanied by FSSW, but if the
weld is long enough, a stitch FSSW will have
higher strength than an FSSW.

11.4 Fixturing 

Proper fixturing is critical to the success of
FSW and FSP. Because these processes have
very high forces, the fixturing must be built to
withstand the forces. Additionally, the part must
be fully supported on the backside. Furthermore,
the fixturing must be designed to prevent parts
from moving relative to one another. These con-
siderations are a function of the joint design.

With the butt weld configuration (similar
thickness and dissimilar thickness), there are
very high splitting forces in the joint. This
means that not only must the fixture support the
thrust force, but it must prevent the parts from
spreading apart relative to one another. Because
of the high forging forces, material near the
joint line can lift, causing deformation on the
backside if the fixturing does not hold the parts
down sufficiently. This is more of a concern
with thinner or softer material.

Lap welds are generally easier to fixture. If
the weld is close to the edge of the lap, then the
material can deform if fixturing does not pre-
vent this. With lap welds, there are also lifting
forces, especially at the start of the weld. This is
caused by the material attempting to extrude
between the faying surfaces of the joint. This
condition must be prevented by the fixturing.

As noted, the part must be fully supported
because of the high forces of FSW. This can be
accomplished by having backing support be-
hind the part. The backing can be a fixture itself,
or a rib, or some other feature within the part
itself. This means that special considerations
must be given for open or hollow sections. Open
or hollow sections can be welded if the weld is
on a rib or other feature in the part, or if a man-
drel is built to support the part.

11.5 Special Peripheral Equipment 

There are special FSW tool solutions that can
be implemented for certain applications. These
include retractable pin tools and self-reacting

tools. These are special FSW tools with actua-
tion or other features that allow them to over-
come some of the concerns of FSW.

The retractable pin tool is essentially an FSW
tool where the pin can retract up into the shoul-
der. This can be used in applications where the
exit hole of the FSW process is not acceptable.
In most situations, the exit hole is not an issue,
because it is no worse than a start or stop in
other welding processes. If the exit hole is a
potential issue, it can often be placed in an area
where it is not an issue. The retractable pin
requires a more complex spindle, with the abil-
ity to shift the FSW tool pin with respect to the
shoulder. Thus, it adds cost and complexity to
the application and requires a machine with
more intelligence capability (additional con-
trol). The retractable pin can be considered for
circumferential applications where the exit hole
may not be acceptable. An example of a
retractable pin tool is shown in Fig. 11.8.

The self-reacting tool is a dual-sided FSW
tool that has two shoulders. One shoulder con-
tacts the top surface, and another contacts the
bottom surface. It is referred to as a self-reacting
tool because the net thrust force on the machine
is theoretically zero. It is self-reacting similar to
a C-frame in the FSSW application. This solu-
tion is especially helpful in situations where
access to the backside of the part is difficult
(e.g., longitudinal welds on tubes). A self-
reacting tool is shown in Fig. 11.9.

The self-reacting tool must be operated with
the tool vertical to the material surface (zero
travel angle). Therefore, the intelligence and
stiffness requirements for the machine are
higher when employing the self-reacting tool.
Additionally, some self-reacting tools have
individual force control capability and ability to
move the shoulders with respect to one another,
to overcome the effects of material thickness
variation. This capability adds complexity and
requires additional intelligence in the machine,
although this allows for improved control.
However, recent developments in tool design
help mitigate some of these issues and allow the
self-reacting tool to be less sensitive to varia-
tion. (Ref 1). Other factors may also need to be
considered when using a self-reacting tool,
including:

• Potential need for assembly and disassembly
of the self-reacting tool at the start and end of
the operation

• Potential need for a hole to be drilled into the
part at the start of the weld
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These can be avoided if the tool is run in from
the start of the part and run off at the end of the
part. However, if this approach is taken, some
weld defects will be present for a short distance
at either end of the weld. This side effect can be
overcome with the use of run-on and run-off
tabs. Thus, one should consider run-on and run-
off tabs when self-reacting tools are used, to
avoid unnecessarily increasing the complexity
of employing the self-reacting tool concept.

11.6 Control and Process Monitoring 

As with all joining technologies, there are
sensing, control, process monitoring, and error-

proofing strategies that are specific to the tech-
nology. Because FSW and its variants tend to
have fewer variables, these strategies are less
expansive than other technologies.

Sensing. There are several variables that
should be sensed on any FSW machine and
some other variables that may be required to be
sensed. The following are the variables that can
be sensed.

Thrust Force. This is the force on the tool in
the axial direction of the tool. In most applica-
tions (FSW and FSP), it should be a requirement
to measure force. Forces that are too high or too
low lead to undesirable welding results. It can
be used for force-control strategies (recom-
mended in many applications) or for error
proofing. In FSSW, measuring thrust force is
not required but can be used for error proofing.

Traverse Force. The traverse force is the
force to push the FSW tool through the material
in the direction of travel. It can be used for con-
trol (travel speed is varied, based on maintain-
ing constant traverse force), or it can be used for
error proofing (or monitoring). Measuring the
traverse force is not required.

Lateral Force. This is the force perpendicu-
lar to the welding direction. It is typically only
used for monitoring and is not necessarily
required.

Welding Torque. This is primarily used for
monitoring and can indicate such items as tool
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Fig. 11.8 Retractable pin tool. Courtesy of NASA

Fig. 11.9 The patented Self-reacting technology. Courtesy
of MTS Systems Corporation



wear or tool failure. It can be sensed directly
with sensors or through motor current. Direct
measurement is typically more accurate.

Rotation Speed. Most often, FSW and its
variants use motors with internal control
through drives. The motor speed is almost
always controlled and is often monitored via
output from motor drives. Separate sensors are
not required.

FSW Tool Orientation. With limited-axis
machines, the angles (travel angle and work
angle) can be controlled mechanically and do
not need to be measured, except for simple
error-proofing means. In a multiaxis machine,
the internal software often controls and main-
tains these angles. These angles affect the FSW
and FSP processes quite significantly. Strate-
gies should be in place to ensure that the correct
angles are used.

Seam Position. As with other joining tech-
nologies, tracking of the seam may be desirable.
This can be accomplished with standard off-the-
shelf technologies. It can be simpler to imple-
ment for FSW because of the more benign oper-
ating environment (no arc, dust, or spatter)
found with FSW compared to other processes.

Control Strategies. There are two basic
control strategies found with FSW and FSSW:
force and position control. Force control can be
very desirable in many applications. It is often
the case that FSW has a larger operating range
with respect to thrust force than vertical posi-
tion. Thus, it can be a more robust control strat-
egy. This is especially the case for butt welds.
Additionally, force control tends to be preferred
for less stiff machines (e.g., robots).

Position control can also be an effective strat-
egy, especially for applications where thermal
effects and geometries vary significantly over
time or position. For example, a part that has
welding in an area that transitions from a large
thermal mass to a small thermal mass may
require significant changes in actual welding
force. The same can be true for processing in
cases where the temperature of the part changes
significantly over time.

Process Monitoring/Error Proofing. Sev-
eral of the variables that can be sensed are also
recommended for monitoring and/or error
proofing. 

Thrust Force. For FSW and FSP, it is highly
recommended to implement at least a force-
monitoring strategy. Force monitoring can have
the following benefits:

• Detect changes in FSW tool condition
(wrong tool, wear, etc.)

• Detect wrong parts
• Detect missing parts
• Detect weld-quality changes

Traverse Force. Monitoring of traverse force
can be beneficial, but most of the same errors can
be detected via thrust-force monitoring.

Torque Monitoring. This has similar bene-
fits to thrust-force monitoring.

Angle (Work and Travel Angles). Strategies
should be implemented to ensure that these
angles are maintained or set up properly for
each application. This can be performed with
simple strategies, such as proximity sensing on
mechanically adjusted machines. 

Rotation speed should be controlled. Moni-
toring of this variable can be performed but will
provide only confirmatory results. 

Other error-proofing strategies are similar to
other joining processes (e.g., part sensing). In
some cases, these can be easier with FSW due to
its relatively benign environment. 
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CHAPTER 12

Friction Stir Spot Welding
Harsha Badarinarayan, Frank Hunt, and Kazutaka Okamoto

Hitachi America Ltd., R&D

THE USE OF ALUMINUM in the automotive
industry is increasing. To date, aluminum has
been used predominantly for closure panels such
as hoods, decklids, and lift-gates to reduce weight
and improve vehicle fuel economy. Current clo-
sure panel welding techniques include resistance
spot welding (RSW), self-piercing rivets (SPR),
and clinching. The disadvantages of these meth-
ods include weld electrode dressing, high energy
consumption, and the use of consumables. In the
case of RSW, higher electric power source and
electrode dresser are required because of the
physical properties of the aluminum alloy. The
SPR also require rivets that add to the cost of
assembly manufacturing via consumables.

The welding method used for aluminum
sheet assembly is one of the key technology
drivers to enhance weight reduction in the auto-
motive industry, and hence, friction stir spot
welding (FSSW) was evaluated as an alterna-
tive welding technique (Ref 1). Weight reduc-
tion is an important challenge in the automotive
industry in order to improve fuel economy.
Lightweight materials such as aluminum and
magnesium, when properly designed, can be
used to replace equivalent steel assemblies with
approximately half the weight.

Over the past few years, there have been
developments in the process of spot friction stir
welding (FSW). Friction stir spot welding can
be broadly classified into three main categories:

• Pure spot FSW
• Refill FSSW
• Swing FSSW

The pure spot FSW technique was invented
by Mazda (Ref 2). In this case, a rotating tool is
plunged into the workpiece, held for a certain

duration of time, and then retracted, hence cre-
ating a spot FSW. This technology was first
used in the Mazda RX-8 rear door panel spot
welding in 2003. Mazda claimed to have
reduced the energy consumption by 99% of that
used by the conventional earlier process (Ref 3).

Conventional friction stir spot welding leaves
behind a keyhole (exit hole) after the weld has
been done. In order to avoid this, GKSS of Ger-
many invented a process that would fill the key-
hole (Ref 4). This method was called the refill
FSSW process. The joined region consists of a
spot of material that has been plasticized, dis-
placed in a process similar to a back extrusion,
and then replaced, forming a fully consolidated
weld that is nominally flush with the original
surface.

The third variation of FSSW, developed by
Hitachi, is called swing FSSW. Unlike the con-
ventional spot technique, where spot geometry
is a perfect circle, swing FSSW produces a spot
that is elliptical in shape (elongated spot) (Ref
5). Because the area of contact is larger for an
elongated spot, the strength offered by swing
FSSW may be higher.

Friction stir spot welding is still an evolving
technology. There are various aspects of this
technology that are still being worked on by
researchers around the world—be it as simple as
designing a jig/fixture for welding or a more
challenging aspect of trying to use existing or
emerging nondestructive testing techniques to
evaluate the integrity of the weld. There has
been a steady growth in the knowledge base for
this technology, and as people continue to
devote their research focus to FSSW, there will
be more insight into this complex process, and
many questions will be answered.
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Fig. 12.1 Spot friction stir welding illustration. (a) Plunging. (b) Bonding. (c) Drawing out. Source: Ref 6

12.1 FSSW Methods

Pure Spot FSW. Sakano et al. (Ref 6) illus-
trated a newly developed spot FSW robot sys-
tem for lap joints of aluminum plates. The sys-
tem was comprised of a specially designed spot
FSW gun and a multiarticulate robot. The gun
had an FSW probe with rotational and axial
movements individually executed by servomo-
tors; therefore, the entire welding sequence was
controlled by the central processing unit (CPU)
of the robot system. Not only did the spot FSW
lap joint have equal or superior mechanical
properties to the conventional RSW, it also
showed significantly lower energy consumption
and maintenance cost in comparison with cur-
rent RSW systems.

A schematic illustration of the spot FSW
process is shown in Fig. 12.1. The process is
applied to a lap joint consisting of upper and
lower sheets. A rotating tool with a probe is
plunged into the material from the top surface
for a certain time to generate frictional heat. At
the same time, a backing plate contacts the
lower sheet from the bottom side to support the
downward force. Heated and softened material
adjacent to the tool causes a plastic flow. In
addition, the tool shoulder gives a strong com-
pressive force to the material. After the tool is
drawn away from the material, a solid-phase
bond is made between the upper and the lower
sheets. Figure 12.2 shows the appearance and
the cross-sectional configuration of a spot fric-
tion stir weld. The upper surface of the weld
looks like a button with a hole, and the bottom
surface is kept almost flat. In the cross section,

there is a hole that is made by the probe and
reaches into the lower sheet.

A spot FSW gun was designed and manufac-
tured to make these welds. Figure 12.3 shows
the appearance of the gun design. It has a 
C-shaped frame structure similar to conven-
tional RSW guns and consists mainly of a tool
rotation unit and an axial loading unit. An
induction motor was used to rotate the tool, and
the gun weighed approximately 80 kg (176 lb).
The spot FSW gun was attached to a multiartic-
ulate Kawasaki robot with six motion axes, as
shown in Fig. 12.4. In this system, a CPU of the
robot controller also controls the axial motion
and rotation of the tool. The robot controller has
a welding sequence program that executes the
precise sequential change of the tool rotational
speed during the weld.

Static strengths of spot FSW lap joints were
examined to evaluate the joint properties. A
6000-series aluminum was used for welding.
Lap-shear and cross-tension tests were per-
formed. As a general observation, strength is
higher at higher revolutions per minute and
shorter weld time. Mechanical properties of
these spot welds are discussed in detail later in
this chapter. In another test, multiple spots were
made on a large sheet of aluminum to demon-
strate that the distortion seen in FSSW is much
smaller than that seen in RSW. Figure 12.5
shows an example of one such sheet.

Mazda estimated that the investment of the
spot FSW system was approximately 50% less
than the equivalent RSW system, because sev-
eral pieces of equipment, including a large elec-
tric power supply, a cooling unit, an electrode
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Fig. 12.2 Spot friction stir welding appearance and cross section. Source: Ref 6

dresser, and others, were not necessary. The
cost per single spot estimation showed that the
cost of the spot FSW system is 85% less than
that of the RSW system. This drastic cost reduc-
tion was brought about by cutting the utility cost
and the consumables. Based on cost evaluation
analysis, the spot FSW system was considered
to be a very viable welding process for the auto-
motive industry.

Refill FSSW. The refill FSSW is a patented
process of GKSS (Germany) that joins two or
more sheets of material together in the lap con-
figuration (Ref 2). The joined region consists of
a spot of material that has been plasticized, dis-
placed in a process similar to a back extrusion,
and then replaced, forming a fully consolidated
weld that is nominally flush with the original
surface.

The refill FSSW process is performed using a
three-piece tool system consisting of a clamp
ring, outer shoulder, and inner pin (Fig.12.6)
(Ref 7). Each of these three components is con-
tained on a separate actuation system such that
each can be moved in and out independently of
the other. The pin and shoulder rotate at the
same revolutions per minute in the same direc-
tion. The stationary clamping ring holds the
workpiece in the proper position during pro-
cessing. The inner pin and outer shoulder are
rotated at a specified revolutions per minute and

Fig. 12.3 Spot friction stir welding (FSW) gun design.
Source: Ref 6



238 / Friction Stir Welding and Processing

moved to the surface to fictionally preheat the
workpiece. When the workpiece is sufficiently
heated and begins to plasticize, the inner pin
continues to plunge to the faying surface be-
tween the upper and lower sheets, while the
outer shoulder retracts to form a reservoir to
capture the displaced material.

A typical FSSW process sequence initiates
with the clamping ring moving into position to
hold the workpiece firmly in place (Fig. 12.7).

During the full retract phase, the inner pin is
retracted, and the outer shoulder is extended to
extrude the reservoir material back into the weld
zone. Assuming no material loss, this process
sequence leaves the hole completely refilled
with minimal or no surface indentation. The
clamping ring holds the upper and lower sheets
firmly in contact during the process and pre-
vents sheet lifting, separation, and expulsion
and spitting of material. The microstructure of
the weld region shows a dynamically recrystal-
lized zone, thermomechanically affected zone

(TMAZ), and a heat-affected zone. This partic-
ular type of refill FSSW is known as shoulder-
first refill FSSW.

The aforementioned technique, although
innovative, has some material sticking issues.
The larger-diameter shoulder displaces a signif-
icant volume of material and requires the
smaller-diameter pin to retract to a greater dis-
tance to maintain constant volume exchange.
This large pin retraction distance draws the
plasticized material into cooler regions of the
shoulder, where it subsequently adheres to the
inner walls. This causes the pin to periodically
stick and become lodged within the shoulder
between spot weld cycles. Hence, a modifica-
tion to this was suggested in which the rotating
pin and the shoulder are initially plunged in a
fixed position relative to each other (Fig. 12.8).

During stage 1, the pin is extended past the
shoulder to a distance that ensures a constant
volume exchange between the material dis-
placed by the pin and that accepted beneath the

Fig. 12.4 Spot friction stir welding (FSW) robot system. Source: Ref 6
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shoulder during the stage 2 plunge to the desired
depth. After penetration to the desired depth
(stage 2) under constant plunge rate, the pin is
retracted into the shoulder under position con-
trol (stage 3), while the shoulder is placed into
forge control mode and extrudes the material
back into the void left as the pin is retracted. At
full retracted position, the shoulder and pin are
nominally flush with the workpiece surface.
During stage 4, the rotation speed is stopped,
and a reforge cycle may be employed, where the
pin and shoulder are commanded to a preset
forge load to enhance consolidation of the mate-
rials within the stirred zones prior to removing
the spot weld system from the workpiece.

The properties of the refill joints are dis-
cussed later in this chapter. The refill FSSW
process has been shown to produce high joint

strengths with minimal indentation and internal
void formation.

Swing FSSW. Hitachi developed the tech-
nique of swing FSW (Ref 5). In the conven-
tional spot FSW, the tool plunges into the work-
piece, creates the weld, and retracts. However,
in the technique of swing FSW, the tool, after
plunging, traverses a short linear distance be-
fore retracting. The advantage of such a process
is that the contact area is larger, which may
result in higher strength.

Figure 12.9 shows the tool movement of var-
ious FSW processes and a corresponding top
view of the welds. In the FSSW process, the
rotating tool is plunged, momentarily held, and
then extracted. In this process, the squeezed
material is lumped around the shoulder indenta-
tion. Stitch FSW and swing FSW result in short-

Fig. 12.5 Multiple friction stir spot welds. Source: Ref 6
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distance linear welds. In these processes, the
tool is plunged and fed for a short distance, so
that a small amount of burr is formed, such as in
linear FSW. Furthermore, the joint area is
greater than spot welding (FSSW), which may
lead to higher joint strength.

In order to validate this technique, Hitachi
developed a prototype C-frame gun. In terms of
C-frame gun design, FSSW requires the sim-
plest gun with spindle motor and tool plunge
motor. However, an additional motor that drives
the tool horizontally is necessary for a typical
stitch FSW, which leads to complex and heavy
C-frame gun design. In the case of swing FSW
(an extension of stitch FSW), shown in Fig.
12.9(c), the tool is pivoted at one end, and the
other end (which is in contact with the work-
piece) is made to move in a swing motion with
a very large radius and small angle, which prac-
tically results in a linear motion. This move-
ment is controlled by a push/pull mechanism
around a rotating axis on the C-frame head.

Swing-Stir, shown in Fig. 12.10, is a spe-
cially designed gun for FSSW and swing
FSSW. The gun is made of an aluminum 
C-frame with the following features: anvil,
spindle motor, tool plunge motor, workpiece
clamping jig, and additional swing axis and
drive mechanism to move the tool in arc (swing)
motion. With this design, both welding speed
and weld length are adjustable. This gun is
designed for aluminum welding with up to 3
mm (0.12 in.) tool penetration depth. The spin-
dle motor is 3.5 kW, and the unit weighs
approximately 170 kg (375 lb). The C-frame
gun is mounted onto a multiarticulate robot.

The properties of the swing FSW joints are
discussed later in this chapter. The swing FSSW
process, using the C-frame gun, was developed
to improve the joint performance for spot FSW
joints, which could then be applied for automo-
tive closure panel applications.

12.2 Mechanical Properties 
and Microstructure of Friction Stir 
Spot Welds

Similar to other joining techniques, the qual-
ity of FSSW is measured by evaluating the
mechanical properties of the joint. There are
several mechanical tests that are conducted to
study both the static as well as endurance
strength of the joints. Some of these tests are
widely used in the industry and more or less rep-

resent a test standard, while some of the tests are
very specific to a particular industry. Some of
the static strength tests employed are lap shear,
coach peel, and cross tension, wherein the direc-
tion of application of load on the joint varies,
consequently resulting in different stress con-
centration areas around the weld. The
endurance (dynamic) tests are usually employed
by the automotive and aerospace industry,
where the final product is expected to undergo
cyclic (or noncyclic) fluctuations in the applied
load.

The microstructural observations provide
valuable information regarding the metallurgy
of the joint. Nugget/stir zone size, actual weld
depth, and hook formation (thinning of top
sheet) are some of the geometrical information
that are possible to visualize through the cross-
sectional images. Other properties that have
been evaluated are grain size, hardness profile,
and texture.

12.2.1 Pure Spot FSW Properties
(AA6111-T4)

Static Strength Evaluation. Lin et al. (Ref
8) investigated the microstructures and failure
mechanisms of spot friction welds in aluminum
6111 lap-shear specimens. In this investigation,
aluminum 6111-T4 sheets with a thickness of
0.9 mm (0.035 in.) were used. The lap-shear
specimens were made by using two 25.4 by
101.6 mm (1 by 4 in.) coupons with a 25.4 by
25.4 mm overlap area. The welds were made 
by using a spot friction welding gun made by
Kawasaki robot.

The lap-shear specimens were then tested by
using an Instron Model 4502 testing machine at
a monotonic displacement rate of 1.0 mm/min
(0.04 in./min). The load and displacement were
simultaneously recorded during the test. Tests
were terminated when the two sheets of the
specimen were separated. Figure 12.11(a)
shows a lap-shear spot friction weld specimen.
Figure 12.11(b) shows a close-up top view of
the spot friction weld on the upper sheet. As
shown in the top view, the top surface of the
weld looks like a button with a central hole. The
squeezed-out material is accumulated along the
outer circumference of the shoulder indentation.
Figure 12.11(c) shows a close-up back view of
the spot friction weld on the lower sheet. In the
back view, the contact mark due to the backing
plate can be seen.
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Microstructure. In order to understand the
failure mechanisms of spot friction welds under
lap-shear loading conditions, cross sections of
spot friction welds before and after failure were
obtained. Figure 12.12(a) shows the cross sec-
tion of a spot friction weld before testing, and
Fig. 12.12(b) shows close-up views of regions I,
II, III, and IV, as marked in Fig. 12.12(a).

In Fig. 12.12(a), there is an indentation with a
profile that reflects the shape of the probe pin
and the flat tool shoulder. As shown in the fig-
ure, the bottom surface is kept almost flat,
except near the central hole. Near the outer area
of the central hole, there is a gray area that rep-
resents the stir zone, where the upper and lower

sheets are bonded. Two notch tips can be seen
near points “C” and “D.” The notch tips extend
into the weld and appear to be formed from the
unwelded interfaces between the two sheets.
Note that the weld joint has no defects in the stir
zone, compared with the porosity reported in the
aluminum resistance spot welds (Ref 9, 10). In
Fig. 12.12(b), a close-up view of region I shows
relatively coarse grains in the base metal. A
close-up view of region II shows finer grains in
the TMAZ. A close-up view of region III shows
very fine equiaxed grains in the stir zone. The
equiaxed grains in the stir zone are formed due
to stir and recrystallization. The fundamentals
of microstructural evolution are similar to linear

Fig. 12.6 Refill friction stir spot welding tooling components. Source: Ref 7

Fig. 12.7 Refill friction stir spot welding process schematic. Source: Ref 7
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FSW and are covered in Chapter 4. As shown in
Fig. 12.12(a), the interfaces horizontally pass
through the TMAZ of the weld and rise up near
the stir zone due to the deformation of the lower
sheet from the indentation of the probe pin. In
Fig. 12.12(b), a close-up view of region IV
shows that the curved interface becomes vague
and disappears close to the stir zone.

As the tool continues to rotate and plunge into
the upper and lower sheets, the material under
the tool shoulder near the probe pin is stirred.
Outside the stir zone, the interfacial surface of
the upper and lower sheets is distorted into a
macroscopic curved interface, as shown in
region IV in Fig. 12.12(b). The shoulder inden-
tation squeezes out a portion of the upper sheet
material, and consequently, the thickness of the
upper sheet material decreases under the shoul-
der indentation. The reduction of thickness
under the shoulder indentation results in a radial
expansion of the upper sheet along the outer cir-
cumference of the shoulder indentation. How-
ever, due to the constraint of the neighboring
material, the sheet is therefore bent along the
outer circumference of the shoulder indentation.
The bending of the sheet creates a gap between
the upper and lower sheets. The bend is marked
by “A” and “B,” and the gap is marked by “C”
and “D” in Fig. 12.12(a). The squeezed-out
material from the shoulder indentation forms a
ring along the outer circumference of the shoul-
der indentation on the top surface of the upper
sheet. The squeezed-out material can be seen in
Fig. 12.12(a).

Failure Mode. Figure 12.13 shows a failed
lap-shear spot friction weld specimen and close-

Fig. 12.8 Schematic for the fixed-position refill friction stir
spot welding process. Source: Ref 7

Fig. 12.9 Tool movement and top view of variant of friction stir welding (FSW). (a) Friction stir spot welding. (b) Stitch FSW. (c)
Swing FSW. Source: Ref 5
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up views of the spot friction weld in the failed
lap-shear specimen. The circumferential failure
mode or the nugget pullout failure mode can be
seen on the lower sheet of the failed specimen in
Fig. 12.13(a). Figure 12.13(b) shows a top view
of the failed spot friction weld. As shown in this
figure, the hole diameter is much smaller than the
indentation diameter or the tool shoulder diame-
ter. Figure 12.13(c) shows a top view of a spot
friction weld on the lower sheet of the failed
specimen. As shown in Fig. 12.13(a) and (c), a
small portion near the right side of the remaining
weld nugget is removed, possibly due to tearing
and rubbing of the upper sheet. The hole in the
upper sheet, as shown in Fig. 12.13(b), is bent,
distorted, and enlarged due to the tearing
process. Therefore, the area of the hole, as shown
in Fig. 12.13(b), is larger than the area of the
remaining weld nugget, as shown in Fig.

12.13(c). The rough region surrounding the
remaining weld nugget is possibly due to contact
and rubbing from the upper sheet during the
welding process.

The circumferential failure mode or the
nugget pullout failure mode was observed. The
experimental results suggest that under lap-
shear loading conditions, the failure is initiated
near the stir zone in the middle part of the
nugget, and the failure propagates along the cir-
cumference of the nugget to final fracture. The
initial shear failure emanated from the original
curved notch tip. The failures of both spot fric-
tion welds were initiated and fractured through
the upper sheet in the indentation zone near the
weld nuggets.

Effect of Paint Bake on a 6111-T4 Spot
Weld. Blundell et al. (Ref 11) studied the
effects of paint bake cycles on the static perfor-

Fig. 12.10 Swing, friction stir, welder Swing-Stir. Source: Ref 1
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mance of AA6111-T4 FSSW. Welded samples
were subjected to mechanical testing and
exposed to a typical paint bake cycle of 180 °C
(355 °F) for 30 min. The joint mechanical prop-
erties with and without the paint cycle were
evaluated. The failure modes obtained from the
testing were also examined. In a typical auto-
motive production line, assembled components
are subjected to heat treatment processes such
as the paint bake cycle. This may significantly
influence the physical properties of the base
material and may, as a consequence, have a
direct influence on the strength of a joint made
within the material. Previously published
research (Ref 12) has reported the effect of the
paint baking cycle on SPR joints. The motiva-
tion of this study was to evaluate if such a phe-
nomenon exists with FSSW.

The AA6111 sheet was received in the T4
condition. A total of 30 samples were welded,
from which 20 were chosen randomly in order
to avoid the possible effects of joining sequence
on the properties of the joints. Of the 20 samples
for each group, 10 were subjected to a paint bak-
ing cycle, while the other 10 were not. The paint
baking cycle was performed at 180 °C with ±
10 °C (18 °F) for 30 min. A thermocouple was

used to monitor the baking temperature.
Approximately 48 h after manufacturing or the
paint baking cycle, samples were tested under
shear and peel conditions. At least five samples
were tested at each condition in terms of sample
group and baking condition.

Figure 12.14 shows the shear and peel test
results. The mean maximum shear load was 
3.2 kN (0.36 tonf) for the unbaked samples and
3.1 kN (0.35 tonf) for the baked samples. Fol-
lowing paint baking, a 3.1% reduction in shear
strength was observed. In peel testing, mean
maximum loads of 0.6 and 0.5 kN (0.067 and
0.056 tonf) were obtained for the unbaked and
baked samples, respectively. This represented a
17% reduction, attributed to the paint bake
cycle. The graph in Fig. 12.15 also shows a
reduction in extension at maximum load follow-
ing paint baking. In lap-shear tests, the exten-
sion reduced by approximately 38%. In peel
tests, the extension reduced by approximately
44%. This suggested that following paint bak-
ing, the joints in AA6111 also became brittle.
Figures 12.16 to 12.19 show the failure modes
that occurred in shear and peel tests. Fracture of
the nugget dominated the failure mechanism in
the shear test, while the separation of coupons

Fig. 12.11 (a) Lap-shear spot friction weld specimen of aluminum 6111-T4. (b) Close-up top view of spot friction weld on the
upper sheet. (c) Close-up back view of spot friction weld on the lower sheet. Source: Ref 8
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from the nugget boundary was the only failure
mode for peel test.

The conclusion based on the data obtained
was that for FSSW of A6111-T4, there was no
significant change in the static strength in both
coach peel and lap shear of specimens that were
as-welded and those subjected to a paint bake
cycle.

Fatigue Life. Lin et al. (Ref 13) investigated
fracture and fatigue mechanisms of spot friction
welds in aluminum 6111-T4 lap-shear speci-
mens. A concave tool was used to make the spot
welds. Optical and scanning electron micro-

graphs of spot friction welds before and after
failure under quasi-static and cyclic loading
conditions were examined. The failure mecha-
nisms of spot friction welds under quasi-static,
low-cycle, and high-cycle fatigue loading con-
ditions were also investigated by Lin et al. Alu-
minum 6111-T4 sheets with a thickness of 
0.94 mm (0.037 in.) were used. Lap-shear spec-
imens were made by using two 25.4 by 101.6
mm sheets with a 25.4 by 25.4 mm overlap area.

Lap-shear specimens were first tested by using
an Instron 4502 testing machine at a monotonic
displacement rate of 1.0 mm/min. The tests were

Fig. 12.12 (a) Micrograph of the cross section of a spot friction weld. (b) Close-up views of regions I, II, III, and IV. Source: 
Ref 8
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terminated when specimens separated. The loads
and displacements were simultaneously re-
corded during the tests. The failure loads were
then used as the reference loads to determine the
loads applied in the fatigue tests. Lap-shear spec-
imens were then tested by using an Instron servo-
hydraulic fatigue testing machine with a load
ratio R of 0.2. A lap-shear specimen and the fix-
ture are shown in Fig. 12.20. The test frequency
was 10 Hz. The tests were terminated when spec-
imens separated or nearly separated when the
displacement of the two grips of specimens
exceeded 5 mm (0.2 in.). Figure 12.21 shows the
load range as a function of the life for spot friction
welds made by the concave tool in lap-shear
specimens under cyclic loading conditions.

Fatigue Failure Mode. The experiments
conducted by Lin et al. were conducted under
cyclic loads that resulted in the fatigue life of
spot friction welds from 103 to 105. Based on the
experimental observations, the failed spot fric-
tion welds with fatigue lives from 103 to 104

show one failure mechanism, while the failed
spot friction welds with fatigue lives from 104 to
105 show another failure mechanism. They clas-
sified it as fracture mechanism under quasi-
static loading conditions and fatigue mecha-
nisms under loading conditions of low-cycle
fatigue (lives of 103 to 104) and high-cycle
fatigue (lives of 104 to 105).

Figure 12.22(a) shows a schematic plot of the
cross-sectional symmetry of a lap-shear speci-
men made by the concave tool, with the sheet
thickness t under an applied load (shown as the
bold arrows). Figure 12.22(b) shows a sche-
matic plot of the cross section near the spot fric-
tion weld. In these figures, the shadow repre-
sents the stir zone, the dashed line represents the
unwelded interfacial surface, and the thin solid
line represents either the fracture surface or
fatigue crack. Figure 12.22(c) shows a table that
lists the failure mechanisms of the spot friction
welds under quasi-static, low-cycle fatigue, and
high-cycle fatigue loading conditions.

Fig. 12.13 (a) Failed spot friction weld lap-shear specimen. (b) Top view of a spot friction weld on the upper sheet of the failed
specimen. (c) Top view of a spot friction weld on the lower sheet of the failed specimen. Source: Ref 8
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Fig. 12.19 A6111 paint baked. Typical t-peel failure.
Source: Ref 11

Fig. 12.20 A lap-shear specimen and the fixture are
mounted in an Instron fatigue testing machine. 

Source: Ref 13

As shown in Fig. 12.22(b) and summarized in
Fig. 12.22(c), under quasi-static loading condi-
tions, a necking failure is initiated at location
“A”; the failure then propagates along the
nugget circumference, and finally, the upper
sheet is torn off at location “B.” Under low-

cycle fatigue loading conditions, the experi-
mental observations suggest that one fatigue
crack (marked by “C”) appears to emanate from
the original crack tip, and then another fatigue
crack (marked by “D”) appears to emanate from
the surface of the bend. The experimental
observations suggest that the fatigue crack
(marked by “C”) appears to be the dominant
crack that propagates through the sheet thick-
ness. Without the support of the lower sheet
near the stretching side of the nugget, the nugget
is rotated clockwise, and the sheets near the
nugget are therefore bent. Eventually, the stir
zone is separated through the interfacial surface

Fig. 12.14 Lap-shear and t-peel results. Source: Ref 11

Fig. 12.15 Extension at maximum load. Source: Ref 11

Fig. 12.16 A6111 unbaked. Typical lap shear failure.
Source: Ref 11

Fig. 12.17 A6111 paint baked. Typical lap shear failure.
Source: Ref 11

Fig. 12.18 A6111 unbaked. Typical t-peel failure. Source:
Ref 11
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(marked by “E”), and the upper sheet is torn off.
Under high-cycle fatigue loading conditions,
the experimental observations suggest that one
fatigue crack (marked by “C”) appears to
emanate from the original crack tip, and another
fatigue crack (marked by “D”) appears to
emanate from the surface of the bend. Both
fatigue cracks propagate through the sheet
thickness, then become transverse cracks grow-
ing toward the width direction of the specimens
and finally cause the fracture of the specimen.

Empirical Model for Fatigue Crack 
Growth. Lin et al. (Ref 14, 15) also proposed a
fatigue crack growth model based on the Paris
law for crack propagation. Furthermore, the

global and local stress-intensity factors for
kinked cracks were adopted to predict the
fatigue lives of the spot friction welds. The
global stress-intensity factors and the local
stress-intensity factors based on previous work
(Ref 16, 17) were used to estimate the local
stress-intensity factors for kinked cracks with
experimentally determined kink angles. Their
results indicated that the fatigue life predictions
based on the Paris law and the local stress-inten-
sity factors as functions of the kink length agree
well with the experimental results obtained.
Detailed mathematical derivation of the Paris
equation (including obtaining the equivalent
stress-intensity factor) has been illustrated in
depth in the above-mentioned references (Ref
14, 15).

12.2.2 Pure Spot FSW Properties
(AA5754)

Static Strength Evaluation. Arul et al. (Ref
18) investigated the microstructures and failure
mechanisms of spot friction welds in aluminum
5754 lap-shear specimens. In this investigation,
aluminum 5754 sheets with thickness of 1.0 mm
were used. The lap-shear specimens are made
by using two 25.4 by 101.6 mm coupons with a
25.4 by 25.4 mm overlap area. Spot friction
welds were made by an FSW system manufac-
tured by MTS Systems Corporation. The lap-
shear specimens were tested to obtain the shear
strength by using an Instron Model 4502 testing
machine. The crosshead displacement was set at
a rate of 10.0 mm/min (0.4 in./min). In this

Fig. 12.21 Load range as a function of the life for spot fric-
tion welds made by a concave tool in lap-shear 

specimens under cyclic loading condition. Source: Ref 13

Fig. 12.22 (a) Schematic plot of the cross-sectional symmetry of a lap-shear specimen made by a concave tool, with a sheet thick-
ness t under an applied force (shown as bold arrows). (b) Schematic plot of the cross section near the spot friction weld 

made by a concave tool. (c) Failure mechanisms of spot friction welds made by a concave tool under quasi-static, low-cycle fatigue,
and high-cycle fatigue loading conditions. Source: Ref 13

Loading condition Failure mechanism

Quasi-static A 3 B
Low-cycle fatigue C, D 3 E
High-cycle fatigue C, D 3 transverse cracks
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investigation, a tool with a concave shoulder
and a tool with a flat shoulder were used. In
order to study the effect of the penetration
depth, the specimens were made with two dif-
ferent depths of 1.85 and 1.95 mm (0.073 and
0.077 in.). With a tool having a concave shoul-
der, the maximum load increases by approxi-
mately 4.7% (3.06 versus 2.92 kN, or 0.34 ver-
sus 0.33 tonf) when the depth increases from
1.85 to 1.95 mm. However, with a flat shoulder
tool, the maximum loads stay the same (2.88
kN, or 0.32 tonf) for the depths of 1.95 and 1.85
mm. For the depth of 1.85 mm, the maximum
load for the concave tool is larger than that for
the flat tool by 1% (2.92 versus 2.88 kN). For
the depth of 1.95 mm, the maximum load for the
concave tool is larger.

Microstructure. Figure 12.23(a) shows a
micrograph of the cross section of a spot friction
weld made by a tool having a concave shoulder.
Near the center, the shape of the indentation
matches the profile of the probe pin and the
shoulder. With a concave shoulder, the shoulder
squeezes a lot of material from the upper sheet
metal to the location near the probe. The light-
gray area around the pin and the shoulder repre-
sents the stir zone, and the slightly darker area
surrounding the stir zone is the TMAZ. Two
notch tips at the unwelded interface between the

upper and lower sheets near the spot friction
weld are denoted by “C” and “D”.

A comparison of Fig. 12.23(a) and the results
obtained by Lin et. al (Ref 8) for a flat-shoulder
tool in aluminum 6111-T4, discussed earlier,
shows that the stir zone for the concave tool
(light-gray area around the probe and the shoul-
der) is much larger compared to that of the flat
tool. Due to different flow patterns, the shapes
of the interface between the upper and lower
sheets under the shoulder indentation are quite
different. The different flow patterns also result
in different shapes of spot friction welds.

In Fig. 12.23(a), the boxed areas indicate
where the grain structure samples are taken to
show the details of the stir zone and TMAZ. A
close-up view of the stir zone in Fig. 12.23(b)
shows very fine equiaxed grains. This is due to
stirring and recrystallization. A close-up view
of the TMAZ in Fig. 12.23(c) shows fine grains.
For comparison, a close-up view of the base
metal in Fig. 12.23(d) shows coarse grains.

Failure Mode. Figure 12.24 shows a cross-
sectional view and close-up views of a spot fric-
tion weld made by a concave tool with a depth
of 1.95 mm in a partially failed lap-shear speci-
men (Ref 18). The two arrows in Fig. 12.24(a)
schematically show the loading direction. In
Fig. 12.24(a), near the upper right portion of the

Fig. 12.23 (a) Micrograph of the cross section of a spot friction weld made by a concave tool with a depth of 1.95 mm (0.077
in.). (b) Close-up view of the stir zone. (c) Close-up view of the thermomechanical affected zone (TMAZ). (d) Close-

up view of the base metal. Source: Ref 18
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spot friction weld, marked as leg 2, a necking
and shearing failure appears at point “A.” The
necking and shearing failure mechanism is very
similar to that of the failed resistance spot welds
in lap-shear specimens (Ref 19). Note that the
location of the necking and shearing failure is
close to the outer circumference of the shoulder
indentation near the crack tip. In Fig. 12.24(b),
a close-up view of region I shows the necking
failure. In Fig. 12.24(c), a magnified view of
region II shows the microstructures near the
crack tip. Note that the material in the lower
portion of region II appears to be the base metal,
and the material in the upper left portion of
region II appears to be the TMAZ. The circum-
ferential failure mode or the nugget pullout fail-
ure mode was observed. The experimental
results suggest that under lap-shear loading con-
ditions, the failure is initiated near the stir zone
in the middle part of the nugget, and the failure
propagates along the circumference of the
nugget to final fracture. The initial shear failure
was emanated from the original curved notch
tip. The failures of both spot friction welds were
initiated and fractured through the upper sheet
in the indentation zone near the weld nuggets.
The necking and shearing failure mechanism is
the principal failure initiation mechanism, simi-
lar to the study for the spot friction welds in alu-

minum 6111-T4 sheets (Ref 20). The failure
was initiated and fractured through the upper
sheet under the shoulder indentation near the
crack tip.

12.2.3 Pure Spot FSW Properties
(AA5052)

Freeney et al. (Ref 21) evaluated the effect of
process parameters on FSSW of AA5052 using
a plunge-type FSW machine. Sheets with two
different thicknesses were used. The dwell time
and revolutions per minute were process vari-
ables. Lap-shear tests were performed in two-
sheet and three-sheet configurations to deter-
mine the influence of processing parameters on
the mechanical properties of lap-joint friction
stir spot welds.

Due to the variation in material thickness
being welded, two different conical pinned tools
were used during this study. The first tool used
for the single-overlap 1 mm sheet had a shoulder
diameter of 12 mm (0.47 mm) and a 1.77 mm
(0.070 in.) long conical pin, with a root diameter
of 4.5 mm (0.18 in.) and tip diameter of 3 mm
(0.12 in.). The second tool was used for both the
single-overlap 1.6 mm (0.06 in.) and the double-
overlap 1 mm coupon configurations. The tool
had a conical pin and was machined from H13

Fig. 12.24 (a) Micrograph of the cross section of a spot friction weld made by a concave tool with a depth of 1.95 mm (0.077
in.) in a partially failed lap-shear specimen. (b) Close-up view of region I. (c) Close-up view of region II. Source: 

Ref 18
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tool steel. The tool had a shoulder diameter of
12.5 mm (0.49 in.), a pin height of 2.65 (0.10 in.),
a root diameter of 5 mm (0.20 in.), and tip diame-
ter of 3.3 mm (0.13 in.). In the experiments, the
plunge rate and dwell time were held constant at
2.5 mm/s (0.10 in./s) and 490 ms, respectively.
When the minimum target depth was established,
the plunge depth was increased in increments of
0.15 mm (0.006 in.), so that the shoulder pene-
trated slightly in the top sheet. Three different
target depths were tested for each coupon
arrangement.

Maximum load to failure was recorded by
loading the welds in shear. Figure 12.25 shows
load to failure for various tool rotation rates and
plunge depths. Maximum weld strength was
observed at lower tool rotation rates in all the
welds made. Also, at higher tool rotation rates,
varying plunge depths did not significantly
influence the loads to failure. Further, it was
observed that welds made on 1.6 mm thick
sheets showed significantly lower weld strength
than the 1 mm thick sheets. The thinner sheet
showed better weld strength because of larger
weld interface. In the thinner sheets, the mate-
rial flow from the shoulder into the weld inter-
face at lower tool rotation rates led to a larger
weld zone. The frictional condition varies from
sticking-dominated to slip-dominated with
changing tool rotation rate (Ref 22). The stick-
ing condition exhibited at lower tool rotation
rates leads to higher material flow around the
shoulder and hence to better interface strength
in the spot welds.

12.2.4 Refill FSSW Properties
As discussed earlier, there are two types of

refill methods: shoulder-first refill and fixed-
position refill.

Shoulder-First Refill. Allen et al. (Ref 7)
performed weld trials using the shoulder-first
refill method in 2 mm (0.08 in.) thick upper and
lower sheet 7075-T6 aluminum lap welds under
forge control mode. A large effective shear area
was formed and a high degree of refill achieved
(Fig. 12.26).

As seen in Fig. 12.27, several effects of pro-
cessing parameters were noted. The higher the
forge load, the greater the expulsion of material
between the shoulder and the clamping ring,
resulting in loss of material and increased depth
of indentation (lack of refill). The effective
shear area at the faying surface was independent
of forge load and a direct function of the shoul-

Fig. 12.25 (a) Failure loads for friction stir spot welded
5052. (a) 1 mm (0.04 in.) single overlap. (b) 

1 mm (0.04 in.) double overlap. (c) 1.6 mm (0.06 in.) single-
overlap configuration. Mechanical properties are not signifi-
cantly influenced by plunge depth with increasing tool rotation
rate. The thicker sheet exhibits lower weld strength. Source: 
Ref 21
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der diameter. Sheet lifting and separation was
not observed, and material was sufficiently plas-
ticized and reflowed easily.

The spot welds created with this shoulder-
first method were characterized by high,
unguided lap-shear strengths, with an average
load-carrying capability per spot of over 8.9 kN
(1.0 tonf). These specimens failed almost exclu-
sively in the nugget pullout mode. The authors,
however, point out that caution must be main-
tained while interpreting pullout geometry
alone, because excessive indentation and lack of
refill will result in tensile overload failure

around the periphery of the spot rather than
shear through the faying surface. Thus, nugget
pullout and minimum pounds per spot should be
used in evaluating joint quality.

Fixed-Position Refill. A process develop-
ment matrix was obtained with a smooth cylin-
drical pin and shoulder profile using the fixed-
position refill method (Fig. 12.28). The
materials used for this study were 3.18 mm
(0.13 in.) thick upper and lower sheet 2024-T3
aluminum lap joints. Characteristic measure-
ments were made of surface indentation, effec-
tive shear area, void size, and lap-shear strength.

Fig. 12.26 Typical structure of shoulder-first refill friction stir spot welding in 2 mm (0.08 in.) 7075-T6 lap joints. Source: Ref 7

Fig. 12.27 Effect of forge load on weld geometry for shoulder-first refill friction stir spot welding in 2 mm (0.08 in.) 7076-T6 lap
welds. Source: Ref 7



Chapter 12: Friction Stir Spot Welding / 253

Surface indentation arises from excessive flash
being extruded through the clearance space
between the shoulder and clamping ring.

The hotter parameters (higher revolutions per
minute and higher shoulder forge loads) resulted
in more material loss as flash and a greater sur-
face indent. Internal void size increased with low
revolutions per minute and low shoulder force
levels (cold welds). The voids showed increased
consolidation toward the upper-right quadrant of
the matrix (hotter welds). Surface indentation
showed a reverse trend, with the hotter welds
showing the larger indentation. The potential to
fill the void left by the retreating pin apparently
increases with higher revolutions per minute and
extrusion forces, because the material becomes
easier to plasticize and extrude. The unguided
lap-shear strength value of the fixed-position
refill FSSW is shown at the bottom left side of
each image on Fig. 12.28. This strength was max-
imum in the central combination of parameters,
where a strength of 4.23 kN (0.48 tonf) per spot
was seen. The lap-shear strengths were generally
greater in the upper-right quadrant of the matrix,
where the hotter welds and higher forge forces
resulted in less internal void formation. There
was, however, a drop in strength at the highest
levels, where the surface indentation was great-

est. This suggests that the strength of these joints
involves a competing mechanism between the
loss of effective shear area due to internal void
formation and the reduction in tensile area
around the spot periphery due to excessive
indentation.

12.2.5 Swing FSSW Properties
Static Strength. Okamoto et al. (Ref 5)

evaluated the mechanical properties of swing
FSSW. In this study, the material welded was
AA6022-T4 in lap configuration. This was cho-
sen to mimic the automotive closure panel
assembly process. Upper and lower sheet thick-
nesses were 0.8 and 1.5 mm (0.03 and 0.06 in.),
respectively. Weld coupons of 150 mm (6 in.) in
length and 40 mm (1.6 in.) in width were over-
lapped by 40 mm and lap welded for lap-shear
specimens. For swing FSW, the effect of the
welding length on lap-shear strength was stud-
ied. The tool rotating speed was 2500 rpm. The
dwell time was 0.5 s. The swing length varied
from 0 (pure spot) to 2.5 mm. The swing FSW
direction was selected to be parallel to the lap-
shear test direction of the coupons. The welding
tool was made of tool steel, with a shoulder
diameter of 8 mm (0.3 in.) and thread pin diam-

Fig. 12.28 Effect process development matrix for the fixed-position refill friction stir spot welding method. Source: Ref 7
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eter of 3 mm (0.12 in.). Figure 12.29 shows the
effect of welding length on lap-shear strength
for stitch FSW joints. A pure spot shows a static
strength of 225 kgf. It was observed that the
shear strength increases as a function of welding
length.

Figure 12.30 shows the macrostructure of the
cross section of FSSW and swing FSW joints.
The weld area between upper and lower sheets
is wider for welds with longer welding length.
Figure 12.31 shows the failed FSSW specimen,
swing FSW specimen, and the as-welded
micrograph. In both specimens, failure occurred
at the tool shoulder indentation. The shoulder
indentation area has the lowest hardness and the
minimum thickness in the upper sheet. The frac-
ture seems to initiate at the hook horizontally
and expand into the shoulder indentation.

Fatigue Life. Okamoto et al. (Ref 5) con-
ducted preliminary work on fatigue strength for
swing FSW. Figure 12.32 shows the shear
fatigue strength of swing FSW. In the case of
lap-shear tension, a swing FSW joint shows
fairly high fatigue strength, especially at a lower
cycle.

Figure 12.33 shows the failed specimens of
static and fatigue lap-shear tests. In the case of
static and fatigue test under higher applied load,
the failure is pullout mode. Due to the large diam-

eter of the hole size, swing FSW appears to have a
higher static lap-shear and fatigue strength at low
cycle. On the other hand, the crack initiated at the
weld region and grew into the base metal in all the
joints. This indicates that the high-cycle fatigue
strength of the swing FSW is comparable to the
other friction stir spot techniques. However, a
detailed study is required to determine crack ini-
tiation in swing FSW.

12.3 Numerical Simulation of FSSW

Numerical simulation of FSSW has always
been challenging, primarily because the weld
sequence—comprised of the plunge, stir, and
retract periods—is relatively short as compared
to linear FSW. Modeling this dynamic phenom-
enon is a challenge for simulation engineers
because of the numerous complexities involved
in the process. Effective and reliable computa-
tional models of the FSW process would greatly
enhance the study of material flow and
microstructure evolution around a tool pin as
well as temperature distribution along a weld
line. Approaches for the computational model-
ing of the FSW process, however, are still under
development, and a great deal of work is under-
way, particularly the application of explicit

Fig. 12.29 Effect of welding length on lap-shear strength of stitch friction stir welding (FSW) joints. FSSW, friction stir spot weld-
ing. Source: Ref 5
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finite element codes for a verifiable simulation
(Ref 23).

Pure Spot FSW. Awang et al. (Ref 23) pre-
sented some results on finite element modeling
of FSSW using ABAQUS/Explicit (ABAQUS,
Inc.) as a finite element solver. A three-dimen-
sional (3-D) coupled thermal-stress model was
used to calculate the thermomechanical
response of the FSSW process. Adaptive mesh-
ing and advection schemes, which make it pos-
sible to maintain mesh quality under large
deformations, were used to simulate the mate-
rial flow and temperature distribution in the
FSSW process.

The FSSW process simulation involved mod-
eling the coupled thermoelastoplastic response
of the tool-workpiece system, in which the con-
stitutive model of the material and the nonlinear
temperature-dependent transient heat-transfer
response produce both plastic deformations and
a temperature distribution as the material flows
and stirs, forming the weld.

The finite element (FE) model of the FSSW
process was done using ABAQUS/Explicit soft-
ware. A 3-D dynamic fully coupled thermal-
stress analysis was performed to obtain thermo-
mechanical responses of the FSSW process.
Two features in the FE package were deployed
in order to obtain the results:

• The adaptive mesh scheme that automatically
regenerates the mesh when the elements are
severely distorted due to large deformation

• The mass scaling technique that modifies the
densities of the materials in the model and
improves the computational efficiency while
retaining the accuracy of the results.

The FE analysis was conducted by prescrib-
ing displacement and angular velocity of the pin
tool and by imposing appropriate boundary con-
ditions. The rate of pin penetration was pre-
scribed in two time steps, based on an actual
experimental setup. In step 1, the pin was

Fig. 12.30 Micrographs of cross section of friction stir spot welding (FSSW) and stitch friction stir welding joints. Lw, weld length;
V, velocity. Source: Ref 5



256 / Friction Stir Welding and Processing

Fig. 12.31 Failed lap-shear specimens and as-welded micrograph of (a) friction stir spot welding and (b) stitch friction stir weld-
ing joints. Arrows show fracture path. Source: Ref 5

Fig. 12.32 Shear fatigue strength of swing friction stir welding. Source: Ref 5
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Fig. 12.34 Mesh representation of two layers of workpiece with a pin and an anvil. Source: Ref 23

plunged with a rate of 2.668 mm/s (0.105 in./s).
In step 2, the plunge rate was set at 0.493 mm/s
(0.019 in./s).

The workpieces were spot welded in lap-joint
configuration, as shown in Fig. 12.34. The
geometry of the workpieces had a dimension of
25 by 25 mm (1 by 1 in.), with a thickness of 

1 mm (0.04 in.). They were meshed with eight-
node trilinear displacement and temperature and
reduced integration with hourglass control. A
total of 80,000 elements and 102,010 nodes
were generated in the model. The pin and the
backing anvil were modeled as isothermal ana-
lytical rigid surfaces. This assumption would

Fig. 12.33 Failed specimens of static and fatigue lap-shear tests. FSW, friction stir welding; FSSW, friction stir spot welding; RSW,
resistance spot welding. Source: Ref 5  
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reduce the computational time, because the
internal resistance of the rigid bodies to heat is
negligible in comparison with the external resis-
tance. Several assumptions were made and
boundary conditions set accordingly (Ref 23).

Temperature distribution during the FSSW
process is shown in Fig. 12.35. In this simula-
tion, the maximum temperature after 1.235 s is
491.3 °C (916.3 °F). Prior experiments on linear
FSW of aluminum alloys (Ref 24, 25) suggest
that the actual temperatures in the stir region
would be 80% of the melting temperature,
which is 460 °C (860 °F) for aluminum 6061-
T6. The result of maximum temperature is
approximately 6.8% higher than the theoretical
temperature due to the assumption of isothermal
rigid bodies of the pin and anvil. Figure 12.36
shows that the maximum temperature occurs
approximately 3 mm from the center point of
the workpiece, after which it starts to decrease
away from the center point.

The simulation results for the von Mises
stress profile indicate that it is lowest in the
nugget region and begins to increase and finally
stabilize away from the center point of the
workpiece (Ref 23). It is believed that further
refinements to include the tool (pin) and the
anvil as elements that absorb and release heat
during the operation would enhance the accu-
racy of the model. This model, along with the
adaptive remesh option, leads the way to simu-
late the complex and dynamic phenomenon of
spot FSW.

Refill FSSW. Muci-Küchler et al. (Ref 26)
reported results on a simplified isothermal 3-D
finite element model (FEM) of the initial plunge
phase of the FSSW process. The model, based
on a solid mechanics approach, was developed
using the commercial software ABAQUS/
Explicit.

The reason to focus on the solid mechanics
aspects first is that modeling the material as a

Fig. 12.35 Temperature distribution at t = 1.235 s. Source: Ref 23

Fig. 12.36 Graph of temperature versus radial distance from the center of the tool. Source: Ref 23
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solid presents challenges when a Lagrangian or
an arbitrary Lagrangian-Eulerian FEM formula-
tion is used. The large deformations caused by
the combined effect of the translation and rota-
tion of the tool could lead to problems with the
numerical method if the elements close to the
tool become excessively distorted. Although
using a code that models the plates employing
an Eulerian approach could be a possible solu-
tion, the commercial FEM programs commonly
used to solve solid mechanics problems do not
offer that alternative (Ref 26). The mechanical
behavior of the material of the plates is repre-
sented using an elastic/perfectly plastic consti-
tutive relation in which the material properties
correspond to the value of the temperature
assigned to the plates.

In the simulations, a linear elastic/perfectly
plastic constitutive relation was used for the
material of the plate, and the effect of the strain
rate on the mechanical properties was not taken
into consideration. An adaptive meshing tech-
nique was also employed to reduce the distor-
tion of the elements. Because the deformations
of the pin, shoulder, and clamp are minimal
compared to those of the plate, those compo-
nents were considered as rigid, and the surface
of each one was modeled using rigid shell ele-
ments. The general contact algorithm available
in ABAQUS/Explicit was used to define the
interaction between the components of the tool
and the plate. The frictional contact has been
modeled based on a modified Coulomb friction
law. A maximum shear-stress value was defined
that controls the stick/slip behavior of the mate-
rial around the pin. For the boundary conditions,
an independent reference node was defined for
each component of the tool, and the boundary
conditions corresponding to that component
were applied to its reference node. The motion
of the clamp was constrained in all directions,
and it was in contact with the plate from the be-
ginning of the simulation. The motion of the pin
was constrained in all directions except the
translation and rotation about the vertical axis.
The bottom face of the plate was constrained in
Y, the right and left faces in X, and the front and
back faces in Z. For the simulations, the veloc-
ity control method was considered, and the pin
was plunged with a constant velocity.

A square plate was considered for the simula-
tion run. The plunge velocity of the pin was 25.4
mm/min (1.0 in./min), and its angular velocity
was 800 rpm. The pin was 12.7 mm (0.5 in.)
long and had a diameter of 4.75 mm (0.19 in.)

with fillets; the shoulder was not included in the
simulation. The material used for this model
was aluminum 7075-T6, and information about
its temperature-dependent material properties
was taken from graphs provided in the MIL-
HDBK-5H (Ref 27). Temperature-dependent
data were extrapolated appropriately wherever
required. The value assigned to the friction
coefficient was 0.64, and the plunge depth was
0.3175 mm (0.0125 in.).

Figure 12.37 shows a minimum amount of
flash generated during the plunge experiment.
Figures 12.38 and 12.39 correspond to results
from the numerical simulation for the same
cross section as Fig. 12.37. Those figures also
indicate minimal flash, which was in agreement
with the experimental results. Figures 12.39 and
12.40 show the symmetric distribution of
stresses obtained as the pin plunges through
one-quarter of the top plate. The deformed
geometry plot presented in Fig. 12.41 indicates
the motion of the plate material obtained during
the plunge of the pin. The arrow plot of the
velocity vector shown in Fig. 12.42 provides a
convenient way to visualize the material flow
during the process. It also shows how the plate
material tends to be stirred as the pin plunges.
Based on the results of the simulation and the
experiment, it can be inferred that, for the case
under consideration, the rotation of the tool did
not have a substantial effect on the material
flow. The frictional force generated at the bot-
tom of the pin is directly related to the plunge
force. As the pin plunges into the material, the
increase in the plunge force originates a corre-
sponding increase in the frictional force. For
small plunge forces, the material flow is very

Fig. 12.37 Experimental result for the top plate corre-
sponding to the plunge test. Source: Ref 26
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similar to one corresponding to a forging
process. As can be seen in Fig. 12.43, the pre-
dicted values of the vertical plunge force as a
function of plunge depth are close to the ones
obtained from the experiment. The difference in
the values could be attributed to the higher tem-
perature at which the spot weld was done in the
experiment. The average torque that was
recorded during the experiment also compared

well with the values obtained in the numerical
simulation. The cyclic nature of the forces
measured may suggest a stick/slip condition.

Subsequent simulations were run with vary-
ing process parameters, the results of which
were in agreement with the experimental runs.
Furthermore, Itapu et al. (Ref 28) reported a 
3-D isothermal FEM of the plunge phase of a
refill FSSW process using ABAQUS/Explicit.

Fig. 12.38 Equivalent plastic strains at 0.75 s. Source: Ref 26

Fig. 12.39 The von Mises stresses at 0.75 s. Source: Ref 26
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Deformations, stresses, and strains induced in
the plates being spot welded were computed.
Virtual tracers were also incorporated in the
simulation in an attempt to visualize the mate-
rial flow near the tool. The authors reported a
good correlation between the experimental and
simulation results obtained.

12.4 Advancements in FSSW

FSSW in Advanced High-Strength Steel.
The conventional electric RSW process can be
problematic for many new high-performance
lightweight structural materials such as alu-
minum alloys and advanced high-strength steels
(AHSS) (Ref 29, 30). The great emphasis on

safety and vehicle weight reduction to improve
fuel efficiency has been driving the increased
use of AHSS in automobile body construction.
The biggest technology barrier inhibiting the
use of RSW for AHSS is the profound weld
property degradation (Ref 29, 31–33). Due to
the extremely high cooling rate in RSW, the
weld nugget region of AHSS would develop
highly brittle microstructures and is prone to
solidification-related weld cracks/defects. How-
ever, past work on linear FSW has shown that
steels are much more difficult to friction stir
weld than aluminum alloys (Ref 34). The tech-
nical difficulties arise from the very fundamen-
tal aspect of the FSW process: compared to alu-
minum alloys, FSW of AHSS must operate at
much higher temperatures and requires much

Fig. 12.40 The von Mises stress distribution at 0.75 s.
Source: Ref 26

Fig. 12.41 Deformed geometry plot indicating the flow of
material at 0.75 s. Source: Ref 26

Fig. 12.42 Arrow plot of the nodal velocities on the plate
surface at 0.75 s. Source: Ref 26

Fig. 12.43 Comparison of experimental and predicted
plunge forces. Source: Ref 26
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higher mechanical loading for plunging and
stirring. These technical difficulties are also
expected for FSSW.

Feng et al. (Ref 35), conducted a preliminary
study to investigate the feasibility of FSSW of
AHSS sheet metal. The objective was to weld
600 MPa (87 ksi) dual-phase steel and 1310 MPa
(190 ksi) martensitic steel. A single tool, made of
polycrystalline cubic boron nitride, survived
over 100 welding trials without noticeable degra-
dation and wear. The tool had a tapered pin, 
2.0 mm (0.08 in.) long, and the shoulder was 
10 mm (0.4 in.) in diameter. Solid-state metallur-
gical bonding was produced with welding time in
the range of 2 to 3 s. Tensile-shear and cross-ten-
sion mechanical testing was performed for
selected welding conditions to evaluate the
mechanical strength of the joints produced.

Figure 12.44 shows the overall cross-
sectional views of both the M190 weld and
DP600 weld made with 2.1 s welding time. A
close-up view in the bonding interface region of
the M190 weld is given in Fig. 12.45. Metallur-
gical bonding was formed between the top and
bottom workpieces around the penetrating pin.
As in the case of aluminum alloy welds, the

material from the bottom piece was pushed up
by the plunging action of the rotating pin, caus-
ing the workpiece interface to bend upward and
form a hook. The solid-state phase transforma-
tions that occur in carbon steels during cooling
make it difficult to directly observe details of the
stirring/mixing of the material between the two
sheets. The width of the bonding ligament, a
critical factor determining the strength of the
weld, was relatively small in this study.

The martensitic M190 weld shows consider-
able softening outside the stir zone. The mini-
mum hardness, approximately 200 HV, was
located approximately 5 mm away from the
weld center, corresponding to the shoulder
radius of the tool. However, the hardness in the
stir zone was fully recovered back to the 430
HV base-metal level. The minimum hardness
location was located quite far away from the
bonding region at the interface. The softened
region was outside the TMAZ, where substan-
tial plastic deformation and material flow occur
during the welding process.

Due to the differences in chemistry, DP600
steel showed very different microhardness pro-
files under the same welding condition. The

Fig. 12.44 Cross section of friction stir spot weld. Top: M190; bottom: DP600. Welding time: 2.1 s. Source: Ref 35



Chapter 12: Friction Stir Spot Welding / 263

softening was relatively insignificant compared
to the base-metal microhardness level; the soft-
ening was mostly outside the shoulder diameter.
On the other hand, the stir zone appeared to be
hardened. The maximum hardness was approx-
imately 250 HV, compared to the base-metal
average of 210 HV. This variation of the micro-
hardness can be related to the microstructural
changes in the different regions of the weld. The
resulting microstructure in the bonded region
also suggests that the material flow and bonding
takes place when the material is fully austeni-
tized. Such information would be important for
the future process and tool material develop-
ment for FSSW of AHSS.

The lap-tensile test for the two materials
showed similar value for shear strength. The
shear strength increased with increase in weld
time. It was also pointed out that the welding
process conditions produced relatively small
bonding ligament widths, thereby limiting the
tensile strength levels of the joint. It is expected
that substantial improvement in joint strength
can be achieved if the bonding ligament width
can be increased through further process devel-
opment and modifications to the tool geometry.

FSSW of Aluminum-Magnesium Alloys.
Fusion welding of magnesium-base alloys is
complicated due to problems such as hydrogen
porosity formation and solidification cracking
in weld deposits and liquation cracking in heat-
affected zone regions (Ref 36–39). Hence, Su et
al. (Ref 40) evaluated FSSW as a joining tech-

nique to weld aluminum 5754 and AM60 sheet.
The objective in this particular study involved
determining the factors that determine joint
mechanical properties.

The 1.5 mm (0.06 in.) thick sheets of alu-
minum 5754 and thixomolded AM60 base
materials were used during this investigation.
The tool was heat treated to a hardness of 46 to
48 HRC and coated with TiAlN to minimize
wear during FSSW trials. Mathematical equa-
tions were used to calculate the energy that was
produced when the pin was forced into the
workpiece and the energy that was produced
due to tool rotation. Tool revolutions per
minute, plunge depth, and plunge speed were
the process parameters that were varied. Joint
mechanical properties were evaluated by mea-
suring the peak fracture load during overlap-
shear testing at a loading rate of 1 mm/min.

In aluminum 5754 spot welds, the stir zone had
a fine equiaxed structure having a grain size 
<10 μm, while the TMAZ had a microstructure
comprising a mixture of deformed and partially
recrystallized grains. In AM60 base material, the
stir zone comprised fine-grained (<10 μm) �
phase, while the TMAZ contained elongated pri-
mary � particles and partially recrystallized �
grains. The mode of specimen failure changed
when welding parameters varied and the FSSW
joints produced contained discontinuities, which
affected test specimen fracture during overlap-
shear testing. In addition, the tool shoulder pro-
duced increased thinning of the upper sheet when
the penetration depth was increased during spot
welding. This may have facilitated failure in
some spot-welded joints.

Unbonded regions are formed when the oxi-
dized surfaces of the two sheets contact each
other but are not metallurgically bonded (Fig.
12.46a). Figure 12.46(b) shows the microstruc-
tural features observed at the extension of an
unbonded region in a spot weld in aluminum
5754 base material. The Al2O3 oxide films orig-
inally present on the surfaces of the contacting
aluminum alloy sheets are disrupted, producing
a microstructure comprising unbonded regions,
Al2O3 particles, and areas showing evidence of
metallurgical bonding.

The influence of unbonded regions at the
edges of completed welds on sample failure
during overlap-shear testing is illustrated in Fig.
12.47. Failure initiated from unbonded regions
located on either side of the spot weld, and as
the fracture propagated, the transition from

Fig. 12.45 Magnified section view of the bonding inter-
face region. M190 steel. Welding time: 2.1 s. 

Source: Ref 35
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shear to peel-mode loading promoted crack
propagation in the upper and lower sheets. Fail-
ure in this particular test sample may have also
been facilitated due to thinning of the upper
sheet by the tool shoulder.

Higher fracture loads were produced when the
energy input increased for spot welds in both
AM60 and aluminum 5754 base materials. The
energy input during FSSW also influenced the
mode of fracture during mechanical testing. It
has already been shown that the eutectic temper-
ature is attained when AZ91D base material is
FSSWed, and therefore, the rotating tool will be
coated with an adhering eutectic that leads to the
formation of intermingled lamellae adjacent to
the stir zone when the tool is then used during
welding of aluminum 5754 material (Ref 41).
The intermingled regions formed in aluminum
5754 were found to be comprised of aluminum
5754 and a Mg/Mg17(Al,Zn)12 eutectic lamellae.
Magnesium contamination markedly decreased
the energy input during aluminum 5754 spot
welding and hence reduced the projected bonded
area adjacent to the keyhole periphery.

From the study, it was found that the joint
mechanical properties were determined by the
energy input during welding and by the pro-
jected area of the bonded region immediately
adjacent to the keyhole periphery. The fracture
load during overlap shear testing of welds
increased when the projected bonded area
immediately adjacent to the keyhole periphery
and the energy input during welding increased.
Partial pullout failure involving crack propaga-
tion from unbonded regions located on either
side of the welded joint occurred in welds pro-
duced using high energy inputs. Also, magne-
sium contamination of FSSW tools had a
markedly detrimental effect on the mechanical

Fig. 12.46 (a) An unbonded region and a discontinuity on
periphery of unbonded region in friction stir 

spot welded aluminum 5754 base material. (b) Oxide particles
located at the extension of the unbonded region formed in an
aluminum 5754 spot weld. Source: Ref 40

Fig. 12.47 Partially failed overlap-shear specimen of AM60 base material, showing failure propagation into the upper and lower
sheet materials. Source: Ref 40
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properties of spot-welded aluminum 5754 base
material.

Energy Savings by Mazda. Mazda Motor
Corporation became the first auto manufacturer
to apply FSW to the manufacture of aluminum
body assemblies (Ref 3, 42). Mazda used FSW
for the rear doors and hood of their RX-8 models.

Figure 12.48 illustrates the welding setup for the
rear door panel. An RX-8 rear door panel with
friction stir spot welds is shown in Fig. 12.49.

Traditional resistance welding requires that a
large current be instantaneously passed through
the aluminum. This approach not only uses a
large amount of electricity but also requires

Fig. 12.48 Body panels welded together using friction stir spot welding. Source: Ref 3

Fig. 12.49 Close-up photo of a completed friction stir spot weld on an RX-8 aluminum rear door. Source: Ref 42
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large, specialized equipment. Through the new
spot joining method used by Mazda, they were
able to overcome the disadvantages of RSW.
Mazda reports that it has achieved a 40% reduc-
tion in equipment investment compared to that
of resistance welding for aluminum (roughly
the same level of investment is required for
FSW of standard steel).

The only energy consumed using the friction
welding technology is the electricity needed to
rotate and apply force to the welding tool in
order to create frictional heat. Because the
process eliminates the need for the large current
and coolant/compressed air required for con-
ventional resistance welding, Mazda reported
that the energy consumption was reduced by
approximately 99% in the case of aluminum
(and approximately 80% for steel) (Ref 3). This
significantly reduces the impact on the environ-
ment while achieving the same or greater level
of joint strength. Additionally, the welding
method has simplified the overall joining sys-
tem, because, unlike in resistance welding, a
large current source and specialized joining
equipment are not required. Figure 12.50 shows
the cell layout for welding the Mazda RX-8 rear
door panel.

Energy Generation in FSSW. Su et al. (Ref
43) investigated the energy generation and use
during FSSW of aluminum 6061-T6 and AM50
sheet metals. With no dwell time, the rotating
pin accounts for the majority of the energy gen-
erated when 6.3 mm (0.25 in.) thick aluminum
6061-T6 and AM50 sheet materials are spot
welded. However, the contribution made by the
tool shoulder increases significantly when a 4 s
long dwell period is incorporated. The increased
contribution made by the tool shoulder is due to
the tool shoulder remaining in contact with stir
zone material for a much longer period during
the FSSW operation. Furthermore, only a small
percentage of the total energy generated during
tool rotation (approximately 4%) is required 
for stir zone formation during plunge testing of
aluminum 6061-T6 and AM50 sheets. The
remainder of the energy generated by tool rota-
tion dissipates into the sheets being welded, the
tool assembly, anvil support, clamp, and sur-
rounding atmosphere. The presence of a thread
on the rotating tool has negligible influence on
the amount of energy generated during spot
welding.

Three different tool designs were used in
order to see the contribution of the tool geome-

Fig. 12.50 A robot controls the friction spot welds in an aluminum door. Source: Ref 42
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try on the heat input to the welds. The plunge
depth was kept the same for all tool designs.
Plunge speed and rotational speed were varied
to see the effect of these parameters on the
energy input. Earlier, Su et al. (Ref 44) used
simple calorimetry to determine how much of
the energy produced during tool rotation dissi-
pated in the aluminum alloy sheets being spot
welded. It was found that only 12.6% of the
energy resulting from tool rotation dissipated
into the aluminum alloy sheet material during
FSSW of aluminum 6061-T6 sheet with a steel
tool, clamp, and anvil support.

The stir zone dimensions of aluminum 6061-
T6 and AM50 sheet materials are largely unaf-
fected when the tool rotational speed increases
from 1500 to 3000 rpm (using a plunge rate of 
1 mm/s). The observation was similar when 
the rate of tool penetration increased from 1 to 
10 mm/s (using a tool rotational speed of 3000
rpm). The tool shoulder accounts for approxi-
mately 30 and 34% of the energy generated dur-
ing spot welding of 6.3 mm thick aluminum
6061-T6 and AM50 sheets without a dwell
period (when the tool has a shoulder diameter of
10 mm, a pin diameter of 4 mm, and the rotational
speed and plunge rate are 3000 rpm and 2.5
mm/s). In contrast, when a dwell time of 4 s is
applied, the tool shoulder accounts for approxi-
mately 48 and 65% of the energy generated dur-
ing spot welding of aluminum 6061-T6 and
AM50 sheets. The increased contribution result-
ing from the tool shoulder is explained by the
longer time of contact with stir zone material dur-
ing the spot welding operation. The cross sec-
tions are shown in Fig. 12.51. It is evident that a
longer dwell time results in a larger stir zone.
Only a small percentage of the total energy gen-
erated during the FSSW operation is required for

stir zone formation. The highest percentage uti-
lization values during stir zone formation are
approximately 4% during plunge testing of 6.3
mm thick aluminum 6061-T6 and AM50 sheets.
The remainder of the energy resulting from tool
rotation dissipates in the sheets being welded and
in the tool assembly, anvil support, clamp, and
surrounding atmosphere.

Gerlich et al. (Ref 45) examined the tool pen-
etration phenomenon in detail. They concluded
that this can be readily explained as a progres-
sion of wear events, from mild (delamination)
wear through severe wear and finally to melt
wear in material beneath the base of the rotating
pin. Melt wear can occur under the rotating tool
shoulder when there is sufficient penetration of
the upper sheet produced during spot welding.
Furthermore, during the experiments, the high-
est temperatures attained during FSSW of alu-
minum 6111 and AZ91 base materials were
found to be close to the solidus temperatures of
each base material.

Design of Experiments on FSSW. Hunt et
al. (Ref 1) carried out a design of experiments
on the effects of weld parameters on swing
FSSW. Lap-shear specimens of automotive alu-
minum alloy A6022-T4 were welded using a 
C-frame welder. Welds were made with numer-
ous weld parameters, such as tool pin length,
tool rotating speed, tool plunging speed and
depth, hold time, welding speed, and weld
length. The results of this study showed that
transverse welds have higher lap-shear strength
than longitudinal welds, and lap-shear strength
increases linearly with weld length. Increasing
hold time also increased shear strength. The
effects of pin length and revolutions per minute
needed more investigation and would be studied
further. The effects of eight factors on the shear

Fig. 12.51 Stir zone profile produced in aluminum 5754/aluminum 6111 spot welds with and without a dwell time. (a) With no
dwell time applied. (b) With a dwell time of 2 s. Source: Ref 44
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strength were studied using Taguchi methods
with an L18 orthogonal array.

Digital Shearography for Nugget Size
Measurement. Yang et al. (Ref 46) used an
innovative optical technique of digital shear-
ography to measure the nugget size. Digital
shearography, a laser measuring technique
based on digital data processing, phase-shifting
techniques, and interferometry, has shown a
great potential for nondestructive testing of spot
welds. Digital shearography has a very high
measuring sensitivity, and any anomaly in
deformation of approximately 100 nm can be
detected. This technique, however, measures
relative deformation and not the absolute defor-
mation, as holography does. Consequently, it is
insensitive to rigid body movement and well
suited for an on-line inspection.

12.5 FSSW Commercial Applications

Friction Stir Spot Welding Aluminum
Steel. Mazda Motor Corporation says it has
developed the world’s first direct spot joining
technology to weld aluminum and steel (Ref
47). Up until now, welding two different metals,

such as aluminum and steel, has been a difficult
task. However, by optimizing the rotating tool
shape and joining characteristics, and by using
galvanized steel on one side, joining aluminum
and steel is possible. Figure 12.52 shows
Mazda’s aluminum-to-steel friction stir welded
deck lid. Use of galvanized steel helps prevent
the galvanic corrosion that would otherwise
result from the contact of the two different types
of metal. Mazda claims that this technology
improves the potential of coupling aluminum
parts to steel in vehicle bodies and helps lower
the costs of production. The company adds that
the technology contributed significantly to its
vehicle weight-reduction efforts during the
development of the new MX-5, where each
gram of weight shed was counted.

Innovative Use of Backing Plate. Pan et
al. (Ref 48) included an embodiment on the sur-
face of the anvil to make a decorative imprint on
the surface of the lower sheet during FSSW.
This feature could be used as a design feature or
an identification mark.

Friction stir spot welding uses a stationary
anvil on the opposite side of the spinning tool.
After the weld has been done, a flat dimple is
left on the surface of the lower sheet. Pan et al.
suggested that an embodiment could be

Fig. 12.52 Mazda has used friction welding to join the aluminum deck lid to the steel bolt retainer on the new Mazda MX-5.
Source: Ref 47
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included on the surface of the anvil (Fig. 12.53)
to make a decorative imprint or logo on the fric-
tion stir spot joint, as shown in Fig. 12.54.
Decorative spot joints can be added as design
features (as desired by the end user) or could be
used for identification purposes (such as the
imprint of vehicle identification numbers, on
cars). Based on a previous study (Ref 49), it is
claimed that higher joint strength may also be
achieved with patterns on the anvil.

12.6 Conclusion and Future of FSSW

This chapter reviewed the current knowledge
base and understanding in the developments of
FSSW process, microstructure and properties,
computer modeling, and its applications. With
recent advancement in the research of this
process, there has been steady progress made in

capturing the physics of this complex phenome-
non, both experimentally and numerically.

Unlike linear FSW, which is predominantly
used for butt welding, most of the spot friction
welding is done in the lap configuration. Spot
FSW, a key contender to compete with existing
spot welding techniques such as RSW, SPR,
and TOX (Pressotechnik), has evolved strongly
since the beginning of this decade when Mazda
introduced it for the first time on a production
line. The usual cycle time for a typical spot weld
is on the order of a few seconds. It is during this
short interval that the tool has to plunge into the
workpiece, stir and metallurgically bond the
material, and retract. So far, research has been
done on optimizing key welding parameters
such as tool rotation rate, plunge speed, target
depth, and dwell time to better understand the
influence of each parameter on the weld quality
(which is typically mechanical strength of the
joint).

Perhaps the critical parameter for spot weld-
ing is accurately controlling the plunge depth.
There has been little study done on capturing the
plunge phenomenon as the tool penetrates the
workpiece. The plunge depth not only influ-
ences the appearance of the weld but strongly
controls the joint strength and failure mode.
Some preliminary work has been done in trying
to capture the dynamics involved during the
plunge period (Ref 50). This study looks at the
formation of the nugget zone, first sheet thin-
ning and hook formation for different plunge
depths, eventually giving an insight as to how
the weld zone is formed and grows.

Another critical issue relating to plunge depth
control is the thermal expansion of the tool.

Fig. 12.53 Example of decorative anvil for the spot fric-
tion welding process. Source: Ref 48

Fig. 12.54 Spot friction welded sample with the normal pin hole on the top sheet but with a decorative imprint on the bottom
surface of the lower sheet. Source: Ref 48
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Starting from a tool at room temperature, spot
welds subsequently cause the tool temperature
to rise until it attains a steady-state value. Dur-
ing this transition, the tool “grows” due to ther-
mal expansion. This, in turn, will cause the
quality of welds that are produced in this transi-
tion period to vary drastically. An investigation
into the effect of thermal expansion on spot
welds has been carried out to determine the
steady-state tool temperature and tool “growth”
(Ref 51). A finite element analysis model was
developed to numerically predict tool thermal
expansion.

Having stated the aforementioned, FSSW has
already found its place in commercial appli-
cations. Apart from Mazda, Toyota has imple-
mented FSSW on the rear door hatch of its 
popular Prius hybrid vehicle. With several ad-
vantages of FSSW over conventional spot weld-
ing techniques, more original equipment manu-
facturers are now taking a serious look at
implementing this technology in the production
line. With fuel costs on the rise, the energy-
saving potential of FSSW gives it a significant
competitive edge over other welding tech-
niques. Up until now, it was commonly believed
that only lightweight materials (aluminum,
magnesium) could be joined by using FSSW;
however, that has been proved wrong with
results already available for friction spot weld-
ing AHSS (Ref 35) and also joining aluminum
steel, which, until now, was a technically chal-
lenging process. Nearly a decade and a half after
it was invented, FSW is now finding its way as
a potential joining technique in many applica-
tions, and it is believed that this will be one of
the forefront joining techniques in the manufac-
turing sector in the years to come.
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CHAPTER 13

Application of Friction Stir 
Welding and Related Technologies
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FRICTION STIR WELDING (FSW) is an
innovative solid-state welding process invented
in 1991 by The Welding Institute (TWI) (Ref 1).
Friction stir welding can arguably be said to 
represent one of the most significant develop-
ments in joining technology over the last half-
century (Ref 2). The initial development by
TWI and its industrial partners under various
group-sponsored projects focused on single-
pass, complete joint penetration of arc-weldable
and unweldable aluminum alloys up to 25 mm
(1 in.) thick.

By 1995, FSW had matured to a point where
it could be transitioned and implemented in the
U.S. aerospace aeronautics, marine, ground
transportation, and automotive markets. The
many advantages of FSW compared to conven-
tional arc welding have repeatedly been demon-
strated with both improved joint properties and
performance. Often, production costs are signif-
icantly reduced. Other times, FSW enables new
product forms to be produced or skilled labor to
be freed to perform other tasks. Research and
development efforts over the last decade have
resulted in improvements in FSW and the spin-
off of a series of related technologies.

In the 1920s and 1930s, arc welding replaced
rivets as the joining method for pressure vessels.
Weld usage expanded through the 1940s with
application to buildings, structures, and ships. By
2006, arc welding had evolved into an interna-
tional industry, complete with welder education
and certification programs and governed by

extensive specifications, design criteria, and
standards. A 2002 survey by the American Weld-
ing Society (AWS) estimated that U.S. manufac-
turing industries spend over $34.4 billion annu-
ally on arc welding of metallic materials, with an
anticipated growth rate averaging 5 to 15% per
year (Ref 3). The construction, heavy manufac-
turing, and light manufacturing industries make
up the majority, with $25 billion in annual expen-
ditures. Industry-wide repair and maintenance of
welded structures is estimated to cost $4.4 billion
annually. In doing so, these industries are a major
consumer of energy and a producer of airborne
emissions and solid waste.

An excellent state-of-the-art review of FSW
technology is provided by Mishra and Ma (Ref
4) and is described in the other chapters of this
book. Conventional arc welding of metals cre-
ates a structural joint by local melting and sub-
sequent solidification. This normally requires
the use of expensive consumables, shielding
gas, and filler metal. The melting of materials is
energy-intensive, and solidifying metals are
often subject to cracking, porosity, and contam-
ination. Undesirable metallurgical changes can
occur in the cast nugget due to alloying with
filler metals, segregation, and thermal exposure
in the heat-affected zones (HAZs). These may
result in degraded joint strengths, extensive and
costly weld repairs, and unanticipated in-
service structural failures. Solid-state (nonmelt-
ing) joining avoids these undesirable character-
istics of arc welding.
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13.1 Implementation Incentives

Friction stir welding is one such nonmelting
joining technology that has produced structural
joints superior to conventional arc welds in alu-
minum, steel, nickel, copper, magnesium, and
titanium alloys. Friction stir welding produces
higher strength, increased fatigue life, lower
distortion, less residual stress, less sensitivity to
corrosion, and essentially defect-free joints
compared to arc welding. Because melting is
not involved, shielding gases are not generally
used, although argon gas may be used during
the FSW of the higher-temperature alloys,
mainly to protect ceramic and refractory pin
tools from oxidation. Other expensive consum-
ables and filler metals are not required. Simple
argon environmental chambers and trailing
shields are used during the FSW of titanium
alloys to minimize interstitial pickup and con-
tamination. Additional performance benefits are
described in other chapters of this book.

The FSW researchers and producers (Ref 5)
estimate that if 10% of the U.S. joining market
can be replaced by FSW, then 1.28 × 1013

Btu/year energy savings and 500 million lb/year
greenhouse gas emission reductions can be real-
ized. Hazardous fume emissions during the
FSW of high-temperature and chromium-
containing alloys are eliminated. Rockwell Sci-
entific (Ref 6) reports emission levels of
chromium, copper, manganese and Cr6+ (<0.03,
<0.03, <0.02, and <0.01 mg/mm3, respectively)
during FSW of ferrous alloys to be considerably
lower than those measured during gas tungsten
arc welding (0.25, 0.11, 1.88, and 0.02 mg/mm3,
respectively). The simplified processing, higher
structural strength, increased reliability, and
reduced emissions of FSW are estimated to cre-
ate an annual economic benefit to U.S. industry
of over $4.9 billion/year. 

ESAB Welding, Inc. has compared the pro-
duction costs of aluminum joints made using
FSW and gas metal arc welding (GMAW). This
study (Ref 7) identifies high-production appli-
cations with long, straight runs or applications
using nonweldable aluminum alloys (2xxx and
7xxx) as ideally suited to FSW. The faster speed
of FSW, lower distortion, elimination of con-
sumables, and elimination of solidification-
related defect repairs are cited as factors that
reduce the production costs from $2.11/ft for
GMAW to $1.27/ft for FSW. Other factors con-
tributing to these lower production costs are
reduced preweld preparation time and minimal

postweld finishing and grinding. Simplified per-
sonnel training and reduced personnel safety
considerations also reduce total production
costs. The study does, however, indicate that the
cost of FSW equipment and fixturing is approx-
imately twice that of GMAW systems and can
be a barrier to extensive FSW implementation.

13.2 Barriers to Implementation

The aeronautic and aerospace industries rep-
resent less than 1% ($300 million) of the total
U.S. annual welding expenditures, because
mechanical fastening is the joining method of
choice. However, the bulk of FSW development
dollars has been spent by these sectors. As a
result, the broader automotive, marine, heavy
manufacturing, light manufacturing, and con-
struction markets for FSW implementation have
been neglected.

As of January 2005, the FSW licenses
granted by TWI (Fig. 13.1) were almost equally
split between North America (36), Europe (37),
and Asia (41), with no reported licensees in
South America. Overseas, 68% of the licensees
are industrial. In North America, only 36% of
the licensees are industrial, with the remaining
64% being held by government laboratories,
equipment manufacturers, and academic and
research institutes (Ref 8). This suggests that
industrial implementation of the FSW process
in the United States is lagging behind the over-
seas industries. Several overriding issues have
been identified as barriers to more extensive
FSW implementation in U.S. markets:

• Lack of industry standards and specifications
• Lack of accepted design guidelines and

design allowables
• Lack of an informed workforce
• High cost of capital equipment

13.2.1 Industry Standards and
Specifications

To address the lack of industry standards and
specifications, in 1998, the AWS D17 Subcom-
mittee began development of a specification for
FSW. Other AWS and ISO committees have
also begun preparation of industry standards
and specifications (Table 13.1). These specifica-
tions, when released, will provide postweld
acceptance criteria for both continuous friction
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Fig. 13.1 Demographics of friction stir welding (FSW) licensees as of January 2005

Table 13.1 Current industry standards and specifications in development, as of 2006
Organization Specification

AWS D8 Committee on Automotive Welding AWS D8.17, “Specification for Automotive Weld Quality—Friction Stir Welding”
AWS D17 Committee on Welding in the 
Aircraft and Aerospace Industries AWS D17.3, “Specification for Friction Stir Welding for Aerospace Applications”
AWS C6 Committee on Friction Welding AWS C6.2, “Recommended Practices for Friction Welding”
International Institute of Welding, 

Subcommission III-B, Resistance and 
Solid-State Welding and Allied Joining Processes ISO 25239, “Friction Stir Welding of Aluminum—General Requirements”

Source: Ref 9

stir welds and friction stir spot welds, design
requirements, and equipment, operator, and
procedure qualification and certification re-
quirements. In the meantime, most FSW users
have developed internal specifications for appli-
cation to their products. In 2002, AJT, Inc.
secured American Bureau of Shipping approval
to use FSW in marine applications.

Pin Tools, Process Parameters, and Essen-
tial Variables. Standardization efforts should
address pin-tool designs, process parameters,
and essential variables. A wide variety of pin
tools are currently being used, depending on the
nature of the parts being joined. The three basic
pin-tool categories are fixed, retractable, and
adjustable self-reacting (Fig. 13.2). Within each
category, there is considerable diversity in the
pin-to-shoulder diameter ratios, thread pitch,
pin frustum shape, and pin tip and shoulder fea-
ture designs. Pin-tool design affects the process
forces, processing speeds, metal flow paths, and
resultant joint quality and performance.

Fixed-pin-tool configurations are generally
used for both straight and complex curvature

joints, where sufficient access to the backside of
the joint is available to assemble tooling to resist
the downward process forces. The retractable-
pin tool provides for processing of varying-
thickness materials but again requires a back-
side anvil to react the process forces. In those
instances where backside access is limited, the
self-reacting-pin tool provides a solution where
the material to be joined is pinched between the
upper- and lower-pin-tool shoulders.

As an example of how pin-tool selection
affects the FSW process, one study by Toskey et
al. (Ref 10) investigated the effects of the pin-
tool design on the fixturing and tooling require-
ments, process forces, essential variables, and
joint quality during the fabrication of square
box beam extruded aluminum “C” sections. In
this study, two fixed-pin-tools and one self-
reacting-pin-tool configurations were investi-
gated (Fig. 13.3). The fixed-pin-tool configura-
tions included a standard threaded (28 UNJF)
cylindrical pin tool with a concave shoulder and
a 3 to 1 shoulder-to-pin diameter ratio. The
tapered-pin tool incorporates a 10° taper in the
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Fig. 13.3 (a) Cylindrical fixed-pin tool, (b) adjustable self-reacting-pin tool, and (c) tapered fixed-pin tool used to join to the alu-
minum box beam sections

28 UNJF threaded section. These fixed pins are
tilted 3.0° into the direction of welding.

The adjustable self-reacting-pin tool has a
protruding double-half scroll on the top and bot-
tom shoulders. The central pin section is
threaded, with three flats ground 120° apart. The
scroll direction feeds the material inward under
a clockwise direction of rotation. The material
being joined is pinched between the upper and
lower shoulders with a zero tilt angle to form the
required extrusion die cavity and constrain the
various material flow paths (Ref 11).

The fixturing and tooling requirements differ
for both the fixed-pin and adjustable self-
reacting (ASR) pin tools (Fig. 13.4). The fixed-
pin configurations require an internal mandrel

to react the downward (z-force) processing
loads through the hollow box beam structure
into the support table below. This internal man-
drel is not required for the ASR-pin tool. Addi-
tional fixturing prevents separation of the chan-
nels as the fixed-pin tool is plunged into and
traverses along the joint. A starting hole is
drilled into the start region of the joint, the ASR
is inserted, and the bottom shoulder is installed.
As an alternative, the ASR-pin tool can be
slowly run-on into the joint from the end of the
tube. Both of these approaches require fixturing
to prevent sliding of the assembly in the direc-
tion of welding (x-force).

Process development trials with the cylindri-
cal and tapered fixed pins and the ASR pin on

Fig. 13.2 Schematics of fixed-, retractable-, and adjustable self-reacting-pin-tool configurations typical of current production
applications

(a) (b) (c)
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Fig. 13.4 Fixturing with internal backside anvil support for (a) fixed pin and (b) adjustable self-reacting pin without internal sup-
ports. (c) Two “C” channels of 11 mm (0.43 in.) 5083-H111 extrusions are joined to form a box beam section.

Fig. 13.5 Process forces and torques developed during friction stir welding of 5083-Hill extrusions “C” channels with fixed and
adjustable self-reacting-(ASR) pin tools. AMP, Advanced Materials Processing and Joining Center

MTS System Fast
Corp. AMP Standard tapered

ASR pin ASR pin fixed fixed
tool tool pin pin

Thickness, mm 6 11 11 11
Rotation speed, rpm 250 250 300 450
Travel speed, (in./min) 4 4 2 13.5
Heel plunge, in. 0.010 0.008 0.008 0.008
Attack angle, degree . . . . . . 3 3
Tool x-force, lb 750 210 630 3000
Tool y-force, lb 800 500 490 900
Tool z-force, lb 0 0 6400 15,000
Spindle torque, in.-lb 1000 500 760 1100
Pinching force, lb 2000 1450 . . . . . .

the 11 mm (0.43 in.) thick 5083-H111 box beam
sections show the effects on essential variables,
forces, and torques (Fig. 13.5). Three essential
(controllable) variables are identified: rotation
speed, travel speed, and forge or pinching (z)
force for a selected pin tool, alloy, and joint type
(Ref 12). Note that forge force applies when
operating under load control, and this is substi-
tuted with shoulder plunge depth when position
control methods are used (Ref 13). System
responses include sliding (x) and separation (y)
forces and spindle torque.

The ASR-pin tool optimal rotation speed was
slower than the fixed-pin tools due to the added
heat contribution of both the upper and lower
shoulders. Excessively high rotation speeds
result in extensive softening of the material out-
side the pin-tool footprint, loss of extrusion die
cavity, and improper flow pattern formation.
The cylindrical fixed-pin tool required higher
rotation speeds than the ASR-pin tool to com-

pensate for the added thermal loss due to the
presence of the internal mandrel. Forward travel
speeds for the standard fixed-pin and the ASR-
pin tool were a factor of 10 slower than the
tapered fixed-pin tool. The limiting material
parameter for maximum forward travel speed is
the flow stress at temperature and maximum
allowable extrusion strain rate. These are gov-
erned by the die cavity formation rate and vol-
ume of material being swept around the pin with
each cycle through each of the processing zones
necessary to completely fill this cavity. The pro-
cessing forces and torques are higher for the
fixed-pin tools due to the lower processing tem-
peratures. The very high traversing (x) and lat-
eral (y) forces for the tapered fixed-pin tool
result from the higher forging (z) forces neces-
sary to maintain extrusion die cavity integrity at
these high forward travel speeds.

Comparison of the resultant FSW nugget
shape for the ASR-pin tool and the two fixed-
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pin tools can also explain the differences
observed in process forces (Fig. 13.6). For the
ASR-pin tool, the larger pin diameter and
higher and more uniform through-thickness
heat input result in a larger nugget width with
multiple horizontal flow-zone formation (lobes)
with little vertical flow. This results in lower tra-
versing forces (x) and lower spindle torque. The
cylindrical fixed-pin tool shows a single lobed
nugget zone width with more vertical flow and
a smaller width than seen in the ASR-pin tool.
Heating in this case is primarily from the flow-
ing region below the shoulders and the extru-
sion of material directly around the pin tool. The
depth of penetration of the nugget is influenced
by the chill effects of the backside anvil, result-
ing in a thermal gradient within the joint and
higher processing forces and torques. The ta-
pered fixed-pin tool shows the smallest nugget
width and complete penetration to the backside.
This indicated a more localized heat input and
less effect of backside chilling. The higher pro-
cessing forces and torque for this pin-tool con-
figuration is related to the faster forward travel
speeds and colder processing conditions.

The influence of fixturing and clamping for
these box beam welds is shown in mechanical
testing of joints produced with the cylindrical
fixed-pin tool FSW. The transverse tensile spec-
imens were 25 mm (1 in.) wide, with no reduced
section. Ultimate strength of the FSW averaged
307 MPa (44.5 ksi), with a parent-metal ulti-
mate strength of 326 MPa (47.2 ksi), showing
joint efficiency of 94%. The FSW yield strength
averaged 150 MPa (21.8 ksi) compared to 
parent-metal yield strength of 190 MPa (27.5
ksi). The FSW elongation in a 51 mm (2 in.)
gage length averaged 22.5% compared to the
base-metal elongation of 21.0%. All samples
failed outside the weld nugget in the HAZ on

the retreating side of the weld. Each of the stan-
dard fixed-pin FSW in the 11 mm 5083-H111
box beams was measured for peaking and mis-
match prior to tensile testing. For these FSWs,
the high processing forces resulted in varying
degrees of mismatch and peaking due to inade-
quate part restraint. This reduces the apparent
yield strength of the joint due to induced bend-
ing stresses (Fig. 13.7). Specifications and stan-
dards for FSW should include an acceptable
degree of peaking and mismatch.

Process Control Algorithms. Friction stir
welding has been described as a “controlled-
path metalworking process” consisting of dis-
tinct metallurgical processing regions (preheat-
ing, initial deformation, extrusion, forging, and
cooldown region) ahead of, adjacent to, and
behind the pin tool (Ref 12). Specifications 
and standards are more easily realized when the
process is considered in this light. The cyclical
flow patterns of material around the pin tool are
constrained within the die cavity by the pin-tool
upper shoulder, lower anvil, and the sidewall
material, where the state of stress and tempera-
ture is insufficient to cause metal flow. The typi-
cally threaded and rotating pin tool acts as the
extrusion die, with the volume of material flow-
ing through the extrusion zone per revolution a
function of pin tool geometry, processing para-
meters, temperature, and material flow stress. A
theoretically optimal set of processing parame-
ters can be calculated that maintains mass 
balance to prevent insufficient metal flow (volu-
metric void formation) and excessive flow (ex-
pulsion, nugget collapse, and flash formation).

Five distinct metal flow zones (Figure 13.8)
have been identified within the transverse sec-
tion of the FSW nugget dynamically recrystal-
lized zone. Zones I and II represent the advanc-
ing and retreating side extrusion zones,

Fig. 13.6 Metallurgical comparison of (a) adjustable self-reacting-pin-tool, (b) cylindrical fixed-pin tool, and (c) tapered fixed-pin
tool FSW nugget formation in 11 mm (0.43 in.) 5083-H111 butt joints

(a) (b) (c)
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Fig. 13.7 Effect of peaking and mismatch on the apparent yield strength of an 11 mm (0.43 in.) 5083-H111 friction stir weld

respectively, while zone III is the flow arm
where material was dragged across the nugget
top by the pin-tool shoulder. Zone IV is the
swirl zone of material processing near and
beneath the pin-tool tip. Zone I is filled in an
interleaving pattern by material passing through
the other zones. A zone V (recirculation zone)
may form under very hot processing conditions,
where the downward motion of material is
greater than that which can be accommodated
by the space behind the pin tool (excess flow),
with the material changing direction and circu-
lating back up toward the top surface, forcing
increased deformation in the thermomechani-
cally affected zone (TMAZ) located just outside

the nugget. The presence of these distinct flow
zones is readily apparent when aluminum FSW
samples are subjected to high temperatures for
short times and undergo time-incremented
abnormal grain growth, which acts as in situ
flow markers (Ref 14).

As with any metalworking process approxi-
mated by metal flow through converging chan-
nels, the flow rate and direction along slip lines
are governed by the deformation zone geome-
try, hydrostatic stress state, and the local veloc-
ity vectors (Ref 15). Colegrove et al. (Ref 16)
have shown the FSW process forces to be a
function of the pin-tool geometry, stick-slip
conditions, and the ratio of the tool area to swept
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Fig. 13.8 Metal flow zones developed during friction stir welding (transverse section view)

area. This author (Ref 11) has shown the FSW
extrusion pressure (Pe) and time average strain
rate (e.) to be a function of pin-tool geometry
factors (� and �), temperature (T), material flow
stress (�1), processing parameters (in./min and
rpm), and the extrusion zone width (Wr), which
includes the pin-tool swept area and that width
of material outside the pin-tool projected area
that also flows. Colligan (Ref 17) has shown
that metal flow is highly cyclical and periodic in
nature and results in the distinct metal flow pat-
terns observed within each of the weld nugget
flow zones.

The repeatable and cyclical nature of these
flow patterns and their relationship to process
forces provide an opportunity to develop intelli-
gent path-planning algorithms, which include
sensing and feedback/feed-forward control sys-
tems to monitor and control weld quality (Ref
18). As metal flows through each zone and con-
verges again at the zone interfaces, perturba-
tions in the metal flow patterns associated with
defect formation are manifest in fluctuations in
the magnitude and direction of the global pro-
cessing forces (x-, y-, and z-axis) and torque and
offer the opportunity to develop smart process
control algorithms to monitor and control joint
quality. The volumetric “wormhole” defect is
the most common of the FSW defects. It is man-
ifest by a lack of reonvergence of the materials

flowing through each zone. When the die cavity
geometry is constant (position control), the
colder processing parameters, represented by
slower rotation speeds and faster forward travel
speeds (heat index = �2/Vf), promote volumetric
defect formation (Fig. 13.9). The magnitude of
the forging force and pin-tool shoulder design
provides boundary conditions and system con-
straints to ensure proper flow through each
zone. Under force control, the size of these
voids is directly related to the forge force (Fig.
13.10) and can be such that they extend com-
pletely to the surface (surface lack of fill), are
embedded and continuous along the length of
the FSW (wormhole), or embedded, discontinu-
ous, and periodic along the length of the FSW
(scalloping; lack of consolidation).

One FSW control algorithm approach moni-
tors the periodic fluctuation in the global
process forces and torques and adjusts the sys-
tem parameters as necessary to maintain the
proper temperature and metal flow to prevent
volumetric defect formation. Several analytical
methods to evaluate weld quality directly from
process control variables and system torque and
force responses have been investigated (Ref
12). In its simplest form, variations in process
forces in frequency space are demonstrated to
correlate well with volumetric defect formation,
even down to the intermittent discontinuous
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Fig. 13.9 Colder processing parameters promote volumetric defect formation due to lower processing temperature and lower
material flow stress

Fig. 13.10 Low forging forces reduce die cavity integrity and insufficient flow and convergence of flow zones, resulting in volu-
metric defect formation.
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microvoid formation in the zone I and zone IV
convergence zone (Fig. 13.11). The increase in
low-frequency events in the y-direction (trans-
verse) represents the case where there is inade-
quate flow through zones II, III, and IV to com-
pletely fill the zone I region. The y-force
magnitude and direction reflects the imbalance
in the forces between materials flowing through
the advancing and retreating sides of the joint. A
larger negative y-force correlates with micro-
void formation. Process control algorithms that
maintain y-forces around a zero (balanced) or
specified positive value correspond to void-free
welds and provide for a real-time process con-
trol algorithm methodology.

Intelligent FSW Path Planning. Process
control algorithms and FSW response to pro-
cessing parameters are compounded by the sen-
sitivity of the FSW process to support fixturing
and tooling. The introduction of multiaxis FSW
systems has enabled the welding and joining 
of more complex structures within three-
dimensional (3-D) space (Ref 19). While these
multiaxis systems provide for 3-D motion con-
trol under preprogrammed path plans, fixturing,
support tooling, and clamping systems fabri-
cated by the end user affect the resultant quality
of the part being joined. Specifications and stan-
dards must address fixturing, clamping, support
tooling, part geometry, machine control, and
FSW process parameters to consistently pro-
duce high-quality joints (Fig. 13.12). Intelligent
path-planning algorithms that integrate the vir-
tual part geometry and weld path obtained from
a computer-aided design/computer-aided manu-
facturing model into the motion-control systems
of multiaxis FSW equipment are being devel-
oped. The algorithm logic includes automatic
selection of approved process parameters and
weld process schedules and employs process
sensing and feedback and control systems to
ensure weld quality (Ref 18).

For the various factors in FSW path planning
(Fig. 13.12), tooling space is an important factor
in the development of proper FSW practices for a
particular application. While the welding param-
eter development and pin-tool designs are rela-
tively straightforward to join most metals, the
repeatability of the process is highly influenced
by the heat transfer and restraint provided by the
fixturing and tooling (Ref 20). In many cases,
low-cost reconfigurable tooling has proven ade-
quate to produce acceptable FSW. Variations in
fit-up, restraint, and heat transfer along the length
of the FSW can result in loss of processing forces,

die cavity integrity, improper metal flow pat-
terns, and potential defect formation.

To illustrate these effects, one study in 6061-
T6 plate demonstrated the change in process
forces due to clamping locations, welding direc-
tion, crossing over pre-existing FSW, and
change in essential variables (rpm, in./min)
under position control (Fig. 13.13). From these
studies, it is seen that the process forces increase
at the locations of discrete clamping, possibly
due to increased die cavity sidewall restraint
and increased resistance to metal flow through
the processing zones (Fig. 13.13a). Alterna-
tively, this may be due to colder processing tem-
peratures and increased heat transfer at these
locations. Subsequent studies have shown that
continuous clamping methods can result in
more uniform FSW quality along the length of
the joint. Changing the welding direction into
the retreating side increases the y-force. This
may be due to the closure of the retreating side
extrusion zone II. Changing direction into the
advancing side of the weld results in a drop and
change in sign (–) of the y-force (Fig. 13.13b).
This may be due to the widening of the retreat-
ing side extrusion zone II.

Crossing of pre-existing FSW under position
control also results in changes in process forces
and compounds process control algorithm
development (Fig. 13.13c). The drop in process
loads when crossing a pre-existing FSW has
contributions from both the softer dynamic
recrystallization zone nugget and surface inden-
tation (loss of die cavity integrity) of the under-
lying FSW. In a study to determine the effect of
processing parameters (in./min and rpm) under
position control on the FSW process forces in
7075-Tx plate (Fig. 13.13d), it is seen that a
minimum in process forces occurs in both rota-
tion speed and travel speed. Process control
algorithms must consider these effects and
adjust the parameters accordingly to maintain
joint quality.

Equally important in ensuring joint quality is
the path-plan sequencing. In a study to establish
the fixturing and tooling requirements to fabri-
cate aluminum built-up beams from standard
extrusion and sheet stock materials, a loss of
forging pressure and surface lack-of-fill defect
formation was observed in those areas of over-
welding of underlying FSW start-stop regions
(Fig. 13.14 top). Starting (plunging) the end
stiffener FSW lap welds near the exit keyhole of
the previous underlying longitudinal butt joints
resulted in a loss of forging pressure. Removal
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Fig. 13.11 Fourier analysis of y-force fluctuations for 3.2 mm (0.13 in.) thick 2024-T3 sheet friction stir welded under position
controls at (top) 200 rpm, 101 mm/min (4 in./min), and (bottom) 600 rpm, 202 mm/min (8 in./min). Note volumetric 

wormhole defect in top chart, showing large degree of low-frequency events.
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of the flash from the underlying longitudinal
FSW butt joints and stiffener FSW lap joints is
essential to ensure part contact to each other and
to the support tooling. This is also necessary to
ensure consistent heat transfer.

Certification and qualification of the FSW
process parameters and control algorithm should
be done on production fixturing and tooling to
ensure representative restraint and heat-transfer
characteristics. Changes to production tooling
should require requalification of the FSW
process. Examples of the major elements of the
fixturing and tooling that affect joint quality
include the end, side, top (clamps and anvils),
and antirotation restraints (Fig. 13.14 bottom).

Joint Design Allowables and Service Life
Assessments. Friction stir welding has been
demonstrated in a variety of joint designs (Fig.
13.15). The most commonly used joints are 
the full-penetration butt joints and the partial-
penetration lap joints, followed by the edge
joint, capture joint, and fillet joint, listed in
order of ease of manufacture. Friction stir weld-
ing is not a “dropin” process, and existing riv-

eted or welded structures should be redesigned
to take full advantage of the process benefits and
to accommodate the process limitations. New
designs require innovative manufacturing ap-
proaches and special tooling to ensure that the
FSW built-up assembly satisfies form, fit, and
function requirements.

When a joint design, pin tool, and alloy have
been selected, there are three essential variables
(rpm, in./min, and forge force) that must be con-
sidered. During processing, sliding (x), separa-
tion (y), and forge (z) forces are introduced into
the part by the rotating pin tool and flowing
metal. A torque (M) is induced, which tends to
rotate the part. Increasing the forward travel
speed (in./min), rotational speed (rpm), and
plunge depth generally increases the process
forces (x, y, and z). Increasing the rotational
speed and decreasing the travel speed increases
the heat input to the weld. In addition to thermal
expansion and distortion effects, the heating and
plasticizing of the metal induces microstructural
changes that govern the resultant mechanical
properties.

Fig. 13.12 Factors and interactions for intelligent friction stir welding path planning
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Fig. 13.13 Effect of fixturing, tooling, and path planning on process forces. (a) Change in process forces due to clamping loca-
tions. (b) Change in process forces due to change in welding direction. (c) Crossing over pre-existing friction stir weld-

ing. (d) Effect of changing essential variables (rpm, in./min) under position control

The strength of FSW butt and lap joints in alu-
minum alloys has been shown by many investiga-
tors to be a function of pin-tool design and pro-
cessing parameters (Ref 20). The FSW butt joints
typically exhibit 65 to 100% joint efficiencies
when compared to the parent-metal ultimate
strength (Table 13.2). For the heat treatable alu-
minum alloys, hotter welding parameters (high
rpm, low in./min) generally result in lower joint
static strengths (Fig. 13.16). At excessively cold
processing parameters (low rpm, high in./min),
the static strength is influenced and lowered by
the formation of the characteristic “wormhole” or
lack of consolidation defect (Ref 21). In thin-
sheet 2xxx, 7xxx, and 5xxx partial-penetration lap
joints, the pounds per inch of weld typically
exceed those minima specified in the industry
standards for resistance spot welds (Ref 22) and
riveted structures (Ref 23). It is interesting to note,
however, that this is not always true for lap joints
in the 6xxx alloys (Fig. 13.17). For low flow stress
materials such as 6061, under hotter processing
parameters, the static lap shear strength is low-
ered by excessive formation of the characteristic

zone V sheet-thinning defect (STD) on the
advancing side of the joint, while at the colder
processing parameters, the static strength is influ-
enced by the formation of the characteristic cold
lap defect (CLD) on the retreating side of the joint.

Based on static strength considerations, the
use of FSW in either butt or lap joint configura-
tions is a viable joining method and replacement
for resistance spot welds and rivets in the design
and development of built-up structures. It is rec-
ognized, however, that both the dynamic prop-
erties (fatigue and impact) and corrosion resis-
tance of FSW joints compared to these
conventional joining technologies must also be
evaluated. Friction stir welding is readily adapt-
able to built-up design approaches (Fig. 13.18).
In its simplest form, sheet and plate stock is
welded to common extruded shapes using butt
and lap joints. More complex designs using cap-
ture and fillet joints require machined details.
To ensure low cost, simplified FSW joint types
should be employed. Preference to butt and lap
joints should be given, with other joint types
used only in special situations.
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Specifications and standards should specify
the methodology to determine the static strength
design allowables on welds made using 
production-like fixturing and tooling and the
range of processing parameter adjustments
allowed by process control algorithms. One
such analysis, using the statistical lower-toler-
ance limit methods of MIL-HNBK-5 (Ref 23),
shows a quadratic relationship between trans-

verse as-welded strength and heat index to
which the 99-95 and 90-95 probability and con-
fidence factors can be applied to determine the
effect of processing parameters on static
strength allowables (Fig. 13.19).

The static strength (Fig. 13.20) and fatigue
life (Fig. 13.21) of lap joints are influenced by
the presence of the STDs and CLDs. The direc-
tion of welding is important to ensure that the

Fig. 13.14 Major elements of fixturing and tooling to attached end (bottom left) and intermediate (bottom right) U-channel stiff-
eners to a built-up I-beam section. Effect on process forces with (top left) and without (top right) underlying friction 

stir welding start and stop features

Fig. 13.15 Typical friction stir weld joint designs
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Table 13.2 Typical aluminum alloy friction stir
weld butt joint efficiencies (not for design
purposes)

Parent-metal UTS Friction stir weld UTS Joint
Alloy MPa ksi MPa ksi efficiency, %

AFC458-T8 545 79.0 362 52.5 66
2014-T651 483 70.0 338 49.0 70
2024-T351 483 70.0 434 63.0 90
2219-T87 476 69.0 310 45.0 65
2195-T8 593 86.0 407 59.0 69
5083-O 290 42.0 296 43.0 102
6061-T6 324 47.0 217 31.5 67
7050-T7451 545 79.0 441 64.0 81
7075-T7351 472 68.5 455 66.0 96

UTS, ultimate tensile strength

Fig. 13.16 Heat input effect on tensile strength of 3.2 mm (0.125 in.) 7049-T76511 extrusion friction stir welded butt joints

potential defect is placed on the nonload path
side. If this is not possible, pin-tool selection
and processing parameters must be optimized to
minimize the STD, and the design allowables
must be established assuming the presence of at
least some degree of defect. It is noted here that
the pin-tool design can greatly affect the STD
and CLD formation, with those designs that
promote more vertical flow increasing the ten-
dency for STD formation, while those that pro-

mote horizontal flow increase the CLD forma-
tion. These two defects are competing. High-
heat index welds show more STD and less CLD,
while low-heat index welds show the opposite.
Optimal allowables of STD and CLD must be
determined for each application.

The static strength and fatigue life allowables
for specific joint designs should be determined
on test samples prepared on production-like tool-
ing, using the range of approved processing
parameters. One study of 2297-T87 FSW “T ”-
butt, single- and double-lap “T”, and fillet joints
(Fig. 13.22) shows that the direction of loading
on these joints has a significant impact on fatigue
life. Another interesting observation from these
tests was that, depending on the joint configura-
tion and specimen loading conditions, the fatigue
life of the FSW may not be the limiting factor for
fatigue, with specimen failure occurring in the
parent metal away from the joint.

Precleaning and Edge Preparation. Fric-
tion stir welding is not as sensitive to preweld
cleaning as are fusion welding methods. As
such, simple abrasive cleaning of the mating
surfaces is generally all that is required, fol-
lowed by solvent wiping to remove debris. Care
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Fig. 13.18 Built-up structure approach to fabricating detailed assemblies from simple sheet, extrusion, and machined details

Fig. 13.17 Unguided lap shear strength (pounds per inch of friction stir weld) for aluminum alloys compared to industry specifi-
cation values for minimum spot weld strength and rivet shear strengths
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Fig. 13.19 Statistically significant lower-tolerance limits for friction stir welding in 3.8 mm (0.15 in.) 7075-T73 plate

must be taken to ensure that this abraded mate-
rial is not entrapped within the joint line. Heavy
oxide and debris entrapped within the FSW
joint will become entrained within the periodic
flow patterns and may prevent sound metallur-
gical bonding during reconvergence. Specifica-
tions and standards should identify the appro-
priate precleaning methods, and these should be
used during process qualification trials. Accept-
able edge-preparation methods include saw cut-
ting, milling, and shearing. The tolerance for
gap and fit-up are a function of pin-tool design,
material thickness, and processing parameters
and should be determined during process quali-
fication trials.

The as-extruded edge of extruded shapes has
been shown to produce acceptable FSW, pro-
vided the presence of abnormally large grains is
not excessive and the pin-tool diameter com-
pletely consumes this region. For extrusions
with excessively large grains on both the sur-
face and at the edge (Fig. 13.23), low bend duc-
tility in the FSW can result, with bend-test fail-
ures often occurring at a distance away from the
joint line. During FSW, these abnormally large
grains impede metal flow and resist recrystal-

lization in the zone IV region beneath the pin tip
and along the top of the joint in the zone III flow
arm (Fig. 13.24).

This large grain size and lack of flow pattern
formation beneath the pin tip contributes to the
lack-of-penetration (LOP) defect formation.
Very large amounts of these large grains that
extend beyond the width of the FSW pin-tool-
swept area may result in large grains remaining
in the TMAZ, additional abnormal grain growth
within the nugget DXZ, and loss of joint
strength. Specifications and standards should
address this issue and ensure that these large
grains are removed from the ends of extrusions
prior to FSW to ensure maximum joint strength
and quality.

Defect Formation and Acceptance Crite-
ria. The characteristic defects that typically
occur in FSW are directly related to metal flow
patterns and pin-tool geometric considerations
(Fig. 13.25). Under hot processing conditions,
an imbalance in the metal flow patterns may
exist under which the nugget may collapse,
caused by excessive material flow from the zone
III flow arm filling the advancing-side zone I
region. While no void is associated with this, it
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Fig. 13.20 Effect of specimen orientation on breaking strength in 3.8 mm (0.150 in.) 7075-T73 sheet friction stir weld lap joints
with sheet-thinning defects

Fig. 13.21 Effect of specimen orientation on fatigue life in 3.8 mm (0.150 in.) 7075-T73 sheet friction stir weld lap joints with
sheet-thinning defects
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Fig. 13.22 Effect of loading orientation on fatigue life of 2297-T87 “T”-lap, butt, and fillet joints

does indicate overheating of the material and
potential loss of parent-metal strength in the
TMAZ or HAZ. The acceptability of this indi-
cation is determined by the required minimum
joint strength.

Also associated with excessively hot process-
ing parameters is the root-flow defect. This
results from too much material flowing into the
zone IV region and excessive penetration of the

metal flow patterns to the backside beneath the
pin-tool tip. This defect has been correlated with
loss of joint strength, fatigue life, and bend duc-
tility. Under extremely hot processing condi-
tions, the top surface zone III flow arm materi-
als may adhere to the pin-tool shoulder and
result in severe galling and tearing of the metal.
Also, under hot processing conditions, exces-
sive zone III flow may result in expulsion of the
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material from under the pin-tool shoulder and
flash formation. Loss of material from the joint
can affect the flow balance in the other zones
and cause loss of forging pressure and volumet-
ric void formation.

Under cold processing conditions, the volu-
metric wormhole defect may occur due to insuffi-
cient refill of the advancing-side zone I region.
As described previously, the degree of this defect
decreases as the forging force is increased. Under
excessively low forging forces, the surface lack-
of-fill defect may occur with penetration through
the zone III flow arm to the top surface, and,
under marginally low forging forces, the inter-
mittent lack-of-consolidation (LOC) microvoids
may occur at the zone I/zone IV interface. Each
of these has an adverse effect on joint strength
and fatigue life, depending on their size and
degree. The presence of these defects is evident
on the fracture surface of tensile specimens with

the LOC defect, often manifesting in the form of
scalloping fracture paths along the cyclical flow
patterns.

In FSW butt joints, additional geometric
defect indications are seen when the pin tool is
too short or there is inadequate zone IV metal
flow and recrystallization to completely con-
sume the original faying surface on the backside
of the joint. This is described as the LOP defect.
Improper seam tracking results in the lack-of-
fusion (LOF) defect, where the original faying
surface remains off to one side of the full-
penetration joint. A third geometric defect,
known as excessive indentation, results from
too high of plunge depth or forging force and
severely reduces the section thickness in the
joint region.

Two additional defects are seen in FSW of
lap joints (Fig. 13.26). Under hot processing
conditions, the zone V flow observed in the

Fig. 13.23 Abnormal grain growth on surface and edge of thin extruded shapes, resulting in loss of ductility and surface crack-
ing during bend testing
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Fig. 13.24 Unrecrystallized top surface (zone III) and bottom surface (zone IV) grains resulting from abnormally large grains on
the as-extruded edge of aluminum extrusions. Note presence of lack-of-penetration (LOP) defect on bottom surface.

TMAZ area can carry and uplift the horizontal
faying surface of the joint. This is described as
the sheet-thinning or hooking defect and has
been correlated to reductions in static strength
and fatigue life. Under cold processing condi-
tions, this horizontal faying surface may be
entrained in the zone II flow patterns and not
completely reprocessed. The presence of this
defect is described as the CLD and can affect
the lap shear strength of lap joints.

Limits for each of these defects must be
established and their acceptability determined
based on testing for fitness for use. As with
other joining processes, a certain degree of each
is allowable, provided that strength and fatigue
life are maintained for the intended criticality of
the hardware. For example, the LOP defect still
provides high static strengths but adversely
affects bend ductility and fatigue life. Large vol-
umetric defects reduce static strengths and

fatigue life, but very small microvoids below a
critical level do not. Excessive flash will reduce
fatigue life, while excessive indentation will
reduce static strength. Specifications and stan-
dards should establish guidelines and testing
procedures to determine these limits.

13.2.2 Design Guidelines and Design
Allowables

The development of structural design guide-
lines and design allowables is being addressed
through national FSW research programs and
various successful industrial implementations.
In 2004, the National Science Foundation
Industry/University Cooperative Research Cen-
ter for Friction Stir Processing (CFSP) was
established to bring the South Dakota School of
Mines and Technology (SDSMT), University of
South Carolina (USC), Brigham Young Univer-
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sity (BYU), the University of Missouri-Rolla
(UMR) and Wichita State University (WSU)
together in a collaborative FSW research pro-
gram. The CFSP currently has 22 government
laboratory and industrial sponsors. The center
mission is to perform advanced and applied
research, develop design guidelines and allow-
ables, train scientists and engineers, and transfer
the FSW technology into a broader base within
the industrial sector. Current research programs
at the CFSP include:

• Design allowables and analysis methodolo-
gies for FSW beam and skin-stiffened panel
structures

• Intelligent FSW process control algorithms
• Thermal management of titanium and alu-

minum FSW for property control
• Microstructural modification of aluminum

and magnesium castings
• FSW of high-strength low-alloy and 4340

steels
• FSW of austenitic steels and Inconel alloys
• Interactive database of FSW properties and

processing parameters

The CFSP has also teamed with the Iowa
State University Center for Nondestructive
Evaluations to assess the effects of defects in

aluminum alloy FSW. The probability of detec-
tion (POD) of various nondestructive evaluation
(NDE) methods is being established for the vol-
umetric and geometric characteristic disconti-
nuities, and the relationship between flaw size
and reduction in static strength and fatigue life
is being determined. Statistical process control
methods are being developed based on process
force and torque responses in frequency space
and are being compared to the POD of the NDE
methods.

The Edison Welding Institute Navy Joining
Center (NJC) has continued to develop and
demonstrate FSW technologies in thick-section
aluminum and titanium alloys for a variety of
Department of Defense applications. One recent
technology demonstration program at the NJC
used a combination of FSW, GMAW, and hybrid
laser welding to fabricate a large titanium struc-
ture from 12.7 mm (0.50 in.) thick Ti-6A1-4V
plates (Fig. 13.27). In this assembly, the initial
corner joints were friction stir welded from the
outside of the structure to establish the basic
shape, with the remaining structure assembled
using GMAW and hybrid laser welding.

Under a recently completed Defense Ad-
vanced Research Projects Agency (DARPA)
program, Rockwell Scientific and the Naval Sea

Fig. 13.25 Characteristic defect types in friction stir welds
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Fig. 13.26 Characteristic defect types in friction stir lap weld joints

Systems Command (NAVSEA) Carderock Sur-
face Warfare Center, in conjunction with 13
university and industrial partners, performed
extensive development of friction stir process-
ing on aluminum-, copper-, manganese-, and
iron-base alloys. Within this program, MegaStir
developed an advanced grade of polycrystalline
cubic boron nitride (PCBN) capable of FSW of
ferrous alloys up to 12.7 mm (0.500 in.) thick
(Fig. 13.28). The fracture toughness of the
PCBN is sufficiently high to allow features to be
machined on the tool pin, thus accommodating
material flow around the tool to fill the cavity in
the tool wake.

Also, this same DARPA program demon-
strated the ability to friction stir process large
areas on the surface of complex-shaped pro-
pellers using large industrial robotic FSW sys-
tems provided by Friction Stir Link, Inc. (Fig.
13.29). Friction stir processing eliminates near-
surface casting discontinuities, increases the
yield strength (>2×), and increases fatigue life
(>40%) compared to as-cast NiAl bronze. In
addition, FSW equipment manufacturers (Gen-

eral Tool Corporation) are exploring alterna-
tives to high-cost multifunctional FSW equip-
ment by developing lower-cost, dedicated, 
single-purpose systems.

Concurrent Technologies Corporation
(CTC), through the Navy ManTech National
Metalworking Center (NMC), has advanced the
development of FSW in thick-section 5083,
2195, and 2519 Al for ground and amphibious
combat vehicles. Several large-scale prototypes
have been completed. The work by CTC and
NMC has provided a valuable transition of the
technology from subscale laboratory work to
full-scale prototype construction—the last ma-
jor step before production implementation.

13.3 FSW Process Innovations

Innovations to the FSW process are ongoing.
Since 1995, over 50 U.S. patents in FSW have
been issued. Pin-tool designs have evolved 
from those originally developed by TWI to
unique designs for thick-section, lap joint, high-
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temperature, and fast travel speed joining. For
example, in 2005, GKSS-GmbH reported that
successful FSW at welding speeds in excess of
1980 cm/min (780 in./min) in thin-gage alu-
minum butt joints have been achieved. In 1999,

the National Aeronautics and Space Administra-
tion (NASA) Marshall Space Flight Center
(MSFC) and the Boeing Company developed the
retractable pin tool (Ref 24) for the FSW of
tapered-thickness joints. The MSFC is currently

Fig. 13.27 The Edison Welding Institute used a combination of friction stir welding, gas metal arc welding, (GMAW), and hybrid
laser welding to fabricate this demonstration article from thick-section titanium plates. Friction stir welding was used 

to join the 12 mm (0.50 in.) thick plates in a corner joint configuration (arrows) to establish the basic shape of the article, and GMAW
and hybrid laser welding were used to complete the assembly. Courtesy of Edison Welding Institute

Fig. 13.28 Photos of 6 mm (0.25 in.) tapered with flats (bottom left), 6 mm (0.25 in.) stepped-spiral (top left), and 12 mm (0.500
in.) stepped-spiral high-temperature polycrystalline cubic boron nitride friction stir weld pin tools. Courtesy of Mega

Stir, Inc.
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Fig. 13.29 Friction Stir Link, Inc. robotic friction stir weld system processing large areas of NiAl bronze propellers to remove near-
surface casting defects. Courtesy of Rockwell Scientific

investigating the use of very high rotation speed
(>50,000 rpm) FSW, thermal stir welding, 
and the integration of ultrasonic energy during
FSW to enable portable hand-held devices. 
Other researchers are also evaluating modifica-
tions to the FSW process. The University of Mis-
souri-Columbia is evaluating electrically en-
hanced FSW, where additional heat is applied by
resistance heating through the pin tool. The Uni-
versity of Wisconsin is developing laser-assisted
FSW of aluminum lap joints, where a laser 
is trained ahead of the pin tool to preheat the
material.

Under a collaborative research program
between the Army Research Laboratory and the
SDSMT Advanced Materials Processing
(AMP) and Joining Center, complex-curvature
FSW, friction stir spot welding, dissimilar-alloy
FSW, low-cost fixturing and tooling, and thick-
plate titanium and aluminum FSW are being
developed. Prototypes of advanced fuselage
structures, helicopter beams, and naval gun tur-
ret weather shields have been built. The AMP
Center is also developing induction preheated
FSW using an Ameritherm 20 kW remote heat
station to preheat thick-plate aluminum, steel,

cast iron, and titanium alloys to increase travel
speeds, reduce process forces, and reduce pin-
tool wear (Fig. 13.30).

In 2001, the MTS Systems Corporation
patented the self-reacting pin-tool technology
(Ref 25). This innovation allows the FSW of
tapered joints and eliminates the need for back-
side anvil support to react the process loads.
Lockheed Martin Space Systems and the Uni-
versity of New Orleans National Center for
Advanced Manufacturing have demonstrated
this self-reacting pin tool on the 8 m (27 ft)
diameter domes of the Space Shuttle external
tank. In this application, multiple gore sections
of 8 mm (0.320 in.) thick 2195 Al-Li were
joined along a simple curvature path to create
the full-scale dome assembly.

13.4 FSW Industrial Implementations

The technology readiness level (TRL) for the
FSW of aluminum alloys is high, with successful
industrial implementation and space flight quali-
fication by Boeing on the 2014 Al propellant
tanks of the Delta II and Delta IV space launch
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Fig. 13.31 Friction stir weld process development tool at the Marshall Space Flight Center (MSFC) shown with an 8.2 m (27 ft)
diameter barrel segment of the 2195 Al-Li Space Shuttle external tank LH2 tank (left). Full-scale LH2 tank (right) at the 

National Aeronautics and Space Administration (NASA) Michoud Assembly Facility in New Orleans. Courtesy of NASA MSFC

vehicles. Lockheed Martin and NASA MSFC
have developed and implemented FSW on the
longitudinal welds of the 2195 Al-Li liquid
hydrogen and liquid oxygen barrel segments of
the external tank for the Space Shuttle (Fig.
13.31). Lockheed Martin Missiles and Fire Con-
trol and the SDSMT have developed square box
beams for the High-Mobility Artillery Rocket
System that are fabricated from thick-wall “C”-
section extrusions joined by FSW to replace the
current hollow, square tube extrusions. Airbus
has announced the use of FSW in selected loca-
tions on the Airbus A350 and two new versions
of the A340 (A340-500, A340-600).

In 2000, the Air Force Metals Affordability
Initiative brought together a consortium of

industry and university partners to develop
FSW for a variety of Department of Defense
applications (Fig. 13.32). Under task 1, joining
of traditional aluminum assemblies, Lockheed
Martin completed a development program that
replaced the riveted aluminum floor structure of
the C-130J air transport with an FSW floor
structure. Under task 2, joining of complex alu-
minum assemblies, Boeing developed an FSW
cargo slipper pallet and implemented an FSW
cargo ramp toe nail on the C-17 transport. The
toe nail is the only known friction stir welded
part flying on a military aircraft. Under task 3,
hard metals joining development, the Edison
Welding Institute and General Electric devel-
oped high-temperature pin tools for the FSW of

Fig. 13.30 MTS Systems Corporation ISTIR 10 friction stir weld system (left) with the Ameritherm 20 kW remote heat station and
induction preheating coil (right). Courtesy of South Dakota School of Mines
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Fig. 13.32 Aircraft hardware items fabricated using friction stir welding under the Air Force Metals Affordability Initiative Pro-
gram. C-17 cargo ramp (top left) and slipper pallet (bottom left). C-130 cargo floor (right)

Fig. 13.33 The Eclipse 500 business-class jet is currently in final Federal Aviation Administration certification trials (left). The
internal longitudinal and circumferential aluminum stiffeners (top right) and window and door doublers (bottom right) 

are attached to the aluminum fuselage section with friction stir welded lap joints. Courtesy of Eclipse Aviation

steel, titanium, and inconel alloys for aircraft
engine applications.

Eclipse Aviation is in final Federal Aviation
Administration (FAA) certification for the
Eclipse 500 business-class jet. First customer
deliveries are scheduled for 2006. The FSW lap

joints are used as a rivet-replacement technol-
ogy to join the longitudinal and circumferential
internal stiffeners to the aft fuselage section and
to attach doublers at window and door cutout
locations (Fig. 13.33). The use of FSW elimi-
nates the need for thousands of rivets and results
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Fig. 13.34 The friction stir welding (FSW) equipment used to attach the stiffeners and doublers to the Eclipse 500 fuselage sec-
tions was designed and fabricated by MTS Systems Corporation. It is capable of welding a variety of component 

geometries through the use of interchangeable holding fixtures located beneath the multiaxis FSW head and movable gantry frame.
Courtesy of Eclipse Aviation

in better quality and stronger and lighter joints
at reduced assembly costs. MTS Systems Cor-
poration designed and fabricated the custom-
FSW equipment and production tooling for
Eclipse Aviation. This equipment permits weld-
ing complex curvatures over many sections of
the fuselage, cabin, and wing structures at travel
speeds in excess of 51 cm/min (20 in./min) (Fig.
13.34). Because the process is faster than more
conventional mechanical joining processes, the
production cycle time is significantly reduced.

Over the last three years, the Ford Motor
Company has produced several thousand Ford
GT automobiles with an FSW central tunnel
assembly (Fig. 13.35). This tunnel houses and
isolates the fuel tank from the interior compart-
ment and contributes to the space frame rigidity.
The top aluminum stamping is joined to two
hollow aluminum extrusions along the length of
the tunnel, using a linear FSW lap joint. The use

of FSW results in improved dimensional accu-
racy and a 30% increase in strength over similar
GMAW welded assemblies.

The TRL for FSW of ferrous, stainless steel,
nickel, copper, and titanium alloys is also 
high, with a variety of full-scale demonstration
programs completed. MegaStir, Inc. has devel-
oped an improved grade of the PCBN high-
temperature pin tool (HTPT) that has shown an
acceptable service life for welding steels,
nickel, and copper alloys. In 2004, MegaStir,
Inc. completed a prototype oil field pipeline
FSW demonstration program that successfully
joined 30 cm diameter by 6 mm wall thickness
(12 in. diameter by 0.25 in. wall thickness) X-65
steel pipe segments using an automated internal
mandrel and external FSW tooling system (Fig.
13.36).

Chemical compatibility issues arise when
welding titanium alloys with the PCBN pin
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Fig. 13.35 The central tunnel assembly of the Ford GT is a friction stir welded assembly made from aluminum stampings and
extrusions. Courtesy of Ford Motor Company

tools. The University of South Carolina has
shown the suitability of tungsten-rhenium
HTPT for most titanium alloys. However,
issues with pin-tool wear and excessive metal
adhesion still arise when welding Ti-6Al-4V.
This is possibly due to reactions between the
rhenium in the pin tool and the vanadium alloy-
ing elements in the titanium. Other refractory
HTPT materials, such as tungsten-iridium, are
under development at the Oak Ridge National
Laboratory.

In 2005, Lockheed Martin performed FSW
on 5 mm (0.20 in.) thick Ti-6Al-4V sheets using
dispersion-strengthened tungsten HTPT that
alleviated the sticking problem and allowed for
many meters of welding (Fig. 13.37). They
report that the joint efficiency ranged from 98 to
100% of base-metal strength at testing tempera-
tures ranging from –195 to +260 °C (–320 to
+500 °F). Titanium FSW produced at the CFSP
using custom-designed environmental cham-
bers and an argon atmosphere (Fig. 13.38)
showed no evidence of surface discoloration 

or interstitial (oxygen, nitrogen, and hydrogen)
contamination.

13.5 Friction Stir Spot Welding

If FSW is considered as a controlled-path
extrusion rather than a welding process, several
spin-off technologies can be realized. Friction
stir spot welding (FSSW) has been in develop-
ment over the last five years and has seen indus-
trial implementation as a rivet-replacement
technology. Currently, two variations to FSSW
are being used. The plunge friction spot welding
(PFSW) method was patented by Mazda in
2003 (Ref 26), and the refill friction spot weld-
ing (RFSW) method was patented by GKSS-
GmbH in 2002 (Ref 27).

In the Mazda PFSW process, a rotating fixed-
pin tool, similar to that used in linear FSW, is
plunged and retracted through the upper and
lower sheets of the lap joint to locally plasticize
the metal and stir the sheets together. Even
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Fig. 13.36 Prototype pipe welding system showing external friction stir welded head and internal mandrel (inset). Courtesy of
MegaStir, Inc.

though this approach leaves a pull-out hole in
the center of the spot, the strength and fatigue
life is sufficient to allow application at reduced
production costs on the Mazda RX-8 aluminum
rear door structure (Fig. 13.39). Since 2003,
Mazda has produced more than 100,000 
vehicles with this PFSW rear door structure.
These PFSW doors provide structural stability
against side-impact and impart five-star rollover
protection.

The GKSS RFSW is being developed at the
SDSMT AMP Center under license to RIFTEC-
GmbH. This process uses a rotating pin tool
with a separate pin and shoulder actuation sys-
tem that allows the plasticized material initially
displaced by the pin to be captured under the
shoulder during the first half of the cycle and
subsequently reinjected into the joint during the
second half of the cycle. This completely refills
the joint flush to the surface (Fig. 13.40). In
addition to development as a rivet-replacement
technology for aerospace structures, RFSW is

also being developed as a tacking method to
hold and restrain parts during overwelding by
linear FSW.

13.6 Friction Stir Joining

Friction stir joining (FSJ) of thermoplastic
materials uses the controlled-path extrusion
characteristics of the process to join 6.3 mm (1/4

in.) thick sheets of polypropylene (PP), polycar-
bonate (PC), and high-density polyethylene
(HDPE) materials (Fig. 13.41). Recent work at
Brigham Young University has shown joint effi-
ciencies for these materials ranging from 83% for
PC to 95% for HDPE and 98% for PP. These joint
efficiencies compare favorably with other poly-
mer joining methods such as ultrasonic, solvent
resistance, hot plate, and adhesive bonding. Cur-
rent work at the SDSMT AMP Center in collabo-
ration with the Air Force Research Laboratory-
Kirtland is investigating the use of FSJ to join
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Fig. 13.37 Joining of long lengths of contamination-free Ti-6Al-4V is possible with out-of-chamber friction stir welding, using
shrouds and trailing shoe shielding gas systems. Courtesy of Lockheed Martin Space Systems

fiber-, particulate-, and nanoparticle-reinforced
thermoplastic materials.

13.7 Friction Stir Processing

Friction stir processing (FSP) uses the 
controlled-path metalworking characteristics of
the process to perform metallurgical processing
and microstructural modification of local areas
on the surface of a part. In 1997, FSP was used
by Lockheed Martin to perform microstructural
modification of the cast structure of 2195 Al-Li
variable polarity plasma arc (VPPA) welds to
remove porosity and hot-short cracks. This also
improved room-temperature and cryogenic
strength, fatigue life, and reduced the sensitivity
to intersection weld cracking by crossing VPPA
welds (Ref 28).

In 1998, the Department of Energy’s Pacific
Northwest National Laboratory (PNNL) began
investigating the processing of SiC powders

into the surfaces of 6061 Al to increase wear
resistance. Initial studies showed that both SiC
and Al2O3 could be emplaced into the surface of
bulk materials to create near-surface-graded
metal-matrix composite structures. The Univer-
sity of Missouri-Rolla (UMR) has shown that a
uniform SiC particle distribution can be
achieved with appropriate tool designs and
techniques, leading to significant increases in
surface hardness.

In 2004, a PNNL/SDSMT AMP Center col-
laborative research program investigated
increasing the wear resistance of heavy vehicle
brake rotors by processing TiB2 particles into
the surface of class 40 gray cast iron. This
resulted in a fourfold increase in the dry abra-
sive wear resistance when tested in accordance
with ASTM G 65 (Fig. 13.42). The PNNL and
Tribomaterials, LLC have performed subscale
brake rotor/pad wear tests on FSP/TiB2 cast iron
rotors. These subscale brake tests have shown
that FSP/TiB2-processed brake rotors have
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Fig. 13.38 Environmental chambers are used to provide an argon atmosphere and to minimize interstitial contamination in tita-
nium friction stir welding. Courtesy of South Dakota School of Mines

improved friction characteristics and wear resis-
tance over baseline heavy vehicle brake friction
pairs.

13.8 Friction Stir Reaction Processing

Friction stir reaction processing (FSRP) was
also investigated under the PNNL/SDSMT
FSP/TiB2 program. The FSRP uses the high tem-
peratures and strain rates seen during processing
to induce thermodynamically favorable in situ
chemical reactions on the surface to a depth
defined by the pin-tool geometry and metal flow
patterns. This provides an opportunity for inno-
vative processing methods to create new alloys
on surfaces of materials and locally impart a vari-
ety of chemical, magnetic, strength, stiffness,
and corrosion properties.

Studies performed at the University of 
Missouri-Rolla in conjunction with Rockwell
Scientific have shown FSP to produce a fine-
grain-size material and create low-temperature,
high-strain-rate superplasticity in aluminum
and titanium alloys. The PNNL is currently
investigating the application of this FSP-
induced superplasticity in the fabrication of
large, integrally stiffened structures.

13.9 Summary

Friction stir welding has matured a great deal
since its introduction into the U.S. market in
1995. The TRL for aluminum alloys is high,
with several industrial implementations. While
development efforts and property characteriza-
tions have shown that FSW can be used in fer-
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Fig. 13.39 Use of the plunge friction spot welding method on the Mazda RX-8 rear door structure provides for structural stabil-
ity against side impact and five-star rollover protection at reduced production costs. Courtesy of Ford Motor Company

Fig. 13.40 Refill friction spot welding (RFSW) using MTS Systems Corporation ISTIR 10 system and custom-designed head
adapter (left). The RFSW lap shear coupons (bottom right) and metallurgical cross section of RFSW showing complete 

joint penetration in 2 mm (0.080 in.) thick 7075-T73 Al (top right). Courtesy of South Dakota School of Mines
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Fig. 13.41 Cross section of polypropylene friction stir joining (FSJ) from Brigham Young University studies showing typical peri-
odic flow patterns (left). Custom-designed thermoplastic FSJ system at South Dakota School of Mines (right)

Fig. 13.42 Grade 40 gray cast iron ASTM G 65 wear test results. Friction stir processing TiB2 particles into the surface resulted
in a fourfold increase in ASTM G 65 dry abrasive wear resistance over that seen in samples without TiB2 particles. 

Courtesy of South Dakota School of Mines.

rous, stainless, nickel, copper, and titanium
alloys, an industrial champion is needed.

The metalworking nature of the process leads
to the plunge and refill FSSW methods, with
properties comparable to riveted and resistance
spot-welded joints. The use of FSP to locally
modify the microstructure of arc welds and cast-
ings has shown to increase strength, improve
fatigue life, and remove defects. Using FSP to
stir particulate materials into the surface has
shown increased wear resistance and creates
particulate-reinforced surface layers. Friction
stir reaction processing can be used to create
new materials and alloy combinations on part
surfaces.

The higher-strength, nonmelting, and envi-
ronmentally friendly nature of the FSW process

has shown cost reductions in a variety of appli-
cations and has enabled new product forms to be
developed. Only a small percentage of the U.S.
welding and joining market has been targeted
for implementation. A variety of government,
industry, and university collaborations are un-
derway to accelerate the development and
implementation of FSW and FSSW into these
markets.

During the last decade, the defense and aero-
space sectors have taken the lead in implement-
ing FSW. Recent advances in pin-tool designs
and optimized processing parameters have
enabled FSW and FSSW applications in the
marine, ground transportation, and automotive
industries. Further innovations in low-cost
equipment and the development of industry
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standards, design guidelines, and a trained
workforce will enable the introduction of FSW
and FSSW into the broader light manufacturing,
heavy manufacturing, and construction indus-
tries during the next decade.
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CHAPTER 14

Friction Stir Processing
Rajiv S. Mishra, Center for Friction Stir Processing 
University of Missouri-Rolla
Murray W. Mahoney, Rockwell Scientific Company

FRICTION STIR PROCESSING (FSP) is an
adaptation of friction stir welding, and the fol-
lowing unique features of friction stir welding
can be used to develop new processes based on
the concept of friction stirring:

• Low amount of heat generated
• Extensive plastic flow of material
• Very fine grain size in the stirred region
• Healing of flaws and casting porosity
• Random misorientation of grain boundaries

in the stirred region
• Mechanical mixing of the surface and subsur-

face layers

Therefore, the friction stir process can be used
as a generic process to modify the microstruc-
ture and change the composition, at selective
locations. At this time, FSP is the only solid-
state processing technique that has these unique
capabilities. In this chapter, examples of various
FSP aspects are briefly presented to give readers
an overview of the emerging trends. Many
aspects of FSP are still in their infancy, and the
examples covered are merely illustrative of the
potential. Figure 14.1 shows a list of attributes
and links to the FSP processes that build from
those attributes.

14.1 Superplasticity

Superplastic forming is used to produce
complex-shaped components and unitized
structures. Superplasticity has emerged as an
attractive, commercial, cost-effective, near-net
shape forming process. Superplastic deforma-

tion and forming of materials have come of age
in two decades of intensive research and tech-
nological development. Based on its potential
impact in the manufacturing sector, a number of
recent national reports have identified super-
plastic forming as a critical research area (Ref
1–4). At present, superplastic forming is used
for a number of applications. In fact, it is an
enabling technology for unitized structures (Ref
5). For example, the F-15E has implemented a
superplastically formed and diffusion-bonded
Ti-6Al-4V airframe structure as a replacement
for built-up assemblies used in earlier models.
This is a part of the U.S. Air Force Research
Laboratory directed effort of the Metals Afford-
ability Initiative Consortium to reduce the cost
of metallic components in aircraft by 50% while
accelerating implementation time (Ref 5). This
initiative has resulted in a dramatic part-count
reduction and demonstrated the successful use
of unitized construction in service (elimination
of 726 part details and 10,000 fewer fasteners).

In spite of such remarkable success stories of
superplastic forming of aerospace components,
the widespread use of superplastic forming in
large-volume sectors, such as automotive, has
been hampered by two factors: slow forming
rates and the high cost of the starting material
with a fine-grain superplastic microstructure.
However, in the last ten years, high-strain-rate
superplasticity has been developed. The emerg-
ing understanding continues to establish a rela-
tionship between grain size and superplastic
strain rate and superplastic temperatures. For
example, mechanically alloyed aluminum alloys
(typical grain size 0.5 μm) exhibit superplasticity
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Fig. 14.1 Schematic that lists attributes of friction stir processing and links to the friction stir processes

at strain rates >1 s–1, comparable to conventional
hot forming rates, whereas, for comparison, the
usual (typical grain size 15 μm) superplastic
strain rates are 10–4 to 10–3 s–1 (Ref 6). The rela-
tionship between grain size and optimal strain
rate of aluminum alloys is shown in Fig. 14.2(a)
(data taken from Ref 6). Also, the superplastic
temperature can change with grain size. Figure
14.2(b) shows the variation of superplastic tem-
perature with grain size (data taken from Ref 7
and 8). Therefore, it is clear that by manipulating
the grain size, it is possible to increase the super-
plastic strain rate and decrease the superplastic
temperature. Both aspects have attractive tech-
nological significance.

Microstructural Features for Enhanced
Superplasticity. Superplasticity is the ability
of a metallic material to exhibit >200% uniform
tensile elongation. The most important micro-
structural features that govern the overall super-
plastic behavior are:

• Fine grain size (<15 μm)
• Equiaxed grain shape
• Presence of very fine second-phase particles

to inhibit grain growth
• Large fraction of high-angle grain boundaries

These requirements emanate from the mech-
anistic origin of superplasticity, that is, grain-
boundary sliding. The high-temperature defor-
mation based on grain-boundary sliding can be

represented by a generic constitutive relation
(Ref 9):

(Eq 14.1)

where �. is strain rate, G is shear modulus, b is
the Burgers vector, � is applied stress, d is grain
diameter (size), D is appropriate diffusivity, n is
the stress exponent, p is the inverse grain-size
exponent, and A is a microstructural- and
mechanism-dependent dimensionless constant.
Often, in superplasticity literature, the strain-
rate sensitivity exponent (m = �log�/ �log�.) is
used instead of the stress exponent (n) shown in
Eq 14.1. However, m is just the reciprocal of n.
Higher m values mean a greater resistance to
external neck formation and hence increased
ductility. Generally, an m value of ~0.5 and a p
value of 2 to 3 imply deformation by grain-
boundary sliding.

Figure 14.3(a) shows a macrograph of 2024
Al with a friction stir processed nugget. The
extent of grain refinement within the nugget is
very apparent from Fig. 14.3(b) and (c). Friction
stir processing has been generally found to be a
very effective grain-refinement process. Table
14.1 gives a few examples of grain sizes
obtained during friction stir welding and pro-
cessing in several commercial aluminum alloys.
A noteworthy feature is the 1 to 15 μm grain
size range readily obtained by FSP. In addition,
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Fig. 14.2 The influence of grain size on (a) optimal strain rate of aluminum alloys (Source: Ref 6) and (b) the superplastic temper-
ature (Source: Ref 7, 8). Note the range of grain sizes obtainable by friction stir processing and the corresponding 

superplastic strain rate and temperature that are possible.

Fig. 14.3(d) shows the distribution of grain-
boundary misorientation angles for a 7075 Al
alloy. The friction-stirred material has a large
fraction of high-angle grain boundaries (>0.95
in this example) after one pass. In comparison,
conventional thermomechanical processing,
involving rolling, produces a large fraction of
low-angle grain boundaries. Equal-channel
angular extrusion, an emerging severe plastic
deformation technique, requires many passes to
obtain a grain-boundary distribution similar 
to FSP. This illustrates the efficiency of FSP to
convert the microstructure resulting from large
processing strains and extensive mechanical
mixing during FSP.

Superplastic Behavior and Constitutive
Relationships for FSP-Enhanced Superplas-
ticity. A number of studies have shown super-
plastic behavior after FSP (Ref 10, 24, 29–32,
34–55). Mishra et al. (Ref 34, 56) were first to
report the possibility of using friction stir as a
microstructural modification tool for enhanced
superplasticity. There are three important

aspects of superplasticity that are applicable to
scientific and technological interests:

• Flow stress: Scientifically, the magnitude of
flow stress provides insight to the difficulty of
the deformation process, whereas technolog-
ically, it is important to keep the flow stress
below 10 MPa (1.5 ksi) for gas forming.

• Strain rate: Scientifically, the strain rate is an
indication of the flow kinetics of the defor-
mation mechanism, whereas technologically,
it has important implications for overall
forming time. A strain rate of 10–2 s–1 has
been defined somewhat subjectively as the
transition to high-strain-rate superplasticity
(HSRS). The implication of HSRS is that
components can be formed in minutes rather
than the hours required at conventional form-
ing rates.

• Temperature: Scientifically, the temperature
for the onset of superplasticity (>200% uni-
form tensile ductility) is an indication of the
efficiency of grain-boundary sliding-related
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Fig. 14.3 (a) Macrograph showing a friction stir processed (FSPed) nugget in a 2024 Al alloy. (b) and (c) Comparison of as-rolled
and as-FSPed microstructure, showing grain refinement during FSP. (d) Comparison of grain-boundary misorientation 

distribution in FSP 7075 Al alloy with a distribution obtained by conventional thermomechanical processing (TMP) and equal-channel
angular extrusion (ECAE)

processes, whereas technologically, lower
temperatures are preferable for multiple rea-
sons, including energy efficiency of super-
plastic forming.

Figure 14.4 shows results on 7075 Al in this
overall context. The results indicate that FSP
lowers the flow stresses, increases the strain

rates for superplasticity, and lowers the temper-
ature range. Table 14.2 summarizes superplastic
ductility in a number of alloys.

The stress-strain rate behavior is shown in
Fig. 14.5(a) for three commercial aluminum
alloys following FSP. As shown, the stress
exponent is close to 2 and establishes grain-
boundary sliding as the dominant deformation
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Table 14.1 Summary of grain size in the friction stir nugget or processed zone in aluminum alloys

Plate thickness Traverse speed

Material mm in. Rotation rate, rpm mm/min in./min Grain size, mm Reference

7075Al-T6 6.35 0.25 . . . 127 5 2–4 14
6061Al-T6 6.3 ¼ 300–1000 90–150 3.5–6 10 15
Al-Li-Cu 7.6 0.3 . . . . . . 9 16
7075Al-T651 6.35 0.25 350, 400 102, 152 4, 6 3.8, 7.5 17
6063Al-T4, T5 4.0 0.16 360 800–2450 31–96 5.9–17.8 18
6013Al-T4, T6 4.0 0.16 1400 400–450 16–18 10–15 19
1100Al 6.0 0.2 400 60 2.4 4 20
5054Al 6.0 0.2 . . . . . . . . . 6 21
1080Al-O 4.0 0.16 . . . . . . . . . 20 22
5083Al-O 6.0 0.2 . . . . . . . . . 4 22
2017Al-T6 3 0.12 1250 60 2.4 9–10 23
2095Al 1.6 0.06 1000 126–252 5–10 1.6 24
Al-Cu-Mg-Ag-T6 4.0 0.16 850 75 3 5 25
2024Al-T351 6.0 0.2 . . . 80 3.15 2–3 26
7010Al-T7651 6.35 0.25 180, 450 95 3.7 1.7, 6 27
7050Al-T651 6.35 0.25 350 15 0.6 1–4 28
Al-4Mg-1Zr 10 0.4 350 102 4 1.5 29
2024Al 6.35 0.25 200–300 25.4 1 2.0–3.9 30
7475Al 6.35 0.25 . . . . . . . . . 2.2 31
5083Al 6.35 0.25 400 25.4 1 6.0 32
2519Al-T87 25.4 1.0 275 102 4 2–12 33

Source: Adapted from Ref 13

process (Ref 57). Figure 14.5(b) shows a plot of
grain size and temperature-compensated strain
rate versus modulus-compensated flow stress
for the FSP alloys. The constitutive relationship
for superplasticity in aluminum alloys is given
by Mishra et al. (Ref 6) as:

(Eq 14.2)

The dimensionless kinetic constant for alu-
minum alloys is 40. The value observed for FSP
5083 Al is 279 (Ref 47) and that for 7075 Al is
750 (Ref 40). The implication is that the kinet-
ics in FSP alloys are much faster than conven-
tional aluminum alloys and by more than an
order of magnitude in FSP 7075 Al. This raises
the issue of the nature of grain boundaries after
FSP. As highlighted earlier, FSP leads to a very
high fraction of high-angle grain boundaries.
The microstructure evolves through dynamic
recrystallization during the friction stir process
(see Chapter 4 of this book and a review in Ref
13 for more details). The current form of the
constitutive relationship for superplasticity
accounts for the grain size but not for the nature
of grain boundaries. Although it is possible to
comment that the nature of grain boundaries
influences the kinetics of grain-boundary slid-
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ing, so far, a quantitative relationship has not
been established.

Friction Stir Processing as a Technology
Enabler for New Concepts. Apart from the
opportunity for achieving high-strain-rate
superplasticity in commercial alloys, FSP offers
several new opportunities as a technology en-
abler (Ref 44, 56). Some of these possibilities
are briefly described as follows (Ref 44):

• Selective superplastic forming: In many com-
ponents, only selected regions require super-
plastic deformation. The concept of such a
superplastically formed component is shown
in Fig. 14.6. In essence, only the region
undergoing superplastic deformation needs
the fine-grained microstructure. However,
conventional processing cannot be used to
produce microstructural refinement on a
selective basis. The FSP provides such an
opportunity. Using FSP, a selected portion of
the sheet can be processed for superplastic
behavior. The difference in microstructure
would result in selective deformation of the
grain-refined region (Fig. 14.6). Recently,
Wang et al. (Ref 58) have performed a finite
element simulation of selective superplastic
forming. Figures 14.6(c) and (d) show the
results of the finite element simulation for
sheet with two different grain sizes. The FSP
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Fig. 14.4 (a) Comparison of flow curves in as-rolled and as-friction stir processed conditions. (b) Variation of flow stress with tem-
perature at a strain rate of 10–2 s–1 and strain of 0.1. (c) Observation of exceptional ductility over a wide range 

of temperatures. (d) Photographs of deformed specimens show high uniform elongation, characteristic of superplastic flow.

region with finer grain size undergoes super-
plastic deformation. This provides a versatile
method to produce gas-formed components
with an intricate design.

• Superplastic forming of thick sheets: This is
described in the next section.

• One-step processing for superplasticity from
cast sheet or hot-pressed powder metallurgy
sheet: A conventionally cast microstructure
can be converted to a superplastic micro-
structure in many steps. The present process
of microstructural refinement can be used
directly on cast sheets. This leads to very eco-
nomical manufacturing. Ma et al. (Ref 46)

have demonstrated superplasticity in A356
cast alloy. They were able to obtain a maxi-
mum superplastic elongation of 650% at 
530 °C (985 °F) for an initial strain rate of 1 ×
10–3 s–1. Charit and Mishra (Ref 55) observed
exceptional superplastic properties in an as-
cast Al-8.9Zn-2.6Mg-0.09Sc (wt%) alloy.
The FSP with a smaller pin tool led to ultrafine
grains (0.68 μm grain size) from the as-cast
state. The ultrafine-grained alloy exhibited
superplasticity at relatively low temperatures
and higher strain rates. An optimal ductility of
1165% at a strain rate of 3 × 10–2 s–1 and 
310 °C (590 °F) was obtained. Enhanced

(d)
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Fig. 14.5 (a) Variation of flow stress with strain rate for three friction stir processed (FSPed) aluminum alloys. (b) Constitutive equa-
tions for FSPed 7075 (Ref 40) and 5083 (Ref 47) Al alloys compared to the equation for aluminum alloys proposed by 

Ref 8

Table 14.2 Summary of superplastic elongation observed in a number of
aluminum alloys

Alloy Conditions Elongation, % Reference

7075 Al 3 × 10–3 s–1, 480 °C (895 °F) �1450 40
2024 Al 1 × 10–2 s–1, 430 °C (805 °F) 525 30
5083 Al 3 × 10–3 s–1, 530 °C (985 °F) 590 47
Al-4Mg-1Zr 1 × 10–1 s–1, 525 °C (980 °F) 1280 29
Al-Zn-Mg-Sc 3 × 10–2 s–1, 510 °C (950 °F) �1800 55

superplasticity was also achieved at a temper-
ature as low as 220 °C (430 °F). A similar
approach can be taken for direct chill cast or
continuous cast sheet, thereby eliminating
several steps. Similarly, powder metallurgy
processed aluminum alloys require extensive
thermomechanical processing to break down
the prior-particle boundaries that contain an
alumina film. The friction stir process results
in a very uniform microstructure from the hot-
pressed sheet. For example, FSP of a
nanophase Al-Ti-Cu alloy results in a remark-
able combination of high strength and ductil-
ity (Ref 59). Again, the economical benefits of
eliminating several steps are likely to be sub-
stantial. This approach will involve cast or
powder metallurgy sheet + FSP + superplastic
forming to produce high-strength, low-cost,
unitized structures.

These concepts can be applied to many
metallic materials and metal-matrix composites,
but they have maximum impact on aluminum
and magnesium alloys and components.

Superplasticity in Very Thick FSP 7xxx
Aluminum Alloys. In conventional thermome-

chanical processing involving rolling of sheets,
the sheet thickness reduces with every pass. To
provide sufficient total strain for grain refine-
ment, a number of passes are required, resulting
in thin sheets (<3 mm, or 0.12 in.). For example,
Grimes and Butler (Ref 60) have mentioned that
a high-quality final product is currently avail-
able only as sheets having thickness less than 
3 mm. On the other hand, when using FSP, the
sheet thickness does not change. High-strain-
rate superplasticity has been demonstrated in
very thick-section (5 mm, or 0.2 in., thick)
7050-T7651 following FSP (Ref 36, 39, 42).
High-strain-rate and thick-section superplastic-
ity are two material properties never before
demonstrated on a practical scale and are made
possible only by FSP. For example, Mahoney et
al. (Ref 39) demonstrated high uniform elonga-
tion (>500%) at strain rates >1 × 10–3 s–1 at tem-
peratures <460 °C (860 °F). These properties
are possible because FSP produces a relatively
small, uniform, and thermally stable grain size
through the sheet thickness. This offers the
potential to form complex-shaped parts at a
higher strain rate and in section thickness never
before possible. Figure 14.7 illustrates super-
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Fig. 14.6 (a) Schematic illustration of selective superplasticity, where only the region undergoing superplastic deformation is fric-
tion stir processed (FSPed). (b) Brighter areas in the commercial 7075 Al rolled sheet are selected to be FSPed to 

become superplastic instead of making the whole sheet superplastic. (c,d) Finite element mesh after adaptive remeshing. Source: 
Ref 58.

plastic tensile elongation in 5 mm thick FSP
7050 Al, showing the initial tensile geometry
(Fig. 14.7a), limited elongation and severe
necking without FSP (Fig. 14.7b), and super-
plastic tensile elongation of ~800% at 460 °C
following FSP (Fig. 14.7c). The thickness limit
for superplasticity has not been established. In
unpublished research, Mahoney et al. extended
the material thickness to 12 mm (½ in.) and
illustrated uniform elongations up to 500% (Fig.
14.8) (Ref 61). If the FSP tool and system are
capable of greater depths and force, a uniform
fine-grain microstructure should be possible to
significantly greater depths, and a superplastic
response can be anticipated for even thicker
friction stir processed material.

The practical implications for enhanced
superplasticity are illustrated in Fig. 14.9. Figure
14.9 illustrates results from gas pressure forming
tests for different test conditions (Ref 42). Using
a conventional superplastic 7475 Al alloy, that is,
the sheet was processed to a fine grain size 
(~15 μm grain size) via special thermomechani-
cal processing, Fig. 14.9(a) illustrates the ability
to completely form the cone at 150 psi (1000 kPa)
in 95 min. For the same test conditions but using
FSP 7475 Al (~3 to 4 μm grain size), the time to

completely form the cone was reduced to 18 min
(Fig. 14.9b). Conversely, Fig. 14.9(c) illustrates
the ability to reduce the internal gas pressure to
100 psi (690 kPa) from 150 psi (1000 kPa) and
still reduce the time for forming to 49 min from
95 min. This demonstrates the high strain-rate
enhancement associated with the very fine grain
size created by FSP.

In a second example of a superplastic benefit
attributed to FSP, Fig. 14.10 illustrates the ability
to superplastically form a thick-section structure
(5 mm, or 0.2 in.). Without FSP, the structure
could not be fabricated, that is, the edges and cor-
ners could not being fully formed using a conven-
tional superplastic 7475 Al alloy. Figure
14.10(a) shows the 5 mm thick 7475 Al sheet
being locally friction stir processed to enhance
strain just in the areas where the maximum strain
is needed. It is not necessary to FSP the entire
sheet. Figure 14.10(b) shows the part following
superplastic forming. In this example, only one
edge was friction stir processed to illustrate the
difference in superplasticity following FSP. Fig-
ure 14.10(c) shows the inability to fully form the
corners, whereas Fig. 14.10(d) illustrates com-
plete forming in the corners where the sheet was
friction stir processed. These results highlight an
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example where FSP combined with superplastic
forming (SPF) results in the fabrication of a
monolithic structure that could not be fabricated
by any other means.

Superplastic Forming of Multisheet
Structures. Multisheet structures are commer-
cially fabricated by combining diffusion bond-
ing and SPF of titanium alloys. The key issue
that helps titanium alloys and hinders aluminum
alloys is diffusion bonding. Because of the sur-
face oxide layer, diffusion bonding of alu-
minum alloys is difficult. This has limited the
development of aluminum alloy multisheet
structures. The work of Grant et al. (Ref 62) has
demonstrated the feasibility of making multi-
sheet structures by combining friction stir weld-
ing (FSW) and friction stir spot welding
(FSSW) with SPF. Figure 14.11 shows an ex-
ample of a three-sheet structure created by FSW
through two and three sheets. Fusion welding of
aluminum alloys leads to a complete loss of
superplasticity in the welded region, because 
of microstructural changes. As noted earlier, the
FSW microstructure consists of fine grains, and
superplastic properties are not degraded. A new
opportunity involves microstructural tailoring
by controlled heat input during FSW. The grain
size can be varied by changing the thermal in-

put. By controlling the microstructure, one can
make the superplastic flow stress of the FSW
region lower, higher, or equal to the parent
sheet. Grant et al. (Ref 62) have also used
FSSW to create different types of multisheet
structures. Their work is opening up new possi-
bilities of sandwich structures using aluminum
alloy sheets.

Fig. 14.8 Superplastic strain in 12 mm (0.5 in.) thick fric-
tion stir processed 7475 Al at 2 × 10–4 s–1. (top) 

460 °C (860 °F), 670% strain. (middle) 440 °C (825 °F), 630%
strain. (bottom) 420 °C (790 °F), 470% strain

Fig. 14.7 Superplastic tensile elongation. (a) 5 mm (0.2 in.) thick tensile sample. (b) Limited tensile elongation and severe neck-
ing without friction stir processing (FSP). (c) 800% superplastic elongation in 5 mm thick FSP 7075 Al
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Fig. 14.9 Gas pressure cone tests for different conditions including (a) conventional superplastic 7475 Al alloy, 150 psi (1000 kPa),
95 min, (b) friction stir processed (FSP) 7475 Al, 150 psi, 18 min, and (c) FSP 7475 Al, 100 psi (690 kPa), 49 min

Thermal Stability of the FSP Alloys at Ele-
vated Temperatures. Thermal stability of the
FSP alloys has been investigated using
elevated-temperature annealing experiments.
Figure 14.12 shows optical macrographs of an
FSP 7075 Al alloy (friction stir processed with
different combinations of tool rpm and traverse
speed) annealed at 490 °C (915 °F) for 1 h.
Some important observations can be made from
these sets of macrographs:

• Traverse speed and tool rotation rate influ-
ence abnormal grain growth.

• The location of onset of abnormal grain
growth depends on processing parameters.

• Grain growth direction follows the nugget
ring configuration in some cases.

• At some combination of tool rotation rate and
traverse speed, abnormal grain growth is lim-
ited to a very thin surface layer.

Microstructural stability can be a critical
issue for superplasticity in some FSP aluminum
alloys, and it will define the upper limit for the
SPF temperature range. As noted by Mishra and
coworkers (Ref 30, 63), FSP alloys drastically
lose their ductility over 450 °C (840 °F), accom-
panied by excessive growth of grains. A fine-
grain microstructure has an intrinsic instability
at elevated temperatures due to high grain-
boundary driving forces. To resist grain growth,
fine second-phase dispersions are often desir-
able. However, as Humphreys and Bate (Ref
64) have pointed out, abnormal grain growth
can occur and destabilize the microstructure,
even in the presence of pinning particles. Sev-

eral factors contribute to the onset of abnormal
grain growth: reduction of pinning forces due to
dissolution of particles, anisotropy in grain-
boundary energy and mobility, and thermody-
namic driving forces from grain size distribu-
tion. It has been noted that anisotropy in energy
and mobility of grain boundaries may not be a
potential cause for abnormal grain growth in the
fine-grained nugget because of the predomi-
nantly high-angle grain boundaries in the
nugget region in an FSW 7075 Al. Two strate-
gies can be adopted for SPF of FSW/FSP alloys:
use processing parameters that eliminate abnor-
mal grain growth, and determine the onset tem-
perature for abnormal grain growth and work
below that temperature.

Cavitation during Superplastic Deforma-
tion. During superplastic deformation, cavita-
tion occurs in a wide variety of alloys, and
extensive attention has been given to this aspect
because of its influence on post-SPF properties
(Ref 65, 66). It has been demonstrated that the
post-SPF mechanical properties of the materials
are significantly reduced when the cavity vol-
ume fraction exceeds approximately 1% (Ref
67). Ma and Mishra (Ref 41) have established
the extent of cavitation during superplastic
deformation of FSP 7075 Al alloy. Figure
14.13(a) shows the variation of cavity volume
fraction with strain. The results for an FSP alloy
are compared with a conventionally thermome-
chanical processed alloy. It is quite apparent
that the FSP alloy shows lower cavitation at
equivalent strain. Further, the grain size influ-
ences the onset and growth of cavities. Finer
grain size shows lower cavitation at equivalent
deformation strain. Figure 14.13(b) shows the
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Fig. 14.10 (a) Local friction stir processing (FSP) to
enhance superplasticity. (b) Part after super

plastic forming, where two corners were friction stir processed
and two were conventional superplastic material. (c) Incom-
plete forming without FSP. (d) Complete forming following FSP

critical strain for cavity nucleation in fine-
grained FSP 7075 Al alloy. The values of criti-
cal strain are higher than ~1.0 in the high-strain-
rate range. The technological implication of this
is quite significant. It suggests that the FSP 7075

Al alloy can be formed to a total deformation of
greater than 150% without any cavitation.

14.2 Enhanced Room-Temperature
Formability via FSP

Thick-plate aluminum structures made using
conventional fusion welding techniques result
in built-up welded aluminum structures, such as
plates, welded together to make enclosures.
This inefficient, costly fabrication approach
produces inferior properties, inasmuch as fusion
welding creates a cast microstructure, high
residual stresses, distortion, weld defects, and
extensive precipitate overaging in the heat-
affected zone of the precipitation-hardenable
alloys. The ability to build monolithic or near-
monolithic structures with improved properties
and design flexibility is generally not possible
with thick aluminum alloy plate. This is because
forming or bending of thick conventional mate-
rial is restricted to low angles, and even when
forming or bending is possible, modestly ele-
vated temperatures are required. Further, to
final-machine a monolithic structure from a
starting block may require first preforming or
bending the block into a shape from which the
final monolithic structure can be machined; that
is, the available material size may be insuffi-
cient to fabricate the structure without first cre-
ating a shaped preform.

In addition to high-temperature formability,
FSP can also be used to significantly enhance the
room-temperature formability of aluminum al-
loys. The FSP locally anneals and creates a fully
recrystallized fine-grain microstructure at
selected areas within a thick aluminum plate,
thus producing a selected region with low 
flow stress and enhanced formability. If the high-
ductility surface is the tensile surface in bending,
then bend limits can be extended, sometimes sig-
nificantly. Superplastic forming requires high
temperature and FSP through the entire sheet or
plate thickness, that is, not just a shallow alter-
ation of the surface microstructure. However, by
using FSP as a surface modification procedure,
room-temperature formability can be created in
thick aluminum plate (Ref 69).

At times, it may be necessary to friction stir
process a large surface area by rastering. Ras-
tering refers to a pattern whereby the tool trav-
erses a selected area on the surface and to a pre-
scribed depth, wherein the microstructure is
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Fig. 14.12 Collection of optical macrographs of friction stir processed (FSP) 7075 Al alloys (processed with different combina-
tions of FSP parameters) heat treated at 490 °C (915 °F) for 1 h

Fig. 14.11 Example of multisheet structure created by a combination of friction stir welding (FSW) and superplastic forming.
Courtesy of Glenn Grant
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Fig. 14.13 (a) Variation of cavity volume fraction with
true strain for 7.5 and 3.8 μm 7075 Al alloys

deformed at 480 °C (895 °F) and an initial strain rate of 1 × 10–2

s–1. (b) Variation of critical strain, �0, with initial strain rate for
3.8 μm 7075 Al alloy deformed at 480 °C. Source: Ref 41

modified by FSP. This is accomplished by tra-
versing the FSP tool linearly forward and back
or in some circular pattern until the surface area
that subsequently experiences high tensile
stresses during bending has been processed to
create a fine-grained, fully recrystallized,
annealed microstructure. Typically, to raster a
large area, the FSP tool is moved a half-pin
diameter to the advancing side of the previous
pass to assure complete coverage. Because the
advancing-side microstructure is most abrupt in
friction stir processed aluminum alloys, moving
the tool to the advancing-side direction creates a
more homogeneous microstructure. Illustra-
tions of different raster approaches are pre-
sented subsequently.

At the time of this writing, FSP-enhanced
room-temperature formability is in its infancy,
and most results are essentially qualitative. How-

ever, the early results illustrate an extremely
promising new tool to create extended formabil-
ity and thus are presented qualitatively to illus-
trate what can be accomplished using FSP as a
surface-engineering approach. The FSP parame-
ters have not been optimized to maximize either
process efficiency or formability. For example,
optimal penetration depth of the FSP tool for
maximum travel speed (minimum cost) and sub-
sequent maximum formability has not been
established. Clearly, penetration of the tool
beyond the neutral axis (approximately half the
thickness) is not necessary. Further, it can be
assumed that the requisite FSP penetration depth
increases with an increased degree of bending,
whereby the bend limit is restricted by the local
ductility. A quantitative evaluation of this rela-
tionship has not been experimentally estab-
lished. However, this penetration depth/bend
radius relationship is important, especially for
cost considerations, when large areas are
rastered. Deeper penetration necessitates a
slower travel speed. Further, the deeper the pene-
tration, the greater the heat input. Higher heat
input influences (reduces) other mechanical
properties within the bulk of the structure. A
computational model of this relationship has
been attempted, with reasonable success (Ref
70).

Although results are limited, investigators
have evaluated different aluminum alloys and
different material thickness for room-tempera-
ture formability following FSP, including:

• 25 mm (1 in.) thick 2519-T87 (6.0Cu-0.3Mn-
0.1Zr-Al) (Ref 71)

• 50 mm (2 in.) thick 7050-T7451 (2.3Cu-
6.2Zn-0.12Si-2.3Mg-Al) (Ref 72)

• 150 mm (6 in.) thick 6061-T6 (0.6Si-0.7Fe-
0.25Cu-0.15Mn-1.0Mg-0.2Cr-0.25Zn-Al)
(Ref 72)

The 2519 Al alloy is an impact-resistant alu-
minum alloy, potentially for armor applications;
the 7050 Al alloy is a high-strength nonweld-
able Al-Cu-Zn alloy of particular interest for
aircraft applications; and the moderate-strength,
weldable 6061 Al alloy is a versatile, commonly
used aluminum alloy. Room-temperature form-
ability results following FSP are presented as
follows for these three alloys.

FSP of 25 mm (1 in.) Thick 2519-T87 Alu-
minum. Mahoney et al. (Ref 72) evaluated the
ability to bend 25 mm thick 2519-T87 Al plate
at room temperature following FSP. The tool
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Fig. 14.14 Illustration of the friction stir processing depth
(6.3 mm, or 0.25 in.) and the ability to bend 

2519-T87 Al ~85 ° at room temperature

Fig. 14.15 True stress versus true strain for as-received
2519-T87 Al and following friction stir pro-

cessing (FSP)

Fig. 14.16 Hardness in friction stir processed (FSP) 2519
as a function of depth below the surface. Note 

the relatively deep heat-affected zone (15 to 18 mm, or 0.6 to
0.7 in.).

penetration depth was 6.3 mm (¼ in.) using a
standard threaded cylindrical pin. Process
parameters of tool travel speed and rotation rate
are dependent on tool design and can be consid-
erably different, especially if a scroll shoulder
tool with a different tool design is selected.
Thus, these parameters are not reported. In addi-
tion, as discussed throughout the many chapters
in this book, both FSP and FSW create inhomo-
geneous microstructures, for example, the
advancing and retreating sides experience dif-
ferent strains, strain rates, and temperatures.
This is especially true of the transition micro-
structures between the nugget and the thermo-
mechanically affected zone on the two sides of
the nugget. Thus, the FSP direction in relation to
the bending direction can be important.
Mahoney et al. showed that if the direction of
tool travel during FSP is parallel to the eventual
bend axis, the tensile surface experiences inho-
mogeneous flow, creating a ripple pattern and
premature failure likely associated with strain
localization. This is a clear example of the inho-
mogeneous nature of FSP. To achieve maxi-
mum strain, the FSP direction should be per-
pendicular to the bend axis.

Figure 14.14 illustrates a transverse cross
section of the 25 mm thick 2519 Al plate fol-
lowing FSP to a depth of 6.3 mm. Again, this
depth was chosen arbitrarily, and the same
results may have been attained with less tool
penetration. The FSP zone is essentially
annealed, and below the FSP zone, there will be
a heat-affected zone (HAZ) with reduced
mechanical properties. The sample shown in
Fig. 14.14 has been bent 85° (limit of the die) at
room temperature without any indication of
impending failure. Figure 14.15 illustrates flow
properties of the parent metal and FSP metal,

illustrating the significant reduction in flow
stress and moderately enhanced ductility
achieved in 2519 Al following FSP.

Hardness results as a function of depth below
the surface show an extensive HAZ following
FSP (Fig. 14.16). No attempt was made to limit
the depth of the HAZ, such as increasing the
FSP travel speed or by tool design. To regain
full strength, the structure can be solution
treated and reaged. To regain pre-FSP proper-
ties in the bulk of the structure without addi-
tional heat treatment, the surface layer can be
machined to final shape, thus removing the
annealed layer. Figure 14.17 illustrates this
post-FSP machining approach for a structure
where the final bend radius was moderate and
where a sharp corner was required on the exte-
rior. These results illustrate the ability to bend
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Fig. 14.17 Final structure following room-temperature bending and machining to final thickness following friction stir processing

2519 Al to severe angles at room temperature
following FSP.

FSP of 50 mm (2 in.) Thick 7050-T7451
Al. Friction stir processing was performed on 
50 mm thick 7050-T7451 Al where the plate
was friction stir processed to a depth of 6 mm
(Ref 72). In this study, different FSP raster ap-
proaches were investigated, including linear
and spiral-out raster patterns. For each raster
pattern, FSP parameters included 350 rpm at
127 mm/min (5 in./min) with a tool translation
of 3.3 mm (0.13 in.) per pass; that is, the tool
was moved 3.3 mm toward unprocessed mate-
rial after completion of a pass. For the linear
raster pattern, this procedure produced an inho-
mogeneous processed zone, whereby alternat-
ing regions of advancing and retreating side
zones are created. Conversely, for the spiral-out
pattern, both the tool rotation and spiral were
counterclockwise, resulting in a continuous
movement of the tool to the advancing side of
the previous pass. In each case, the raster was
continuous; that is, the travel speed was main-
tained as the FSP tool reversed direction.

Another important aspect of FSP-assisted
thick-section bending is the influence of the heat
generated during FSP on subsequent parent-
metal properties. With large aluminum blocks
and the relatively low travel speed coupled with
the conservative overlap per pass, considerable
heat buildup occurs. The hardness profile for the
processed 7050-T7451 plate is shown in Fig.
14.18 as a function of depth below the surface,
and the microstructure is shown in Fig. 14.19,

where the transition between the fine-grain
processed material and the base material occurs
at a depth of approximately 6 mm (0.2 in.). The
hardness shows a small HAZ, with hardness
equivalent to parent-metal hardness at a depth
of ~10 mm (0.4 in.). Hardness results show a
through-thickness gradient on the Rockwell
hardness B scale of 63, 74, and 82 in the FSP
zone, HAZ, and parent metal, respectively, for
FSP 7050-T7451.

Similarly, a gradient in yield and tensile
strength exists, with strength increasing through
the plate thickness. Figure 14.20 shows tensile
properties as a function of distance from the fric-
tion stir processed surface. To illustrate mechan-
ical properties through the thickness, a series 
of tensile specimens were cut from different
depths of the friction stir processed plate. Twelve
tensile specimens, each one approximately 4 mm
(0.16 in.) thick, were machined from the plate
through its thickness. The first four layers of
material on the processed side have lower yield
and tensile strengths than layers through the
remainder of the plate. Further, extended ductil-
ity is illustrated for the sample machined from
all-FSP material (layer 1). These results corre-
spond well with the hardness curve in Fig. 14.18.
While some natural aging has occurred, for the
FSP conditions used herein, there is considerable
loss in strength in the FSP zone, that is, for the top
6 mm. Following FSP, natural aging will con-
tinue for years, with strength continuing to
increase (Ref 73). Between the 6 and 10 mm
depth, the slope changes considerably, and only
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Fig. 14.18 Hardness in friction stir processed (FSP) 6061
Al as a function of distance below the surface 

Fig. 14.19 Micrograph of friction stir processed (FSP)
7050-T7451. The transition from the fine-grain 

microstructure produced by FSP into the unstirred zone is
clearly evident.

slight strength reductions are measured for the
next 20 mm (0.8 in.) of depth, with the loss de-
creasing with increasing depth. This region of
lower rate of strength loss is presumably due to
overaging. In this work, no attempt was made to
minimize the heat input and thus the effects of
overaging. However, approaches that can be eas-
ily introduced to reduce total heat input include
increased tool travel speed, intermittent FSP with
cooling to room temperature between passes, and
continuous in situ active cooling. Alternatively,
if the outer surface layer can be removed to fabri-
cate the final structure, these results show that
near-parent-metal strength can be retained in the
bulk of the structure.

A longitudinal cross section of the FSP zone
in the 7050 Al illustrates the uniform depth of
the friction stir processed zone (Fig. 14.21). At
low magnification, the FSP zone microstructure
appears homogeneous. However, the processed
zone contains the usual inhomogeneous micro-
structure typical of FSP; note the upward or ver-
tical transition flow between FSP passes (Fig.
14.21). Initial bending trials demonstrated the
ability to bend 50 mm thick FSP 7050-T7451 Al
plate 14.5° without failure when the bend axis
was perpendicular to the FSP direction. This is
not the bend limit, and likely this plate could
have been bent more, but this was sufficient for
an initial trial. Another goal was to demonstrate
the ability to bend the 50 mm thick 7050 Al into
a compound curvature. However, using the
same plate, planes of weakness were identified
when the plate was rotated 90° and bending was
applied parallel to the FSP direction. For exam-
ple, Fig. 14.22(a) illustrates multiple cracks
propagating in the plate in the FSP direction
after only an 8° bend. Cracks bifurcated as they
approached the FSP zone and did not penetrate
into the HAZ (Fig. 14.22b).

Figure 14.22(b) shows a macrograph of a
crack perpendicular to the tensile surface pro-
gressing in the direction of tool travel. This crack
penetrates through the FSP zone, but when the
parent metal is reached, the crack turns parallel 
to the surface. Metallography was used to de-
termine the crack path, but it was not possible 
to determine if the crack followed either an
advancing-side region or a retreating-side
region. To eliminate this unidirectional aspect of
FSP and to create a more homogeneous micro-
structure, a spiral raster pattern was applied to a
similar plate. Figure 14.23 illustrates a 16° bend
in 50 mm thick 7050-T7451 Al following FSP

Fig. 14.20 True stress-true strain tensile curves for layers
taken through the thickness of a 50 mm (2 in.) 

thick 7075 friction stir processed plate. Layer 1 consists entirely
of friction stir processed material, while layer 12 is on the oppo-
site side of the plate. The area under the curve for layer 1 is 58
MPa (8.4 ksi), and the areas under the other curves decrease
more or less uniformly to approximately 54 MPa (7.8 ksi) in
layer 12.
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Fig. 14.22 (a) 50 mm (2 in.) thick friction stir processed (FSP) 7050-T7451 Al bent into a compound curvature 8° by 14.5°. (b)
Crack propagating in the FSP direction arrested at the FSP/parent-metal interface. Direction of FSP is into the page.

Fig. 14.21 Longitudinal cross section illustrating depth
and deformation pattern in the friction stir 

processed zone

with a spiral-out raster. Even without surface
machining, there was no cracking. The bend limit
for this spiral-out FSP procedure was not ex-
plored. This ability to create a compound curva-
ture can be useful for producing preshaped
blanks to subsequently machine a monolithic
structure when the required size of material can-
not be attained by other cost-effective means. For
example, Fig. 14.24 illustrates machining of 
a monolithic frame from a thick plate curved 
to first accommodate the final shape of the
structure.

FSP of Thick 6061-T6 Aluminum. Bend-
ing trials were performed by Mahoney et al.
using 25 mm thick 6061-T6 Al to illustrate the

ability to bend under plane-strain conditions to
very high bend angles, and secondly, to bend
very thick plate (150 mm) (Ref 72). A plate of
25 mm thick 6061-T6 Al was friction stir
processed to a depth of 6 mm. Prior to bending,
the top layer of material was milled to provide a
smooth surface, reducing the stir zone depth to
~3 mm.

Bending experiments were performed on as-
received plate and on friction stir processed
plates. For the 25 mm thick 6061-T6 plate,
approximately 230 mm (9 in.) wide, the as-
received plate failed at a bend angle of approxi-
mately 25°, while the friction stir processed plate
failed at approximately an 80° bend angle (Fig.
14.25). Deformation on the plate surface was
very close to plane strain, with 1% minor strain or
less in the center of the plates on the crown. The
increased ductility in the processed plate is due
primarily to a decrease in hardness in the outer
layer of material, resulting from the heat of 
processing. This is seen in the microhardness
plot shown in Fig. 14.26. Hardness test results
through the thickness in the 25 mm thick FSP
6061-T6 Al illustrate a 30 to 40% hardness de-
crease in the FSP zone, with a gradual increase in
hardness until parent-metal hardness is reached
near 12 mm penetration. No attempt was made
during FSP to minimize the heat input.

Tension tests comparing as-received 6061-
T6 Al and FSP 6061 Al illustrated the signifi-
cant extended ductility and considerable reduc-
tion in flow stress following FSP (Fig. 14.27).
To create specimens entirely of processed mate-
rial, specimens 4 mm (0.16 in.) thick were
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Fig. 14.23 Spiral raster pattern in 50 mm (2 in.) thick fric-
tion stir processed 7050-T7451 Al bent 16° at 

room temperature

Fig. 14.24 Schematic illustration of the need for a preshaped blank to machine a monolithic structure, for example, when the
necessary material thickness is not available

machined from a 25 mm (1 in.) thick plate that
had been processed to a depth of 5 mm (0.2 in.).

The thickness limits for room-temperature
bending, enhanced via FSP, are not known.
However, in a dramatic illustration of extreme-
thickness bending, Mahoney et al. demonstrated
the ability to bend 150 mm thick 6061-T6 Al
plate following FSP (Ref 72). For the 150 mm
thick 6061 Al, tool rotation rate was 500 rpm,
travel speed was 50 mm/min, tool penetration
depth was 25 mm, and the raster pattern fol-
lowed a spiral-out path. Figure 14.28 illustrates
FSP of this thick plate to a depth of 25 mm. 
This very thick plate was friction stir processed
using a circular path, with the advancing side 

on the interior. Following FSP, ~6 mm was
machined from the FSP surface to eliminate
flash and other surface discontinuities associ-
ated with FSP. Thus, prior to bending, the depth
of processed material was ~19 mm (0.75 in.).
Again, the FSP penetration depth was not opti-
mized, and it is likely that a more shallow depth
could also provide enhanced room-temperature
bending. Unprocessed material was bent to
approximately 8°, at which time the tensile sur-
face demonstrated an “egg-crate” appearance
with small microcracks. In comparison, the FSP
6061 Al was bent to 30° (limit of the bending
die) and still maintained a smooth surface, with
no evidence of surface or subsurface cracking
(Fig. 14.29).

14.3 Casting Modification

Cast components are widely used because
they provide a cost-effective manufacturing path
for complex shapes and unitized substructures.
The Al-7wt%Si-Mg alloys with magnesium con-
tents in the range of 0.25 to 0.65 wt% (A356 and
A357 alloys) are popular in the aerospace and
automobile industries, because they offer a com-
bination of high achievable strength (Ref 74–76)
with good casting characteristics (Ref 77). How-
ever, the mechanical properties of cast alloys, in
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Fig. 14.25 Plane-strain bending in 50 mm (2 in.) thick 6061-T6 Al. (a) Parent metal bent to 27°, with cracks initiating on the ten-
sile surface. (b) Friction stir processed 6061-T6 Al bent to 85° without cracking. Circle grid analysis of the surface 

strains showed that the negative minor strain at the crown was less than 1%.

Fig. 14.26 Microhardness through the thickness in 25 mm (1.0 in.) thick 6061-T6 Al following friction stir processing (FSP). The
hardness in the 3 mm (0.12 in.) deep processed zone is uniform but then gradually increases through the thickness of 

the plate until the base-metal hardness is reached.

particular, toughness and fatigue resistance, are
limited by three drawbacks, that is, porosity,
coarse acicular silicon particles, and coarse pri-
mary aluminum dendrites (Ref 78–81). Various
modifications and heat treatment techniques
have been developed to refine the microstructure
of cast aluminum-silicon alloys. The conven-
tional modification and heat treatment tech-
niques pursued earlier cannot effectively elimi-
nate porosity and redistribute the primary and
constituent particles uniformly into the matrix.
Therefore, a more effective modification tech-
nique is highly desirable for microstructural
modification of cast components to enhance

mechanical properties, in particular, ductility
and fatigue. Very recently, a number of studies
have reported the effectiveness of FSP for modi-
fication of cast microstructures (Ref 82–98).
Some of the microstructural results and resultant
mechanical behavior are reviewed subsequently,
with A356 Al alloy as an illustrative example.
Chapter 8 on copper alloys also highlights the
microstructural changes in a cast NiAl bronze
(Ref 82–84, 88, 89, 91, 93, 96), which are not
included in this section. The basic influence of
FSP on elimination of porosity and refinement of
microstructure should be applicable for most
metals and alloys.



328 / Friction Stir Welding and Processing

Fig. 14.28 Friction stir processing of 150 mm (6 in.) thick
6061-T6 Al using a spiral-out raster path with 

the advancing side on the interior.

Fig. 14.27 True stress-true strain tensile curves for base
6061-T6 and friction stir processed (FSP) 6061-

T6 (5 mm, or 0.2 in., depth of processing). The area under the
base-material curve is 29 MPa (4.2 ksi), while the area under the
FSP-material curve is 45 MPa (6.5 ksi).

Fig. 14.29 Friction stir processed (FSP) 150 mm (6 in.)
thick 6061-T6 Al bent to 30° without cracking, 

compared to parent metal reaching a bend limit of 7°

Microstructural Evolution in A356 Al
Alloy. The effect of FSP parameters (tool rota-
tion rate and traverse speed) on the microstruc-
tural evolution was examined. As shown in Fig.
14.30, lower tool rotation rates of 300 to 500
rpm resulted in generating FSP nuggets with a
macroscopically visible banded structure (Ref
97). While a high density of fine silicon parti-
cles was uniformly distributed in most of the
nugget zone, the banded zone was characterized
by a low density of coarse particles (Fig. 14.31).
The FSP at lower tool rotation rates did not
result in a complete dispersion of silicon parti-
cles throughout the whole nugget zone. By
comparison, at a higher tool rotation rate, a uni-
form microstructure with fine silicon particles
was created.

Figure 14.32 shows optical micrographs of
as-cast A356 (12.5 mm, or 0.5 in., plate) and
FSP A356 processed at 300 rpm for 0.85 mm/s
(0.03 in./s) (Ref 98). Typical needle-shaped sil-
icon particles were distributed within the as-cast
A356 microstructure (Fig. 14.32a). The FSP
resulted in the breakup of the needle-shaped sil-
icon particles (Fig. 14.32b). Both particle size
and aspect ratio are summarized in Table 14.3
for as-cast A356 and FSP A356 as a function of
process parameters. Clearly, both particle size
and aspect ratio were significantly reduced after
FSP. Silicon particles in FSP samples processed
at a lower tool rotation rate of 300 rpm exhibited
a smaller size than at a higher rotation rate of
700 rpm for both the standard threaded pin and
a trifluted pin.

Multiple FSP was reported on as-cast A356
plate using a triflute pin at a tool rotation rate of
700 rpm and a traverse speed of 3.4 mm/s (0.13
in./s) (Ref 95). Figure 14.33 shows the five-pass
FSP samples with 50% overlapping. Although
the cross section of the FSP sample shows flow
lines between various FSP passes, optical micro-
scopic examinations indicated that overlapping
passes did not significantly influence the size and
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Fig. 14.31 Optical micrographs showing (a) fine silicon particles in nugget center (region A in Fig. 14.30a) and (b) coarse silicon
particles in banded structure (region B in Fig. 14.30a) of friction stir processed A356 sample (processing parameter: 

300 rpm, 0.85 mm/s, or 0.03 in./s; sample was polished). Source: Ref 97

Fig. 14.30 Macrographs showing stirred zone in friction stir processed A356 using processing parameter combinations of (a) 
300 rpm, 0.85 mm/s (0.03 in./s), (b) 300 rpm, 1.7 mm/s (0.07 in./s), (c) 500 rpm, 0.85 mm/s, (d) 500 rpm, 1.7 mm/s,  

(e) 700 rpm, 1.7 mm/s, (f) 700 rpm, 3.4 mm/s (0.13 in./s), (g) 900 rpm, 1.7 mm/s, and (h) 900 rpm, 3.4 mm/s (samples were lightly
etched). Source: Ref 97
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Table 14.3 Size and aspect ratio of silicon particles in as-cast and friction stir processed (FSP) A356

Material Particle size, μm2 Aspect ratio

As-cast 7.28 ± 5.47 5.92 ± 4.34(a)
FSP—300 rpm/0.85 mm/s (standard tool) 2.84 ± 2.37 2.41 ± 1.33
FSP—700 rpm/3.4 mm/s (standard tool) 2.62 ± 2.31 1.93 ± 0.86
FSP—900 rpm/3.4 mm/s (standard tool) 2.55 ± 2.21 2.00 ± 1.01
FSP—1100 rpm/3.4 mm/s (standard tool) 2.51 ± 2.00 2.04 ± 0.91
FSP—300 rpm/0.85 mm/s (trifluted pin) 2.70 ± 2.26 2.30 ± 1.15
FSP—700 rpm/3.4 mm/s (trifluted pin) 2.48 ± 2.02 1.94 ± 0.88
FSP—900 rpm/3.4 mm/s (trifluted pin)-one pass 2.50 ± 2.04 1.99 ± 0.94
FSP—900 rpm/3.4 mm/s (trifluted pin)-two passes 2.43 ± 2.02 1.86 ± 0.78
FSP—1100 rpm/3.4 mm/s (trifluted pin) 2.44 ± 2.00 1.86 ± 0.81
FSP—300 rpm/0.85 mm/s (cone-shaped pin) 2.90 ± 2.46 2.50 ± 1.35
FSP—700 rpm/3.4 mm/s (cone-shaped pin) 2.86 ± 2.32 2.09 ± 0.90

(a) The average aspect ratio in the as-cast condition is much higher than the computer software-generated number because of an artifact in the image processing. Source:
Ref 85

Fig. 14.32 Optical micrographs showing the microstructure of (a) as-cast A356 12.5 mm (0.5 in.) thick plate, and (b) friction stir
processed A356 at 300 rpm for 0.85 mm/s (0.03 in./s). Source: Ref 98

Fig. 14.33 Macrograph of cross section of five-pass friction stir processed A356 sample (triflute pin, 700 rpm for 3.4 mm/s, or
0.13 in./s). Source: Ref 95
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Fig. 14.34 (a) Plot of nugget area as a function of pseudo-heat index. Notice the transition in the slopes of the two curves, sug-
gesting transition from a sticking friction condition to a sliding friction condition. (b) Plot of plunge force as a function 

of pseudo-heat index. Notice reduction in plunge load as the processing parameters go from sticking to sliding friction. Source: Ref 99

Table 14.4 Tensile properties of friction stir processed (FSP) A356 (12.7 mm, or 0.5 in., cast plate) at
room temperature (�. = 10–3 s–1)

As-received or as-FSP Aging (155 °C, or 310 °F, for 4 h)

Materials UTS(a), MPa YS(b), MPa Elongation, % UTS(a), MPa YS(b), MPa Elongation, %

As-cast 169 ± 10 132 ± 5 3 ± 1 153 ± 7 138 ± 6 2 ± 1
FSP—300 rpm/0.85 mm/s (standard pin) 205 ± 6 134 ± 5 31 ± 2 206 ± 6 137 ± 9 29 ± 2
FSP—700 rpm/3.4 mm/s (standard pin) 242 ± 6 149 ± 10 31 ± 1 247 ± 7 169 ± 10 28 ± 2
FSP—900 rpm/3.4 mm/s (standard pin) 266 ± 4 171 ± 6 32 ± 1 288 ± 5 228 ± 9 25 ± 2
FSP—1100 rpm/3.4 mm/s (standard pin) 242 ± 3 157 ± 3 33 ± 1 265 ± 2 205 ± 8 23 ± 5
FSP—300 rpm/0.85 mm/s (3A pin) 202 ± 5 137 ± 4 30 ± 1 212 ± 5 153 ± 20 26 ± 3
FSP—700 rpm/3.4 mm/s (3A pin) 251 ± 5 171 ± 14 31 ± 1 281 ± 5 209 ± 3 26 ± 2
FSP—300 rpm/0.85 mm/s (4A pin) 178 ± 2 124 ± 5 31 ± 4 175 ± 2 119 ± 6 32 ± 1
FSP—700 rpm/3.4 mm/s (4A pin) 256 ± 5 169 ± 3 28 ± 2 264 ± 4 203 ± 10 21 ± 1

(a) UTS, ultimate tensile strength. (b) YS, yield strength. Source: Ref 85

distribution of silicon particles. It appeared that
the size and distribution of silicon particles were
uniform throughout the whole processed zone.
Furthermore, porosity was eliminated within the
whole processed zone. Ma et al. (Ref 95) also
reported that the size and aspect ratio of silicon
particles in various regions are quite similar,
indicating that the overlapping FSP did not result
in further breakup of silicon particles. Further-
more, the size and aspect ratio of silicon particles
in various regions for the five-pass FSP sample
were in good agreement with those achieved for
the single-pass FSP sample.

Sharma and Mishra (Ref 99) have examined
the effect of parameters on nugget shape and
area of FSP in A356. Figure 14.34(a) shows a
plot of nugget size as a function of pseudo-heat

index. The nugget size varies with processing
parameters. The nature of these curves indicates
that during FSP the friction condition between
the shoulder and the workpiece varies as a func-
tion of processing parameters. It is believed that
the friction between the tool and workpiece
changes from sticking friction to sliding friction
with increasing heat input. This also has an
influence on loads during processing. Initial
results suggest that in the presence of sliding
friction, process loads are lower when com-
pared to the sticking friction condition, as can
be seen in Fig. 14.34(b).

Influence of FSP on Mechanical Proper-
ties. Mechanical properties of FSP A356 sam-
ples have been reported by Ma et al. (Ref 85, 86)
and Santella et al. (Ref 92, 94). To investigate
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Fig. 14.35 Appearance of failed specimens. (a) As-cast A356 (12.5 mm, or 0.5 in., cast plate). (b) Friction stir processed A356
(triflute pin, 700 rpm for 3.4 mm/s, or 0.13 in./s)

the effect of heat treatment on tensile properties,
FSP samples were subjected to post-FSP natural
aging (room temperature for one month), post-
FSP artificial aging (room temperature for one
month + 155 °C, or 310 °F, age for 4 h), and a
standard T6 (540 °C, or 1000 °F, solution treat-
ment for 4 h, room-temperature water quench,
and 155 °C age for 4 h) (Ref 85). Table 14.4
summarizes the effect of FSP parameters and
heat treatment on the tensile properties of FSP
A356. For the post-FSP natural-aged condition,
in general, with increasing tool rotation rate as
well as traverse speed, the strength of the FSP
A356 increases and ductility decreases. Maxi-
mum strength is observed for this sample
processed at 700 rpm and 3.4 mm/s. Post-FSP
artificial aging also tends to increase the yield
strength of FSP samples and decrease the duc-
tility. The T6 heat treatment significantly
increases the strength of FSP samples. Again,
the sample processed at 700 rpm and 3.4 mm/s
exhibits the optimal strength for the T6 condi-
tion. Compared to an as-received T6 A356 cast-
ing, FSP A356 samples exhibit significant
increases in tensile strength while retaining the
same ductility. Table 14.4 shows that higher
tool rotation rates produce better tensile proper-
ties. At a lower tool rotation rate of 300 rpm, the
tool geometry did not affect the tensile proper-
ties of FSP A356. However, at a higher tool
rotation rate of 700 rpm, the triflute pin pro-
duces a higher strength than the standard pin,
but ductility was not influenced. The aging
treatment resulted in an increase in the strength
of the FSP A356, in particular, yield strength,

and a decrease in ductility. Figure 14.35 shows
the appearance of failed tensile specimens. For
as-cast A356, no necking occurred. The fracture
propagates along the needle-shaped silicon par-
ticle/matrix interfaces. For the FSP specimen,
obvious necking can be observed, indicating
good plasticity.

Tensile properties of multiple-pass FSP A356
using minitensile specimens were established.
The tensile properties in various microstructural
regions are summarized in Fig. 14.36. For the as-
FSP condition, the following observations can be
made. First, the strength and ductility of the tran-
sitional zones, locations where the microstruc-
ture indicates overlapped passes, are slightly
lower than those of center locations in the rem-
nant nugget. Second, the strength of both the
nugget and transitional zones decreases with
increasing distance from the fifth-pass (last pass
in this case) processed zone. Third, both strength
and ductility of the fifth-pass FSP nugget zone
are similar to those achieved in a single-pass FSP
sample. These results suggest that in the as-
processed condition, additional thermal cycles
associated with subsequent FSP lowers the
strength by 5 to 10%. For the T6-treatment condi-
tion, both strength and ductility are scattered
within a band for the various microstructural
zones, and no systematic variation is observed.
However, the five-pass FSP sample, in various
microstructural regions, exhibits increases in
both strength and ductility, which compares
favorably with results achieved in a single-pass
FSP sample. This indicates that multiple-pass
FSP with 50% overlapping is a feasible route to
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Fig. 14.36 Effects of multipass friction stir processing
(FSP) welds on mechanical properties. No sig-

nificant change in percent elongation was observed. Note that
the oval regions indicate properties in the transition region of
the multipass FSP sample. UTS, ultimate tensile strength; YS,
yield strength

perform microstructural modification to cover
larger regions of aluminum castings.

The tensile properties in the HAZ are equiva-
lent to or lower than those of the as-received
parent material, and the tensile and yield
strengths decrease with increasing distance
from the FSP zone boundaries (Fig. 14.37). In
the HAZ, as expected, FSP did not break up the
coarse silicon particles and aluminum dendrites,
and conversely led to a coarsening of precipi-
tates. In the HAZ, FSP did not result in an
improvement in mechanical properties but actu-
ally resulted in a decrease. Control of micro-
structure in the HAZ during FSP will be critical
for achieving mechanical properties equivalent
to or better than the starting material.

Figure 14.38 illustrates fatigue results for
A356 plates before and after FSP (Ref 87, 99).
For processed plates, the samples were machined
completely from the stir zone. The arrows in Fig.
14.38 indicate specimens that did not fail. As
shown, the fatigue strength threshold stress
increased by >80% after FSP. This fatigue
strength improvement is attributed to both a
reduction in silicon particle size and reduced
porosity volume fraction. The fatigue life, Nf, has
been related to the positive component of cyclic
stress, �*, and the pore size, a0, by:

�* =C(a0Nf)
–1/m (Eq 14.3)

where m is the Paris exponent for fatigue crack
growth, and C is a constant that depends on the
Paris pre-exponential constant and on the pore
shape and position. From the previous analysis,
it was concluded that fatigue life is influenced
more by the size of the largest pore rather 
than porosity volume fraction or mean pore size.
In addition to porosity, fracture characteristics
of Al-Si-Mg castings are influenced by size, 
orientation and local distribution of silicon 
particles, as well as by the silicon-matrix inter-
face strength. As stated by Lee et al. (Ref 100),
fatigue failure in A356 occurs in four stages,
including crack initiation at silicon or second-
phase particles, crack growth, crack propaga-
tion across the aluminum-silicon matrix via
linkage of microcracks generated as a result of
decohesion and/or particle cracking, and high
rate of crack growth, eventually leading to frac-
ture of the aluminum matrix. Larger silicon par-
ticles present in the as-cast material accelerate
crack nucleation due to stress-concentration
effects. Murakami and Endo (Ref 101) have
proposed the following equation for the fatigue
limit in metals with three-dimensional defects:

(Eq 14.4)

where �W is the fatigue limit (MPa), A is the area
obtained by projecting a defect or a crack onto
the plate perpendicular to the maximum tensile
stress (mm2), and HV is Vickers hardness (kgf
mm–2) between 70 to 720 HV. Based on this
equation, a 30% reduction in particle size alone
would contribute to a 25% improvement in the
fatigue limit. The FSP significantly refines the
microstructure, leading to a homogeneous distri-
bution of smaller silicon particles with smaller
aspect ratios when compared to the as-cast
microstructure. This refined microstructure also
leads to increased plastic deformation in the alu-
minum matrix during cyclic crack tip propaga-
tion, resulting in a concurrent increase in crack
energy dissipation and a consequent increase in
crack growth resistance. Plastic deformation
during fatigue leads to crack nucleation, either
by separation of the silicon-aluminum interface,
or by particle cracking, or both.

Crack growth studies were conducted using
compact tension specimens machined from cast
A356 and compared with friction stir processed
regions (Ref 99). Figure 14.39 shows a compar-
ison between the crack growth rates (da/dN) of
different samples. To achieve similar crack

sw �
1.431HV � 120 2
11A 2 1>6
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growth rates in FSP A356, compared to cast
A356, a greater than 36% increase in load is
required. Also, the friction stir processed alloy
follows region II in the da/dN versus stress-
intensity range (�K) plot at higher �K values.
The slower crack growth rates in FSP A356 are
attributed to the finer microstructure developed
during FSP. Results from tests conducted at
higher stress ratios indicate that crack closure is
the dominant mechanism in increasing crack
growth resistance in FSP samples in the thresh-
old region (Ref 99).

The upper limit of the crack-driving force
was assumed to be the “pseudo”-fracture tough-
ness of the materials. Because the compact ten-
sion specimens in this study did not meet the
plane-strain fracture toughness requirements of
ASTM E 399, the measured fracture toughness
values are referred to as pseudo-fracture tough-
ness. Pseudo-fracture toughness was deter-
mined using the crack length and critical load 
at the onset of unstable fracture. The pseudo-
fracture toughness is only slightly influenced by 
the T6 heat treatment for the as-cast A356,
while FSP samples show higher toughness than
cast A356 samples (Table 14.5). The pseudo-
fracture toughness of FSP samples improved by
over 30% when compared to cast samples, and
in the T6 condition, FSP samples showed >50%
improvement in toughness.

In summary, the FSP of aluminum castings
significantly improves properties, including:

• Strength increases by more than 25% in the
T6 condition.

• Ductility increases by 3 to 10 times in various
thicknesses.

• Fatigue life increases by many orders of mag-
nitude, and fatigue stress increases by ap-
proximately two times.

• Toughness increases by 50%.

The implementation of FSP technology to
enhance castings can lead to weight reduction in
castings, performance and/or life enhancement
of castings, and substitution of forgings with
FSP-modified castings.

14.4 Modification of Fusion Welds for
Increased Fatigue Resistance

It will not be possible to friction stir weld all
aluminum structures and reap the benefits of

Fig. 14.37 Variation in tensile properties with distance
from the nugget in the heat-affected zone for 

friction stir processed A356 (solid symbol for triflute pin, 700
rpm for 203 mm/min, or 8 in./min; open symbol for standard
pin, 900 rpm for 203 mm/min). UTS, ultimate tensile strength;
YS, yield strength
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Fig. 14.38 Plot of fatigue lifetime versus maximum stress
for as-cast and friction stir processed (FSP) 

A356 samples. Source: Ref 87, 99

Fig. 14.39 Crack growth rates in A356 under various pro-
cessing conditions at stress ratio R = 0.1. 

Source: Ref 99

Table 14.5 Comparison of pseudo-fracture
toughness of A356 under various processing
conditions

Cast Cast + T6 FSP(a) FSP + T6

KQ(MPa �m) 14.6 ± 2 15.8 ± 4 19.5 ± 1 24.4 ± 1

(a) FSP, friction stir processing

this solid-state process. For example, large
structures, locations inaccessible to a friction
stir system, and very thick plate would be diffi-
cult to friction stir weld. However, eventually, it
may be possible to friction stir process the sur-
face of fusion welds using a portable system. By

friction stir processing the surface, a cast fusion
weld microstructure will be converted to a fully
recrystallized, fine grain, and weld defects near
the surface will be eliminated. Potential benefits
include both increased corrosion resistance and
fatigue life. The following illustrates an exam-
ple whereby the crown or toes of a fusion weld
are friction stir processed and subsequent
fatigue life increased.

Past research on structural aluminum alloys
demonstrated lower fatigue resistance in gas
metal arc welds (GMAW) when compared to
base-metal (BM) properties (Ref 102, 103).
Fatigue behavior of GMAW can be accommo-
dated by increasing the reinforcement at the arc
weld location, thereby increasing component
weight. However, there is an emphasis to
decrease the cost or weight of a given structure.
Friction stir processing is a technique that pro-
duces local microstructural modification, and
when applied to GMAW, improves the micro-
structure and corresponding mechanical proper-
ties at the weld toe and crown locations (Ref 104,
105). Reasons commonly cited for lower fatigue
resistance of full-penetration GMAW include a
weaker filler metal than the BM (an under-
matched weld); defects within the weld nugget,
such as solidification porosity; and stress con-
centrations at the weld bead (Ref 106, 107).
Stress concentrations at the weld toe are the most
important factor influencing the fatigue behavior
of aluminum GMAW; thus, removal of the weld
bead increases fatigue resistance (Ref 108).

Referring to the work of Fuller et al., gas
metal arc welds were produced on 6 mm thick
5083-H321 Al plates with automated metal
inert gas welds operating at 180 A, 26 V, and a
head travel speed of 22.8 cm min–1 (Ref 104,
105). Two different FSP approaches were
examined, including weld toe FSP and weld
crown FSP. The weld toe is defined as the inter-
face between the arc weld nugget and BM on
the top surface. Weld toe FSP was performed
with a small tool containing an 11 mm (0.4 in.)
diameter shoulder and a 3 mm (0.12 in.) long
conical probe (6.35 mm, or 0.25 in., diameter
tapering to 4.6 mm, or 0.18 in.) operating at
1600 rpm and 40.6 cm · min–1. This tool tra-
versed along each of the two arc weld toes for a
total of two FSP passes per plate. Weld crown
FSP used a probeless 28.6 mm (1.13 in.) diam-
eter scrolled shoulder tool operating at 400 rpm
and 20.3 cm · min–1 and was traversed across the
arc weld crown in a single pass. All FSP tools
were operated with counterclockwise rotation,
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with the Z-axis in position control, and were
manufactured from MP159 alloy. Figure 14.40
illustrates the four FSP approaches evaluated,
that is, as-arc welded, weld toe FSP with arc
weld nugget on the advancing side of the tool,
weld toe FSP with arc weld nugget on the
retreating side of the tool, and weld crown FSP.
Metallography illustrates the fusion weld
microstructures, both before and after the dif-
ferent FSP procedures (Fig. 14.41).

Transverse tensile property results of 5083-
H321 Al/5356 Al GMAW as a function of FSP
approach were established using microtensile
samples and are listed in Table 14.6 (Ref 105).
As-welded 5083-H321/5356 Al had the lowest
strength values and elongation. Both FSP
approaches were observed to provide small
increases in the yield strength and tensile
strength, and significant increases in elongation
of GMAW 5083-H321/5356 Al. The 5083-

H321 Al BM tensile properties are higher than
any of the experimental strength data (Ref 109).
The strength differences are due to a reduction
in strain hardening as a result of thermal expo-
sure produced from GMAW and FSP.

Figure 14.42 presents four-point bending fa-
tigue results for the arc-welded, weld crown FSP,
and weld toe FSP, with the arc weld on the
retreating side, where the number of cycles to
failure are plotted as a function of the maximum
applied load. All specimens were orientated such
that the crown surface was in tension. The as-arc-
welded approach has the lowest four-point bend-
ing fatigue resistance. The addition of FSP
improves the four-point bending fatigue resis-
tance, with no significant difference in fatigue
resistance as a function of FSP approach. The as-
arc-welded sample loaded to 60 kg failed after
6.7 × 105 cycles, but none of the friction stir
processed samples loaded to 60 kg failed, even
after 1.4 × 107 cycles. This fatigue improvement
represents greater than a 20 times improvement
in fatigue life. A runout specimen (no failure
after 107 cycles) for the as-arc-welded condition
was reached at 46 kg, while the friction stir
processed conditions produced runouts at 60 to
61 kg, a 30% increase in applied load.

Chapter 8 in this volume presents FSP of cop-
per alloys, including NiAl bronze, an alloy fre-
quently used to fabricate ship propellers. Data in
Chapter 8 show mechanical and fatigue proper-
ties to be improved considerably by FSP. How-
ever, as shown previously for an aluminum alloy,
the need may arise to friction stir process a prior-
fusion repair within an NiAl bronze propeller.
Thus, studies were initiated to evaluate proce-
dures and properties for this unique combination
of prior processing. Fusion welds were made at
the Naval Surface Warfare Center, Carderock
Division, using standard Navy weld procedures
for NiAl bronze. Figure 14.43 illustrates a multi-
pass 12.7 mm (0.5 in.) penetration fusion weld
using Ampcotrode 46 weld wire of composition
8.5–9.5Al, 3.0–5.0Fe, 0.6–3.5Mn, 4.5 Ni, bal
Cu, with typical elongation of 23%. A typical
fusion weld defect is shown on the left side
(arrow), which appears to be associated with the
interface between passes. The microstructure in
the fusion zone is a fine Widmanstätten (Fig.
14.44). This fusion weld was friction stir pro-
cessed without removing the weld crown. The
FSP parameters included a step-spiral 12.7 mm
(0.5 in.) deep Densimet tool at 1000 rpm and 
102 mm/min (4 in./min), with 6.4 mm (0.25 in.)
translation between passes.

Fig. 14.40 Schematic of friction stir processing (FSP)
approaches in relation to the arc weld nugget. 

(a) Weld toe FSP with arc weld nugget on advancing side of tool.
(b) Weld toe FSP with arc weld nugget on retreating side of tool.
(c) Weld crown FSP
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Fig. 14.41 Light macrographs of 5083-H321 Al/5356 Al arc weld in the following conditions: (a) as-arc welded, (b) weld toe fric-
tion stir processing (FSP) with arc weld nugget on advancing side, (c) weld toe FSP with arc weld nugget on retreat-

ing side, and (d) weld crown FSP. Different microstructural regions within the micrographs are indicated by: (1) arc weld nugget (5336
Al), (2) base metal (5083-H321 Al), and (3) fine-grain FSP. The arrow in (a) indicates porosity within the arc weld nugget, and the boxes
in (d) indicate the locations of microtensile specimens. For all macrographs, the right side is the advancing side of the FSP tool, and
tool travel is into the page.

Figure 14.45(a) shows a cross section of the
microstructure following FSP. The microstruc-
ture following FSP is mixed, including regions
of fine grain and regions where a composite of
morphologies is found, including both fine grain
and Widmanstätten (Fig. 14.45b). Average ten-

sile properties (six samples) for the longitudinal
orientation include a yield strength of 415 MPa
(60 ksi), tensile strength of 760 MPa (110 ksi),
and elongation of 28%. From this brief study of
FSP over a fusion weld in NiAl bronze, the fol-
lowing conclusions are made:
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Fig. 14.44 Fine Widmanstätten microstructure in the
fusion zone of the weld shown in Fig. 14.43

• FSP eliminates fusion weld defects.
• FSP creates a mixed microstructure of fine

grains and Widmanstätten.
• Mechanical properties in the FSP zone, lon-

gitudinal direction, are excellent.

14.5 Corrosion Resistance in Friction
Stir Processed Sonoston

Friction stir processing was applied to cast
Sonoston, a 52Mn-4Al-3Fe-1.5Ni-39Cu alloy
used in a seawater environment when high damp-
ing is required, to improve corrosion resistance
(Ref 110). The cast Sonoston microstructure is
relatively coarse and suffers from selective cor-
rosion. Friction stir processing was evaluated to
determine if refining the microstructure could
increase corrosion resistance. In Sonoston, a
variety of microstructures are created by FSP
(Fig. 14.46). For FSP material (~0.1 mm, or
0.004 in., below the FSP surface) with a refined
Widmanstätten microstructure, dealloying in
seawater for 24 h at –200 mV occurred to similar
depths to as-cast material. However, for the FSP
material, much more severe cracking (delamina-
tion parallel to the surface as well as normal to the
surface) occurred, and surface layers flaked off
readily (Fig. 14.47). Specimens with surfaces
exhibiting a very fine-grained microstructure (~4
mm below the original FSP surface) were also
dealloyed and cracked to a similar depth after
exposure to seawater for 24 h at –200 mV.

After stress-relieving heat treatments, the
depths of dealloying for the refined FSP micro-
structures were substantially reduced compared
with the coarse as-cast structure. For the fine

Table 14.6 Tensile properties of arc-welded
5083/5356 Al as a function of friction stir
processing (FSP) modification

FSP approach YS(a), MPa UTS(b), MPa Elongation, %

As-GMAW(c)(d) 117 ± 1 259 ± 8 10.8 ± 3.1
Weld toe FSP(c) 132 ± 8 275 ± 11 15.8 ± 1.0
Weld crown FSP(c) 125 ± 1 283 ± 11 19.5 ± 6.2
5083-H321 228 317 16

(a) YS, yield strength. (b) UTS, ultimate tensile strength. (c) Each value repre-
sents the average of three samples. (d) GMAW, gas metal arc welded

Fig. 14.42 Four-point bending fatigue results as a function
of friction stir processing (FSP) approach

Fig. 14.43 Micrograph illustrating a multipass 13 mm (½
in.) penetration fusion weld using Ampcotrode 

46 weld wire of composition 8.5–9.5Al, 3.0–5.0Fe, 0.6–3.5Mn,
4.5Ni, bal Cu; typical elongation = 23%
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Fig. 14.45 (a) Cross section showing the macrostructure following friction stir processing (FSP) of the fusion weld shown in Fig.
14.43. (b) Mixed microstructure following FSP, including regions of fine grain and regions where a composite of mor-

phologies is found, including both fine grain and Widmanstätten

Fig. 14.46 Optical micrographs of Sonoston. (a) As-cast. (b) After friction stir processing (FSP) near surface, showing Wid-
manstätten morphology. (c) After FSP, showing the fine-grained region

Widmanstätten microstructure just below the
FSP surface, stress relieving for various times
and temperatures showed that 8 h at 500 °C 
(930 °F) or 2 h at 600 °C (1110 °F) were required
for improved corrosion resistance. For speci-
mens with the fine-grained region at the surface,
24 h at 450 °C (840 °F) was sufficient to dramati-
cally decrease the depth of dealloying to only 

5 to 10 μm (Fig. 14.48). The stress-relief heat
treatments appeared to have little effect on 
the depth of dealloying for the coarse as-cast
microstructures.

The stress-relieved and refined FSP micro-
structures have shallower dealloyed layers than
the coarse as-cast microstructures, because de-
alloying is confined to manganese-rich regions
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Fig. 14.48 Optical micrographs of unetched sections normal to surfaces with cubic boron nitride friction stir processed (FSP) fine-
grained globular structures, and adjacent as-cast structures dealloyed for 24 h at –200 mV (versus saturated calomel 

electrode) for specimens stress relieved for 24 h at 450 °C (840 °F). (a) FSP zone and adjacent as-cast zones at low magnification. (b)(c)
FSP zones and adjacent zones at a higher magnification

Fig. 14.47 Optical micrographs of unetched sections normal to the surface of specimens with the cubic boron nitride friction stir
processed fine Widmanstätten microstructure dealloyed for 24 h at –200 mV in seawater. (a) At low magnification, 

showing heavily cracked dealloyed layer. (b) At high magnification, showing dealloyed manganese-rich areas and uncorroded 
copper-rich areas
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that are connected to the surface, and such
regions occur to shallower depths following FSP.
However, when high residual tensile stresses are
present (created by FSP), stress-corrosion crack-
ing occurs through the copper-rich areas, thereby
allowing the environment to penetrate to man-
ganese-rich areas not otherwise connected to the
surface, so that dealloying continues to occur.

14.6 Friction Stir Processing for
Surface Composite Fabrication and
Microstructural Homogenization

Compared to unreinforced metals, metal-
matrix composites (MMCs) reinforced with
ceramic phases exhibit high strength, high elas-
tic modulus, and improved resistance to wear,
creep, and fatigue. These properties make
MMCs promising structural materials for aero-
space and automobile industries. However,
MMCs also suffer from a great loss in ductility
and toughness due to incorporation of nonde-
formable ceramic reinforcements, and they are
relatively costly. These restrictions limit their
wider application. For many applications, the
useful life of components often depends on sur-
face properties such as wear resistance. In these
situations, only the surface layer needs to be
reinforced by ceramic phases, while the bulk of
the component should retain the original com-
position and structure with higher toughness.
There is also an emphasis on added functional-
ity. For example, a structural component can be
designed to serve additional nonstructural func-
tions. This approach has the possibility of inte-
grating subsystems.

In recent years, several surface-modification
techniques, such as high-energy laser melt treat-
ment (Ref 111–118), high-energy electron
beam irradiation (Ref 119), plasma spraying
(Ref 120), cast sinter (Ref 121, 122), and cast-
ing (Ref 123), have been developed to fabricate
surface MMCs. Among these techniques, the
laser melt treatment (also called laser process-
ing or laser surface engineering) is widely used
for surface modification. During this process, a
laser beam melts the surface of the substrate
along with the deposited material, usually either
carbide powder (SiC, TiC, or WC) or a combi-
nation of carbide powders and a binding mate-
rial (cobalt, aluminum, or nickel). The coating

material is either predeposited (or preplaced) or
injected through a specific nozzle, with simulta-
neous laser beam radiation. In the injection
technique, the powder material to be deposited
is carried through a nozzle by a carrier inert gas
to the surface to be treated, where it is incorpo-
rated into the laser surface melted pool.

Pantelis et al. (Ref 112) and Hu et al. (Ref
113, 114) created surface Al-SiC composites by
means of laser processing techniques. Further-
more, Hu et al. (Ref 115) overlapped laser
tracks on the aluminum alloy, creating a contin-
uous surface Al-SiC composite. The thickness
of the surface composite layer was limited to 30
to 50 μm when SiC particles were preplaced on
the substrate (Ref 113), whereas a thickness of
up to ~450 μm was obtained for the particle
injection technique (Ref 111). The SiC particles
were uniformly distributed in the surface layer,
and the surface composite exhibited high micro-
hardness and excellent wear resistance com-
pared to untreated material. Pantelis et al. (Ref
112) reported a partial reaction of some SiC par-
ticles with the aluminum matrix, whereas Hu et
al. (Ref 113–116) revealed partial dissolution of
the SiC particles in the liquid, with subsequent
reprecipitation during solidification forming a
new Al-SiC during laser processing.

The existing processing techniques for form-
ing surface composites are based on liquid-
phase processing at high temperatures. In this
case, it is hard to avoid an interfacial reaction
between the reinforcement and metal matrix
and the formation of some detrimental phases.
Furthermore, critical control of processing
parameters is necessary to obtain the ideal solid-
ified microstructure in the surface layer. Obvi-
ously, if processing of a surface composite is
carried out at temperatures below the melting
point of the substrate, the problems mentioned
previously can be avoided. In the last five years,
attempts have been made to use FSP to incorpo-
rate ceramic particles into the surface layer of
aluminum alloys to form a surface composite
(Ref 124–133), as well as to modify the powder
metallurgy processed alloys and composites
(Ref 59, 134–139).

Localized surface modification can be a
very powerful tool to achieve the right combi-
nation of properties, that is, a gradient of prop-
erties within a monolithic structure. The poten-
tial exists to broaden design possibilities using
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Table 14.8 Summary of surface modification and in situ composite efforts

Material system Remarks

5083 Al-SiC (Ref 124) SiC particles were put on the surface and stirred into the matrix.
A356 Al-SiC (Ref 125) SiC particles were put on the surface and stirred into the matrix.
7050 Al-WC (Ref 126) WC particles were put on a machined surface slot and stirred.
1100 Al-SiO2 and TiO2 (Ref 127) Introduced the concept of reaction processing during FSP. The reaction product was placed 

subsurface with a three-layer setup and friction stir processed.
7050 Al and 6061 Al-WC, SiC, Powders were placed in subsurface drilled holes. The hole geometry provided good control of the 

Al2O3, MoS2, Fe, Zn, Cu (Ref 128) volume fraction. A number of ceramic and metallic phases were explored, including a
combination of SiC and MoS2.

AZ61-SiO2 (Ref 129, 130) Distributed nanoparticles by using repeated runs
Al-SWCNT (Ref 131) Demonstrated the survivability of single-wall carbon nanotubes (SWCNT) during friction stir 

processing. The nanotubes were placed subsurface by drilling a hole from the top 
and using a plug.

AZ31-MWCNT (Ref 132) Multiwall carbon nanotubes (MWCNT) were distributed in a magnesium alloy.
Al-NiTi (Ref 133) Shape-memory alloy (NiTi) was distributed using the hole method without any interfacial reaction 

with aluminum.

MMC surfaces. Some examples of properties
that can be influenced are listed in Table 14.7. A
number of these approaches require particles of
a stoichiometric nature. The properties of these
particles can degrade or change if they undergo
chemical reaction with the matrix. The short
thermal cycle and relatively low temperature
during FSP can help to avoid or eliminate reac-
tion products. Table 14.8 provides a summary
of various efforts to date (Ref 124–133). The
initial results are very encouraging and clearly
demonstrate the viability of FSP.

Figures 14.49(a) and (b) show examples of
SiC distributed using the surface-addition
method (Ref 124, 125). The uniform SiC distri-
bution is demonstrated, and a reaction and
defect-free composite/matrix interface illus-
trated. Figure 14.49(c) shows the fracture surface

of a single-wall carbon nanotube/aluminum
composite tested in tension (Ref 131). The sur-
vivability following large processing strains and
the thermal cycle is noteworthy. This illustrates
the possibility of developing sensors and actua-
tors by locally embedding functional particles. In
another attempt to embed functional particles,
Dixit et al. (Ref 133) have observed clean Al-
NiTi interfaces after FSP (Fig. 14.49d).

Processing of Powder Metallurgy Alloys.
Powder metallurgy processed aluminum alloys
suffer from three major microstructural prob-
lems that limit their full potential: prior-particle
boundaries with an aluminum oxide film,
microstructural inhomogeneity, and remnant
porosity. These microstructural features partic-
ularly hamper the ductility in very high-strength
aluminum alloys. Berbon et al. (Ref 59, 134)

Table 14.7 Some examples of properties that can be tailored by localized surface modification

Property Approach

Elastic modulus Addition of ceramic particles or intermetallic particles
Wear resistance Addition of second-phase particles and microstructural refinement can enhance wear properties.
Fatigue Addition of shape-memory particles can alter the residual stresses, thereby influencing the

fatigue properties.
Magnetic Magnetic particles can be added in local regions to obtain magnetic properties in otherwise 

nonmagnetic materials.
Electrical conductivity Second-phase additions can be used to enhance or lower the electrical conductivity.
Thermal conductivity Second-phase particles can be used to enhance or lower thermal conductivity based on the 

thermal conductivity of matrix and reinforcement.
Damping Shape-memory particles and piezoelectric particles can be added to enhance the damping 

capabilities.
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Fig. 14.49 Optical micrograph showing (a) uniform distribution of SiC particles (~15 vol%) in A356 matrix, and (b) perfect bond-
ing between surface composite and aluminum alloy substrate (600 rpm rotation rate and 6.4 mm/min, or 0.25 in./min, 

traverse speed). Source: Ref 125. (c) SEM image showing single-wall carbon nanotube bundles on the fracture surface of a friction stir
processed aluminum matrix. Source: Ref 131. (d) SEM image showing uniformly distributed NiTi particles in aluminum matrix. Source:
Ref 133

have shown that FSP can be used as a homoge-
nization tool. Figure 14.50 shows the micro-
structural difference in an Al-Ti-Cu alloy
processed by extrusion and by FSP. The FSP
microstructure is remarkably different from the
as-extruded microstructure. This leads to an
excellent combination of strength and ductility.
Spowart et al. (Ref 135). have highlighted the
effect of spatial heterogeneity on mechanical
properties. They used FSP to modify the homo-
geneity of three aluminum-matrix composites
produced with controlled inhomogeneity. 
Figure 14.51 shows the relationship between

homogeneous length scale and ductility in alu-
minum-matrix composites. Results clearly
demonstrate that FSP can be a very useful tool
to enhance the mechanical properties of high-
strength alloys and composites. Combining the
trends observed by various studies cited in this
section, the potential of FSP as a tool to create
homogeneous composites on a local scale can
be visualized. Designers and fabricators can
take this approach to design components and
subsystems that take advantage of localized
property enhancements to augment conceptual
design elements.
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Fig. 14.50 (a) Typical microstructure in the as-hot isostatic pressed condition. Dark regions consist of pure aluminum, gray
regions consist of fine intermetallics dispersed in an aluminum matrix, and light regions consist of coarse inter-

metallics in an aluminum matrix. (b) Typical as-extruded microstructure shows the same three microstructural features, now elongated
in the extrusion direction. (c) Typical microstructure observed in the friction stir processed nugget. The three different microstructural
features seen in the starting material have been homogenized. (d) Tensile tests of the friction stir processed material show excellent
strength and more than 10% ductility. Source: Ref 59

Fig. 14.51 Relationship between tensile elongation and
level of spatial heterogeneity, as characterized 

by the homogeneous length scale, LH
(0.01)
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CHAPTER 15

Future Outlook for Friction Stir 
Welding and Processing
Rajiv S. Mishra, Center for Friction Stir Processing 
University of Missouri-Rolla
Murray W. Mahoney, Rockwell Scientific Company

FRICTION STIR WELDING (FSW) has
made a significant impact on the welding com-
munity in a relatively short time, in terms of
both the volume of research activities and the
growing number of commercial applications.
Because of the significant benefits provided by
FSW, we believe growth will continue, and
likely at an accelerated pace. Currently, FSW is
much more developed than friction stir process-
ing (FSP). This is evident from the emphasis on
FSW in this book (Chapters 1 to 13), compared
to only one chapter (Chapter 14) on FSP. How-
ever, FSP is a very new concept, and although
directly linked to FSW, such a new and unique
metallurgical tool would be expected to take
longer to mature. Although FSP is in its infancy,
we believe both research and commercial appli-
cations will continue to grow, because consider-
able benefits will also be realized. 

In the first ten years of FSW, the technological
breakthroughs and early adoption by industry are
very evident. This has been accomplished with-
out recognized industry-wide standards. Further,
albeit considerable research has been completed
in this short time, a scientific fundamental under-
standing is still lagging. For our final thoughts,
we briefly outline four key areas we believe will
require considerable attention for continued and
efficient growth in applying FSW and FSP to
commercial structures.

15.1 Scientific Knowledge Gaps

As highlighted in Chapter 1, two key major
and fundamental aspects of FSW are still not

well understood: thermal input through fric-
tional heating and deformation, and material
flow and subsequent consolidation. These fun-
damental features of FSW remain controversial.
Chapters 3 and 10 highlight some modeling
aspects, and Chapters 4 to 9 present resultant
microstructures and properties. Data in these
chapters provide empirical observations but not
an understanding of the process itself. Even a
simple question such as “What is the friction
coefficient at the tool/material interface during
friction stir processes?” is difficult to answer
because of the number of variables and the
dynamic nature of the overall process. Without
a fundamental understanding, predicting the
resultant microstructure and defect-free nugget
for a given set of parameters will not be
achieved. A concerted effort is needed to
address the basic components of the process,
with subsequent integration into a complete
process description. Early in the incubation
years of FSW, we believed this new welding
procedure to be relatively simple. In fact, in
application, FSW is simple, but the metallurgi-
cal fundamentals that result in these remarkable
postweld properties have been found to be quite
complex.   

15.2 Lack of Process Specifications

Specifications or standards are the backbone
of consistency. Currently, a few professional
societies have technical committees entrusted
with developing FSW process specifications. In
addition, some large industries have generated
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their own welding specifications. However,
specifications have not yet emerged for general
use. Lack of process specifications is a consid-
erable barrier for industry-wide technological
implementation. A broader acceptance of FSW
will be feasible only after common specifica-
tions are readily available. This will also boost
confidence of potential new users who rely on
manufacturing supply chains for components
and subsystems. Development of specifications
is also a sign of a mature technology. 

15.3 Lack of Design Guidelines

The early adopters of a new technology are
generally technology enthusiasts who convince
the powers-to-be to adopt a new technology. In
reality, only a very small percentage of compa-
nies have the technical staff that can provide this
leadership role. Most companies run in a fol-
lower mode, and rightfully so. That is, they wait
until a significant number of technology adop-
tion cases emerge to lower the risk and uncer-
tainty. Further, the choice to implement a new
technology requires a risk-versus-reward deci-
sion. In circumstances where the new technology
is a concept-enabler, the leading companies are
willing to assume risk and pay the higher pre-
mium for a new technology. In the United States,
this was certainly the case for the National Aero-
nautics and Space Administration (NASA) and
Boeing for space applications. Most of the early
application examples are of technology pull,
where the new technology provided solutions to
well-recognized problems, shortcomings, or
achieved significant cost-savings. Chapter 13
highlights various applications where these ben-
efits were recognized and FSW was adopted.
However, for broader use, standard design
guidelines need to be developed to enable the
rapid introduction of new technologies, such as
FSW and FSP. Further, most information on new
technologies, such as FSW and FSP, is initially
scattered throughout the welding and metallurgi-
cal literature and within international technical
proceedings. Thus, a designer’s access to infor-
mation on new technologies is often not easy to

obtain or, from a practical perspective, even
impossible to obtain, especially for smaller
organizations. We hope this first reference vol-
ume on FSW/FSP will help to alleviate this 
information-access difficulty. 

15.4 Design and Designers: Education
and Implementation

This is an overlapping theme with the previous
topic. Designers design based on their knowl-
edge and experience, using the tools in their
“toolbox.” The development of concepts into a
formal design generally locks in the usable tech-
nology. Most often, designers specify the mate-
rial and process in the embodiment of the con-
cepts. The best chance to introduce a new
technology is for the designer to specify its use.
In practice, this requires visionary designers who
are not restricted and are allowed to explore the
limits beyond their comfort zone. In reality, the
practitioners of new technologies need to edu-
cate the designers of the possible benefits, and
they themselves understand the designer’s infor-
mation needs. This is not an easy or commonly
traveled path. As the knowledge of and comfort
with FSW increases and designers more fre-
quently implement this technology, the opportu-
nities for FSP will also increase. The research
community can help the process by building
demonstrative prototypes, establishing design
data, and presenting this information to new
audiences. In addition, engineering considera-
tions, such as reliability and statistical variance
of properties, need to be published to enhance
technology-push opportunities. At this time,
there is simply an insufficient quantity of hard
data available in the literature for many to
become comfortable with FSW and especially
FSP. Considerably more data are necessary. This
is a challenge for both the research and engineer-
ing communities. Finally, from a practical per-
spective, the cost and design of machines will
dictate the affordability of this technology. For
the widespread use of FSW and FSP, it is impera-
tive to develop low-cost machines and flexible
platforms.
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