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Preface to This Volume of Friction Stir Welding
and Processing Book Series

This is the fourth volume in the recently launched short book series on
friction stir welding and processing. As highlighted in the preface of the
first book, the intention of this book series is to serve engineers and
researchers engaged in advanced and innovative manufacturing techni-
ques. Friction stir welding was invented more than 20 years back as a
solid state joining technique. In this period, friction stir welding has
found a wide range of applications in joining of aluminum alloys.
Although the fundamentals have not kept pace in all aspects, there is a
tremendous wealth of information in the large volume of papers pub-
lished in journals and proceedings. Recent publications of several books
and review articles have furthered the dissemination of information.

This book is focused on joining of dissimilar alloys and materials,
an area that is getting a lot of attention recently; and friction stir weld-
ing promises to be a breakthrough technique for this as well. The
promise of friction stir welding for such joints lies in its ability to mini-
mize the extent of intermetallic formation in dissimilar metals. The
change in the flow behavior brings in additional challenges as well.
There are early successful examples of implementation of dissimilar
metal joining and hopefully this book will provide confidence to
designers and engineers to consider friction stir welding for a wider
range of dissimilar alloy and dissimilar metal joining. It will also serve
as a resource for researchers dealing with various challenges in joining
of dissimilar alloys and materials. As stated in the previous volume,
this short book series on friction stir welding and processing will
include books that advance both the science and technology.

Rajiv S. Mishra

Department of Materials Science and Engineering,
University of North Texas

February 16, 2015



Introduction

Humans and materials have flocked together since the humans have
roamed the earth. As a matter of fact, the influence of materials on
human civilization has been so profound, our progress is sometimes
described in terms of materials—stone age, copper age, bronze age,
and iron age. Industrial revolution was a major turning point in the
history of human civilization which propelled the development of new
materials. New materials enabled building of stronger and cheaper
artifacts used in a variety of situations such as ground, sea, and aero-
space transportation-related applications. The twentieth century wit-
nessed a phenomenal growth on the materials development front, and
designers of engineering structure were presented with a monumental
task of selecting an appropriate or a set of materials for a particular
component. On the one hand the availability of a wide spectrum of
materials allowed designers to be very creative with the design of any
component, on the other it posed a new set of challenges in terms of
integrating different types of materials in a single structure. Among
many, the assembly of components made of materials widely differing
in chemical, thermal, physical, and mechanical properties became a
challenge. For the majority of dissimilar materials, mechanical fasten-
ing is an appropriate choice. But the demand on high-performance
structures has shifted attention from mechanical joining such as rivet-
ing and bolting to welding. Although a great number of welding tech-
niques have been developed so far to deal with different types of
materials, the welding of dissimilar materials still remains a challenge.

1.1 EXAMPLES OF ENGINEERING SYSTEMS NEEDING
DISSIMILAR JOINTS

The need for joining dissimilar materials often arises in industrial appli-
cations due to demand for a wide variety of materials to impart complex
shape, different loading or performance conditions needed in different
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Figure 1.1 Material distribution of total vehicle curb weight in kilogram (Mayyas et al., 2012).

parts of the assembly such as high strength and corrosion resistance.
Materials have been the backbone for industry, and advanced light-
weight materials are essential especially for transportation industries to
improve fuel economy while maintaining or improving safety and per-
formance. Steels, owing to their attractive properties, recyclability,
matured state of the art, and relatively low cost, have historically been
the preferred choice for structural application in automotive industry.
However, it is becoming clear that not a single material can fit all appli-
cations. The multi-material concept including a hybrid of light metals is
now a trend for the automotive industry (Figure 1.1). With extra push
toward the use of light materials, the fraction of light materials includ-
ing polymer matrix composites is poised to increase in the near future.
Traditional steel components can be replaced or partially replaced with
lighter materials such as advanced high-strength steel, aluminum alloys
and polymer.

One area where dissimilar material joint is essential in a structure is
the fabrication of tailor-welded blank (Figure 1.2). A tailor-welded
blank consists of joining sheets of different materials and/or the same
material with different thicknesses, which is then submitted to a stamp-
ing process to form into the desired shape. Tailor-welded blanks are
primarily used in the automotive industry and offer a significant poten-
tial on weight reduction for applications such as side frames, doors,
pillars, and rails, because no reinforcement is required. The main
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Figure 1.2 Tailor-welded blanks for automotive application (http:/lautomotive.arcelormittal.comltailoredblanks/
TB_products/ Applications, last accessed on 01.12.15).

advantage of a tailor-welded blank is that it allows the joining of mul-
tiple pieces to fabricate much larger components as well as proper dis-
tributions of weight and material properties in the final stamped part
with a consequent reduction in weight and cost.

In addition to the body structure, there are also components and
devices in an automobile consisting of dissimilar material joints, such
as powertrain components. Figure 1.3 presents a turbocharger impeller
for high-efficiency gas and diesel engines. The impeller is made of
carbon steel and Inconel and welded by using electron beam. The dis-
similar material assembly enables the lightweight design as well as
superior performance.

Advanced materials, structures, and fabrication technologies are
needed to enable the design and development of advanced future
aircraft especially in airframe and propulsion systems. The high-
performance materials such as titanium alloy and nickel-based superal-
loy, and adaptive materials such as piezoelectric ceramics, shape
memory alloys, shape memory polymers, and carbon fibers, can only be
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Figure 1.3 (A) Turbocharger impeller made of carbon steel (shaft) and Inconel (impeller). (B) Magnified view
of the weld between shaft and impeller (htip:/www.ptreb.comlindustrieslautomotivelturbocharger_impeller weld-
ingl, accessed on 30.11.14).
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Figure 1.4 Aircraft engine with multifunctional materials ( Campbell, 2006 ).

used where they are essential. To integrate these materials into air-
frame and/or aircraft engine structures, development of joining and
integration technologies including metal to metal and metal to ceramic
is critical (Figure 1.4).
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Figure 1.5 A schematic diagram showing different parts of a pressurized light-water nuclear reactor and materials used in the construction (Zinkle and Was, 2013 ).
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Figure 1.5 shows a schematic of pressurized light-water nuclear
reactor showing the use of an array of different high-temperature
materials in the primary and secondary circuits including the reactor.
It is appreciated that materials with better performance would be
needed in reactors being designed for longer lifetime and superior
capability. Similar need is being felt in the development of ultra-
supercritical steam boilers expected to operate at 760°C and 35 MPa.
The current design allows boilers to operate at 620°C and 20 MPa
(Sridhar et al., 2011). Again, to meet increased expectation from the
materials will require not only development of materials with increased
performance but also development and use of advanced integration
technologies.

Above examples taken from various industries show that a wide
range of materials are needed for successful performance of engineer-
ing structures. A large number of components made of different mate-
rials are integrated to give rise to the final structure. A number of
engineering solutions are available to assemble subsystems and choice
of which depends on a number of factors including availability, cost,
and performance expected from the system.

1.2 CONVENTIONAL JOINING TECHNIQUES

Figure 1.6 shows a few commonly used joining techniques for similar
and dissimilar materials. Among all the advantages of welding include
cheaper and faster integration time, flexibility in design, weight sav-
ings, higher structural stiffness, high joint efficiency, air and water
tightness, and no limit on the width which can be welded together.
Conventionally both fusion welding and solid-state welding techniques
have been used to join dissimilar materials. Solid-state welding techni-
ques include friction stir welding (FSW), ultrasonic welding, explosion
welding, and diffusion welding. Brazing and soldering also have been
tried to create joints between dissimilar welds.

1.3 DISADVANTAGES OF CONVENTIONAL WELDING
TECHNIQUES FOR DISSIMILAR MATERIALS

Although the majority of the issues encountered in the dissimilar metal
welding using fusion welding techniques are present in solid-state
welded joints, it is less severe in solid-state welds. Some of the
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Figure 1.6 Various techniques used to join similar and dissimilar materials.
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Figure 1.7 A few issues commonly encountered in dissimilar metal welding using fusion and conventional fusion
welding techniques (*actually formation of brittle intermetallic phase is also found in solid-state welding; however,
it is less severe in solid-state welding than that in fusion welding).

advantages of the solid-state weld over fusion welds with regard to
similar welds still hold good during dissimilar material welding—for
example, the absence of porosity and less distortion during solid-state
welds. Due to high temperature during fusion welding compared to
solid-state welding, most of the time the use of filler material results in
a weld material where metallurgical characteristics, mechanical, and
physical properties are totally different from individual materials used
in dissimilar welds. Some of the issues faced during solid-state welding
and fusion welding are depicted in Figure 1.7.

1.4 FRICTION STIR WELDING

Among all the solid-state welding techniques, FSW is a relatively new
technique. FSW is a solid-state joining process invented in 1991 at The
Welding Institute, UK (Thomas et al., 1995). It is a remarkably simple
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Figure 1.8 A schematic drawing of FSW in a butt joint configuration ( Mishra and Ma, 2005 ).

welding process. Figure 1.8 illustrates schematically FSW processes for
two plates placed in butt configuration. A nonconsumable rotating
tool having specially designed shoulder, and pin is plunged into the
abutting edges of the plates and moved along the parting line. The fric-
tional heat generated between the rotating tool and the workpiece and
the heat from adiabatic plastic deformation of the workpiece material
cause the material around the tool to soften. The forward motion and
the rotation of the tool cause the material in this state to move around
the tool from the front to the back of the tool. It leads to a joint forma-
tion between the two plates. Different terminologies used in FSW are
also labeled in the schematic shown in Figure 1.8. Most definitions are
self-explanatory, but advancing side and retreating side definitions
require a brief explanation. The side of the weld where the sense of tan-
gential velocity of the rotating tool is parallel to the sense of the tool
traverse is termed as advancing side, and if opposite, retreating side.

Note that, as the name suggests, the entire process of weld forma-
tion takes place below the melting point or solidus of the alloy. It leads
to avoidance of most of the issues associated with fusion welding of
materials. Additional key benefits of FSW as compared to fusion
welding are summarized in Table 1.1.

Figure 1.9 illustrates various zones representing different micro-
structural states in the weldments as observed on the transverse
cross-section of friction stir welds. The zone D represents dynamically
recrystallized zone referred to as nugget. Thermo-mechanically affected
zone (TMAZ), labeled here as region C, is the region of the
weld which does not undergo complete recrystallization. Nugget and
TMAZ regions experience plastic deformation at high temperature.



Table 1.1 Key Benefits of FSW ( )

Metallurgical Benefits

Environmental Benefits

Introduction

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

No shielding gas required
Minimal surface cleaning
required

Eliminate grinding wastes
Eliminate solvents required
for degreasing

Consumable materials saving,
such as rugs, filler wire, or
any other gases

No harmful emissions

No radiant energy as in fusion
welding; hence simple safety
glasses enough

+ Improved materials use (e.g.,

joining different thickness) allows

reduction in weight

for a laser weld
Decreased fuel consumption in

lightweight aircraft, automotive,

and ship applications

Only 2.5% of the energy needed

joined by fasteners
* Weld all aluminum alloys
* Post-FSW formability

Width of tool shoulder

Figure 1.9 A schematic of transverse cross-section showing different zones of a friction stir weld. A, BM; B,
HAZ; C, TMAZ; and D, Nugget ( Mishra and Mahoney, 2007 ).

Heat-affected zone (HAZ) is the region of the weldments where only
the influence of thermal excursion is present. Base material (BM) is the
region which has the same set of properties as in as-received condition.
The microstructural states of these zones are heavily dependent on
FSW parameters.

The advent of FSW has completely revolutionized the field of weld-
ing. FSW is considered to be the most significant development in metal
joining in decades. The high-strength aluminum alloys, such as 2XXX
and 7XXX series aluminum alloys, are classified as “nonweldable” by
fusion techniques. So, when the FSW was invented in 1991, it opened
up new opportunities to weld high-strength aluminum alloys. Table 1.2
shows an example of strength levels achieved in initial studies of FSW
of AA2024 and AA7075. Subsequently, other attributes of FSW, like
defect-free welds, lower residual stresses, and lower distortion, led to
numerous implementations using lower strength aluminum alloys.
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Table 1.2 An Example of Results for AA2024Al and AA7075A1 Alloys That Led to

Excitement for Implementation of FSW ( )

Base Alloy Parent Gas-Shielded arc Welded Butt Joint FSW

and Temper Material
Tensile Tensile Strength % of Parent Tensile % of Parent
Strength (MPa) Strength
(MPa) (MPa)

2024-T3 485 Nonweldable — 432 89

7075-T6 585 Nonweldable — 468 80

1.5 APPLICATIONS OF FRICTION STIR WELDED
DISSIMILAR MATERIALS

Joining of dissimilar materials is becoming increasingly important as
engineers strive for reduced weight and improved performance from
engineering structures. FSW has already been adopted extensively for
joining aluminum alloys in automotive, rail, aircraft, aerospace, and
shipbuilding industries. The combination of dissimilar materials, such
as aluminum to steel, aluminum to magnesium, and steel to nickel
base superalloy, enables an optimum exploitation of the best properties
of both materials. A barrier placed in front of welding of dissimilar
materials with quite different base metals is the formation of brittle
intermetallic compounds, which diminishes the strength and integrity
of a structure. Recent efforts on reducing such deleterious compounds
by using FSW have led to the implementation and mass production of
dissimilar materials structures for industrial applications.

The progress made in welding lightweight materials, such as alumi-
num and magnesium alloys, make the mass production of light trans-
portation systems possible and hence a significant reduction in fuel
consumption. FSW has been adopted by the automotive industry for
more than a decade to join aluminum alloys. Recently, Honda Motor
Corporation has implemented FSW to join dissimilar aluminum alloy
and steel in an automobile front structural component in production
vehicle Honda Accord. The front subframe which carries the engine
and some suspension components, is made of die cast aluminum and
press formed steel halves. FSW was applied to weld the aluminum to
the steel in a lap configuration at various locations as indicated by
short stitches. Honda claimed that the total body weight is reduced
by 25% compared to the conventional steel subframe with reduced
electricity consumption by approximately 50% (http://world.honda.
com/news/2012/4120906Weld-Together-Steel-Aluminum/).
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Figure 1.10 FSW to join the aluminum deck lid to galvanized steel brackets by Mazda ( Mishra and Mahoney,
2007).

Mazda Motor Corporation has developed direct friction stir spot
joining technology to weld aluminum alloy and steel, and applied it to
join the trunk lid of the Mazda MX-5. Figure 1.10 shows Mazda’s dis-
similar friction stir welded deck lid with aluminum sheet to galvanized
steel brackets. In addition to the prominent weight reduction, Mazda
also claims that this technology improves the potential of coupling alu-
minum parts to steel in vehicle bodies and helps lower the costs of
production.

Tailor blanks with various dissimilar materials combinations, such
as different aluminum alloys, aluminum and magnesium alloys, alumi-
num and steel, have been researched via FSW for both automotive
and aircraft applications. Figure 1.11 shows dissimilar tailor-welded
blanks of 1 mm thick sheets of AA 5182 and AA 6016 aluminum
alloys. The welded blanks were further formed by deep drawing cylin-
drical cups. Although the mechanical behaviors are different between
two aluminum alloys, the weld line remained straight and aligned at
the middle of the cups after deep drawing.

FSW of dissimilar metals has also been used in other sectors,
such as the health industry. Figure 1.12 shows a vacuum-tight com-
ponent in X-ray equipment of Siemens Medical Solutions. The
component is fabricated by FSW domed aluminum sheets to flat
stainless steel sheets, manufactured by Riftech GmbH in
Greesthacht, Germany. A noticeable cost reduction by approxi-
mately 20% has been achieved due to significantly reduced defective
welds by using FSW process.
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A60 l)

Figure 1.11 Tailor-welded blanks of dissimilar aluminum alloys welded by FSW and deep drawing under various
blank-holder forces (force increases from left to right) (Leitdo et al., 2009).

Figure 1.12 Friction stir welded high vacuum-tight aluminum-stainless steel joints in components for X-ray equip-
ment (http:/lwww.riftec.delenlinfopoint/newslindustrial-friction-stir-welding-not-only-for-aluminium-materials/, last
accessed on 01.12.15).
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A Framework for Friction Stir Welding of
Dissimilar Alloys and Materials

2.1 ALLOY SYSTEMS

The ninth edition of Woldman’s Engineering Alloys lists about 56,000
alloys for engineering applications (Frick, 2000). It highlights the
daunting task materials scientists and engineers face during materials
selection for various applications. Engineering materials can be
broadly categorized into five families of materials—metals, ceramics,
glasses, elastomers, and polymers. Materials from different families
can also be combined together to give rise to what is called “hybrid”
materials. For example, ceramic powders can be embedded in a metal
matrix which gives rise to metal-matrix composite—a very important
class of engineering materials falling under hybrid materials.
Figure 2.1 schematically shows this classification.

With respect to dissimilar joining of engineering materials, those
falling within a family can essentially be joined either with other
classes of materials in the same family or with any materials from
other families. For example, Al alloys in metals family can either be
joined with Mg alloys present in the same family or materials in
polymer family. It, therefore, opens up an astronomically large
number of combinations of materials for dissimilar welding.
However, the focus of this book is not to cover all combinations of
dissimilar materials welding, but to select a few to showcase the ben-
efits friction stir welding (FSW) brings in the joining of dissimilar
materials and highlight issues, in general, associated with the weld-
ing of dissimilar materials.

Figure 2.2 very broadly classifies the dissimilar welding based on
material combinations used during the welding. As per this conven-
tion, there exists, in general, three different combinations—Category
I, under this category different alloys from the same class of metallic

Friction Stir Welding of Dissimilar Alloys and Materials. DOI: http://dx.doi.org/10.1016/B978-0-12-802418-8.00002-3
© 2015 Elsevier Inc. All rights reserved.
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Figure 2.1 Family of materials. Adapted from Ashby (2005).
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e.g., Al alloy with e.g., Al alloy with e.g., Al alloy with
other Al alloy Mg alloy steel (6061A1/1018
(2024A1/5083Al) (5083AI/AZ31B) steel)

Figure 2.2 Classification of dissimilar materials welding based on type of metallic materials being welded.

materials are welded together; for example, welding of an aluminum
alloy from one series (e.g., 2XXX series) with an aluminum alloy
from another series (e.g., 7XXX series). Category II, materials that
fall into this category belong to different classes of materials but
melting temperatures (solidus temperature, to be precise) are not
much different from each other; for example, joining of aluminum
alloys with magnesium alloys. Category III, combinations of materi-
als which not only belong to different classes of metallic materials
but also have very different melting points fall in this category; for
example, welding of aluminum alloys with steels. A detailed discus-
sion of friction stir welded dissimilar materials will be carried out in
Chapters 4 and 5 under two categories. Chapter 4 will discuss dissimi-
lar alloys representing material combinations described in (I), and
Chapter 5 will discuss dissimilar materials representing categories (1)
and (I1I).



A Framework for Friction Stir Welding of Dissimilar Alloys and Materials 17

2.2 KEY SCIENTIFIC ISSUES IN THE FSW OF DISSIMILAR
ALLOYS AND MATERIALS

Figure 2.3 is a conceptual diagram which has been used to illustrate
key components of the process and also to highlight important friction
stir scientific issues (Mishra, 2008). This figure can also be utilized to
discuss key scientific issues pertaining to the FSW of dissimilar materi-
als. Two key components in the FSW process are heat generation and
material flow. Together, these determine the temperature history of the
plate and give rise to the flow pattern and the resulting microstructure.
Mathematical models and simulation tools pertaining to different
aspects of any process are powerful means of developing a holistic
understanding of the process. A robust understanding of the process
calls for establishing a precise relationship between the input process
variables (in this case, tool rotation rate, tool traverse speed, starting
microstructure, etc.) and the output process variables (in this case, tem-
perature, force, precipitates, etc.). However, even in similar welding
(same alloy being welded to the same alloy) coupled thermo-
mechanical nature of the FSW process and extremely complex materi-
als flow during FSW have been major deterrence in developing a
sound understanding about relationship among various process related
input and output variables. Hence, our understanding at present, even

Friction stir process
Thermal Material flow

Frictional aspects +———— > Deformational aspects

Friction g (T, C, &, o, starting micro, evolution)
¥
moru, and Temperature Resultant
. . ) Flow pattern )
normal force  (including deformational P microstructure

heating)

Constitutive relationships (¢, T, o, d)
Temperature, torque, forces Precipitates (coarsening, dissolution, precipitation)

Grain size (change and mechanism)

Strain rate and strain estimate

’ Tmoda‘ ’ ave. Uexpt, model || Material || Microstructural | | Strength || ppt Process
flow maps model || model map
model

Figure 2.3 A schematic summarizing various aspects related to FSW process ( Mishra, 2008 ).
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after more than twenty years of FSW, about the correlation among
various parameters is at best empirical in nature. It is not to say no
effort has been made toward predictive analytical and simulation tools
development. The presence of two materials with different physical
and mechanical properties complicates the matter further.

A set of questions which are important during similar FSW are rele-
vant even during dissimilar welding in addition to a few concerns perti-
nent only to dissimilar metal welding.

1. In the similar material welding, one has to worry about coefficient of
friction (COF) just for one material and its dependence on thermal and
deformational aspect of FSW process. However, the variation of COF
in dissimilar welding is extremely challenging because the extent of
mixing would determine the material in contact with the rotating tool.
Hence, how exactly one should deal with choice of COF for modeling
and simulation of dissimilar material welding is a tough question.

2. In the similar welding, thermal diffusivity (o = k/pC,,) of both the
plates is the same, and for all practical purposes the thermal profile
in the workpieces can be considered symmetrical with respect to the
weld centerline (small asymmetry in thermal profile might exist
across weld centerline due to combined effect of tool rotation and
tool traverse; advancing side (AS) and retreating side (RS)).
However, in the dissimilar welding, « is expected to be different for
both materials. It will lead to the development of an asymmetric
thermal profile across weld centerline. Such asymmetric thermal
profile is expected to affect material flow, microstructure, and
mechanical properties of the joints. In addition to this, if one uses a
simple relationship £ = p*P, where F, p, and P are frictional force,
COF, and normal load, respectively, it is clear that different fric-
tional forces will exist on dissimilar materials during the welding. It
will lead to different amount of heat generation at tool and work-
piece interface. Hence, this becomes another variable in the asym-
metry of the thermal profile.

3. As is the case for the similar metal welding, here also material flow
is expected to depend on process parameters and tool design. What
is the dependence of material flow on such variables in dissimilar
welding is a valid question.

4. Different materials have different softening characteristics. This will
have a major influence on flow characteristics of dissimilar materials
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during welding. As an example, Figure 2.4 compares the flow
characteristics of an aluminum alloy and a steel. During FSW of
aluminum alloys in general a temperature of 450°C is commonly
attained. At this temperature, AA6061-T6 and SS301 have widely
differing yield strengths. Acknowledging the existence of asymmetric
thermal profile and differences in materials softening characteristics,
it is important to ask—for a given welding configuration how will
tool geometries affect the material flow pattern? By changing the
tool position with respect to weld centerline, thermal profiles can be
affected and so can be the level of softening in each material. It leads
to another question: whether there is any positional dependence of
tool with respect to the weld centerline of the material flow.

5. Another equally important question is related to feasibility of weld-
ing materials widely differing in melting points by plunging FSW
tool symmetrically about the joint line without causing melting of
low-melting point material.

6. Once two different materials are welded together, it will result in a
different chemistry of the welded zone. The resulting microstruc-
ture, especially amount, size, and form of second phases would
heavily depend on resultant chemistry upon mixing of two different
materials. This will affect the integrity of the joint.

7. Dissimilar materials have different coefficients of thermal expan-
sion. How does it affect residual stresses and distortion of the result-
ing welded structure?

800 T T T T T
—o—6061AI-T6
—o—SS301 (1/2 hard)

[e2]

o

o
T

Yield strength (MPa)
N B
o o
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200 400 600 800 1000
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ofF

Figure 2.4 Softening characteristics of AA6061-T6 and SS301: yield strength versus temperature ( Mishra et al.,
2014).
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Table 2.1 Thermophysical Properties of Some Pure Metals ( )

Metals | Density at Coefficient of Thermal Heat Capacity Thermal Melting
25°C (kgim®) Expansion (1/K)/107° (JI(K-kg)) Conductivity Point
at 25°C at 25°C (Wi(m K)) at 25°C | (°C)
Al 2702 28 905 91 660.2
Co 8862 16.7 (25—-900°C) 425 100 1495
Cu 8930 19 380 400 1084.6
Fe 7874 14.5 (20—900°C) 450 73 1538
Mg 1740 30 103 157 650
Ni 8900 17.3 426 90 1455
Si 2330 3.8 712 140 1414
Ti 4540 11 525 21 1668
Zn 7140 30 390 120 419.4

Table 2.1 lists thermophysical properties of a few pure metals.
These metals have widely differing thermophysical properties, and con-
sideration of these becomes important during dissimilar welding of
metals or alloys based on these metals.

2.3 HEAT GENERATION AND TEMPERATURE DISTRIBUTION

The discussion and analytical estimation of heat generation at
tool—workpiece interface in similar welding is relatively easier because
of the presence of only one type of material in contact with the tool.
However, things become quite complicated when it comes to heat gen-
eration and temperature distribution in dissimilar FSW. Two different
materials, in general, have different thermal properties, COF, and soft-
ening characteristics (Figure 2.4 and Table 2.1). All these affect heat
generation, temperature distribution in the workpieces, and material
flow. Let us first consider heat generation aspect in FSW of dissimilar
materials. In similar welding, the position of the tool rotation axis with
respect to the weld centerline does not affect the heat generation.
However, for dissimilar materials, it becomes important to consider
the proportion of the tool surface contacting each material. The pub-
lished literature on dissimilar Al alloy and steel suggests that if the tool
is plunged mostly toward high-temperature material, the heat genera-
tion is so excessive that it causes melting of the low-melting tempera-
ture material. Hence a proper strategy needs to be adopted to avoid
melting of low-melting temperature material.
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Figure 2.5 (A) A schematic of the transverse cross-section of the dissimilar weld showing asymmetrically located
FSW tool, and (B) top view showing tool pin offset with respect to the weld centerline.

During FSW, a major component of total heat generated is due to
frictional heating between the tool and the workpiece. In similar weld-
ing, the tool is in contact with the same type of material for the entire
duration. However, as shown schematically in Figure 2.5, at any given
time during each rotation, a part of the tool will be in contact with one
type of material and the rest with another. Depending on the position of
the tool with respect to the weld centerline and COF, the amount of
heat generated in two materials is likely to vary significantly.

The next stage is thermal profile of the dissimilar metal weld. In the
similar welding, for all practical purposes, the thermal profile can be
considered symmetric with respect to the weld centerline. However, dur-
ing dissimilar metal welding if significant difference in thermal
diffusivity (defined as k/(pCp), where k= thermal conductivity,
p = density, and C, = heat capacity) of materials exists, it will lead to
establishment of a highly asymmetric thermal field. The thermal profiles
for a given set of processing parameters are schematically shown in
Figure 2.6. For similar welding, Figure 2.6A shows existence of sym-
metrical temperature contours on the transverse cross-section of the
weld. However, an asymmetric temperature contour should be noted in
Figure 2.6B due to differences in thermophysical properties of both
materials. The existence of an asymmetric thermal field would cause a
sharp temperature gradient as a function of distance in lower thermal
diffusivity material. If it happens to be also a high-strength material
with very high softening temperature, it will lead to significant differ-
ences in flow characteristics for two materials especially toward the root
of the weld. It might result in a lack of bonding between two materials
which will lead to defects in the root region of the weld. In such cases, it
is advisable to plunge the tool biased more toward lower thermal
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Figure 2.6 Temperature contours showing (A) symmetric profile in similar welding and (B) asymmetric profile in
dissimilar welding.

diffusivity material. But, in doing so if temperature exceeds the melting
point of lower melting temperature material, it will cause melting of the
lower melting temperature material which will eventually lead to defec-
tive or unsuccessful weld. It is quite possible in the welding of Al/Cu
alloys, but, for Fe/Cu combination, Fe being a high-temperature
material, the plunging of the tool biased toward Cu alloy can be consid-
ered. Experiment coupled with thermal simulation will be useful in
establishing the degree of offset of the tool to obtain a successful weld.

2.4 MATERIALS FLOW AND MIXING

The material flow model developed to understand material flow
around the tool during FSW can also be utilized to understand mate-
rial flow in dissimilar welding using FSW. As per wiping flow mecha-
nism proposed by Nunes (2006), the metal from the front is wiped
onto the tool and is wiped off on the trailing side of the tool. Entire
episode of material transfer around the tool takes place in “first
in—last out” fashion. This is shown schematically in Figure 2.7 for
similar metal welding. It shows that a fresh material makes contact
with the tool on the AS of the tool. As it rotates a new set of fresh
materials gets deposited on the material already deposited. It results in
an increase in the shear layer thickness as a particular point on the
tool moves from AS to RS of the tool. This figure can be modified for
dissimilar metal welding and has been shown in Figure 2.8. It shows
that up to point B, only material X wipes onto the tool. At point B
and onward, material Y starts wiping onto the material X, which has
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Figure 2.7 Visualization of material flow during FSW process (AS, advancing side; RS, retreating side).

Material X

Figure 2.8 Visualization of material flow in dissimilar metal welding during FSW (AS, advancing side; RS,
retreating side).

accumulated during the tool rotation between points A and B. In this
simplistic description of material flow around the tool in the dissimilar
metal welding, point B has been depicted to be present at weld center-
line, which coincides with the linear path of the tool movement.
However, in general, it does not need to be so. Point B or in other
words the weld centerline can be biased toward either AS or RS. Such
arrangements will have impact on material flow around the tool and
the flow pattern developed eventually in the nugget of the weld.

It is also recognized based on material flow study using markers
that, in general, materials present at the front of the tool toward AS
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Figure 2.9 The onion ring pattern observed on the top surface of friction stir weld.

have different flow path than that at the front toward RS. Hence, the
level of intermixing between materials X and Y would also depend on
the position of weld interface with respect to the direction of the tool
movement. In addition to the position of the weld interface, other pro-
cessing parameters such as tool traverse speeds and tool rotation rates
would be of importance in the determination of the level of intermixing
between two different materials. Figure 2.9 shows a typical top view of
the friction stir welded region, and it defines a very important parame-
ter “advance per revolution (APR),” defined as a ratio of tool traverse
speed (v) to tool rotation rate (w). The APR is equal to the spacing
between two consecutive rings. It has been found that a low value of
APR results in a more homogeneous microstructure in similar welding.
A low value can be obtained either by decreasing v or increasing w
while keeping the other parameter values constant. But, decreasing v
would mean lower process efficiency and a higher w would mean a
broader HAZ. Hence, process optimization would be needed either
through design of experiments or experiments assisted with process
simulation to have an acceptable level of homogenization of materials
in the nugget in the course of dissimilar FSW to have a good balance
of properties of the weldments.

Another important point from material mixing point of view is the
extent of deformation of material around the welding tool. To illus-
trate this point Figure 2.10 has been included. It shows degree of
deformation of materials surrounding tool by dashed-dotted line. This
schematic is based on the model presented by Long et al. (2007). As
per this, the material surrounding the tool in the first quadrant of the
tool undergoes higher thermo-mechanical deformation compared to
that in quadrant II. Although a complex state of stress exists in the
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Material X

Figure 2.10 Positional dependence of degree of deformation during FSW.

material around the tool, shear is a dominant component. To effect
shear-assisted materials mixing, the foregoing discussion suggests to
shift the weld centerline more toward the AS of the tool. In this config-
uration a better mixing between materials X and Y is assisted partly
due to the kinematics of the process and partly due to large shear
forces existing in quadrant I of the tool.

Additional benefit of keeping the interface biased toward AS would
be a higher deformation of the oxide layer on the faying surface which
would cause significant refinement of the oxide film. Moreover, the
presence of faying surface toward AS will result in a better distribution
of these fragmented oxide particles in the nugget. In fact, even in the
case of similar welding, placement of faying surface toward the AS
may prove beneficial.

The experimental proof of the hypothesis being discussed here with
respect to positional dependence of weld interface in relation with the
tool rotation axis can be found in the work carried out by Kumar and
Kailas (2010). In this work, Kumar and Kailas (2010) friction stir
welded 4.4 mm thick sheets of AA7020-T6 alloy by varying the dis-
tance of weld centerline with respect to the tool rotation axis. The tool
was biased toward AS of the tool from the interface during plunge
stage and it was made to move at an angle to the joint line so that
when the tool retracted from the welded sheet it was on RS of the
weld. The results based on this study are included in Figure 2.11. It
shows the transverse cross-section of the weld representing different
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Figure 2.11 The effect of tool position from the weld interface on joint line remnant ( Kumar and Kailas, 2010),
Reprinted with permission from Maney Publishing.

distances of the weld interface from the tool rotation axis. It clearly
shows that the tool disrupts the oxide layer on the faying surface and
distributes it homogeneously once the tool center is at 2.5 mm from
the weld interface on AS (Figure 2.11F).

2.5 FORMATION OF INTERMETALLIC COMPOUNDS

The formation of intermetallic phases during dissimilar welding using
conventional fusion welding is an issue because it can impair the joint
integrity severely depending on the thickness. In this regard, the
solid-state welding has found a niche over conventional fusion welding.
Although it does not eliminate the issue of intermetallic phase forma-
tion, it does certainly alleviate the issue. Figure 2.12 shows Al—Fe phase
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Figure 2.12 Fe— Al binary phase diagram ( Kattner and Burton, 1992 ).
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Figure 2.13 A schematic showing material volumes A and B which will mix together during FSW resulting in a
global weld composition A—wt% B.

diagram. It highlights three points—(i) widely differing melting points
of Al and Fe, (ii) presence of a wide variety of intermetallic phases, and
(ii1) negligible solubility (for Al in Fe at room temperature) of these ele-
ments in each other. We know that weld properties such as mechanical
behavior is greatly affected by shape, size, type, and volume fraction of
intermetallic phase(s) in the welded zone. Hence, it becomes important
to develop, at least qualitatively, an understanding of factors affecting
various descriptors related to intermetallic phase formation.

Figure 2.13 shows volume of materials A and B which will get
mixed during FSW, and it will result in a global weld composition
A—wt% B. Number and type of phases in the weld will depend on the
location of this composition in binary phase diagram. A back-of-the-
envelope calculation is carried out below to understand the composi-
tion of the weld during FSW. For simplicity of calculation it is
assumed here that the shape of the material volume is of parallelepiped
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Table 2.2 Composition of the Weld Nugget as a Result of Tool Offset with Respect to

Weld Centerline During FSW
A=Al B=Fe

La1+ Lge = Dy, (pin diameter of the tool; assumed to be 10 mm for this calculation)

par = 2.7 glee, pge = 8.1 glec
Case I: Fe—90 wt% Al Case II: Fe — 50 wt% Al Case III: Fe—10 wt% Al

Lpe=0.36 mm Lg.=2.5mm Lpe=7.5mm

shape. In actual welding, material will take the shape of the surface of
the pin. If ps and pp are the densities of A and B, respectively, the
mass of the volume being processed,

Wa=WxHxLp*py 2.1
and
Wp =W xHxLg * pg (2.2)
Hence, weight fraction of B,

Wy

W= —————— 2.
fous = G 23)
Substituting Egs. (2.1) and (2.2) into (2.3), we get
1
fwt,B = (24)

I+ (pa/pp)(La /L)

Table 2.2 shows how by varying the ratio L, and Lg one can
control the composition of the welded zone.

Although very simple, the calculation carried out here indicates that
when FSW tool is almost entirely plunged into aluminum, as per
Figure 2.12 pure Al and intermetallic phase FeAl; will coexist in the
nugget. On the extreme, when the tool is plunged mostly toward Fe
such that proportion of Al is less than 10 wt%, above 400°C only
single phase a-Fe(Al) exists. Hence, in dissimilar metal welding using
FSW technique, tool offset becomes a necessity to control the interme-
tallic phases in the weld nugget. Above calculation suggests that it is
possible to control the formation of intermetallic phases if offset is con-
trolled properly. Figure 2.14 shows two different configurations of Al
and Fe workpieces where a major portion of the tool pin is plunged
into Fe to avoid formation of intermetallic phase(s). In case 1
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Figure 2.14 Two possible configurations of weld between Al and Fe to avoid formation of intermetallic phases.

configuration, Fe is placed on RS (Figure 2.14A) and in another on
AS of the weld (Figure 2.14B). Based on the discussion regarding
material and faying surface mixing, the welding configuration pre-
sented in Figure 2.14A will result in a homogeneous microstructure in
the weld nugget without any intermetallics. But, in reality this configu-
ration has hardly been tried. The configuration which has been exten-
sively tried in making welds between Al alloys and steels correspond to
case II but a major part of the tool pin plunged into Al side of the
workpiece. From Fe—Al binary phase diagram, this corresponds to
Al-rich end of the phase diagram which would eventually lead to for-
mation of intermetallic phase. The reason behind not trying the config-
uration corresponding to case I (Figure 2.14A) is generation of intense
heat during welding when tool plunges mostly into Fe side. The heat
causes temperature to rise above the melting point of the aluminum,
and it results in melting of aluminum abutting the Fe workpiece. It
leads to a defective or no weld formation between Al and Fe.

2.5.1 Mechanism of Intermetallic Phase Formation

The formation of intermetallic phases during dissimilar metal welding
is somewhat similar to intermetallic phase formation during surface
composite formation using friction stir processing technique. Hence,
here Al—Ni system will be considered for discussion of the formation
of intermetallic phase during FSW. An Al—Ni binary phase diagram is
included in Figure 2.15. It shows that there are five intermetallic
phases and two terminal solid solutions below 640°C. The formation,
type, and number of phases would depend on the weight fractions of
Al and Ni. For example, if Al and Ni are mixed in such a way that the
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Figure 2.15 Binary Al—Ni phase diagram (Nash et al. (1992) ).

overall composition is below 40—42 wt% Ni, the alloy in equilibrium
condition would consist of Al and AI;Ni intermetallic phase. However,
in diffusion couple experiments and in a solid-state process like FSW/
P, the formation of different phases is a nonequilibrium process. Qian
et al. (2012) have discussed the formation of intermetallic phases in
aluminum alloy reinforcement by in-situ formed Al;Ni intermetallic
during friction stir processing. Qian et al. (2012) considered effective
Gibbs free energy change of formation (AGy) for predicting the forma-
tion of the type of intermetallic phase. For formation of an intermetal-
lic phase p,

AGS = AG, X Ce (2.5)

P P C, )

where AG,, C,, and C, are Gibbs free energy of change of formation
for the phase p, the effective concentration of the limiting element at
the interface, and the concentration of the limiting element in the inter-
metallic compound, respectively. Table 2.3 provides the thermody-
namic data for the calculation of AGy for two compositions selected at
random. For AlysNigs, the most negative value is found for AINi
intermetallic phase. Hence, in this condition the formation of this
phase will be favored at 430°C (the peak temperature reported by
Qian et al., 2012). For Alj 965Nig 035, the phase NiAl; showed the most
negative value of AG;. It, therefore, will be the phase formed at the
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Table 2.3 Calculation of Effective Gibbs Free Energy for Two Different Compositions

of Al—Ni Binary System at 703 K

Effective Concentration Al s50Nig.50 Aly.965Nig.035
Phase AG; (T) (Jimol) AG; Limiting AG] Limiting AG;
(703 K) Elements (kJ/mol)| Elements (kJ/mol)
(J/mol)
NizAl(Nig.75Alg 25) —40246.5 + 6.24T —35.86 Ni —2391 | Ni —1.67
NiAl(Nig s0Alp.s0) —76198.7 +13.2T —66.92 Ni/Al —66.92 | Ni —4.68
Ni>Al3(Nig 40Alg60) | —71545.2 +13.7T —61.94 Al -51.6 | Ni —5.42
NiALNigasAly7s) | —48483.8 + 1237 | —39.84 Al —26.56 | Ni —5.58
Source: Reproduced from Qian et al. (2012).
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Figure 2.16 The variation of effective Gibbs free energy of various intermetallic phases found in Al—Ni binary
system ( Qian et al., 2012 ).

interface of Al and Ni phases in this condition. To assess the variation
of intermetallic phase formation as a function of effective composition,
Eq. (2.5) has been represented graphically in Figure 2.16 for different
intermetallic phases found in Al—Ni binary system. Figure 2.16 shows
that when concentration of Al is less than 26.3 at%, it favors formation
of NizAl phase. Similarly, when compositions are in the range
26.3—56.5, 56.5—74.5, and above 74.5, formation of NiAl, Ni,Als, and
NiAls, respectively, should be expected. Hence, this simple approach
can be taken to evaluate the formation of first intermetallic phase dur-
ing dissimilar metal welding. Clearly, the offset method used in FSW
of dissimilar materials will cause effective concentration of the nugget
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to change, and it will have bearing on the type of intermetallic formed
during the welding. In addition to this, number of passes and post-
weld heat treatment may influence the volume fraction and type of
intermetallic formed. For example, only AI3Ni phase was formed
during the friction stir processing of Al—Ni system by Ke et al. (2010).
When friction stir processed region was subjected to further heat treat-
ment at 550°C for 6 h, X-ray diffraction (XRD) detected the presence
of Al3Ni, phase in addition to Al;Ni phase. Figure 2.17 shows the
XRD results based on the friction stir processing study carried out by
Ke et al. (2010) on Al—Ni system.
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Figure 2.17 X-ray diffraction pattern for (A) three pass friction stir processed Al—Ni composite and (B) showing
effect of heat treatment (at 550°C, 6 h) on the formation of intermetallic phases (Ke et al., 2010).
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Tool Design for Friction Stir Welding
of Dissimilar Alloys and Materials

The essentials of friction stir welding (FSW) are plunging and stirring
a hard tool generally consisting of a shoulder and a pin or probe into
workpieces to be welded. The workpieces are joined together through
heating, material movement, and forging dominated by the tool geom-
etry in addition to the welding parameters. The welding tool has three
primary functions: (i) heating of the workpiece, (ii) movement of mate-
rial to produce the joint, and (iii) containment of the hot metal beneath
the tool shoulder. Heating is created both by friction between the
rotating tool (pin at initial plunge stage and mainly shoulder during
the run) and the workpiece, and by severe plastic deformation of the
workpiece. The localized heating softens material around the pin and,
combined with the tool rotation and translation, leads to movement of
material from the front to the back of the tool, thus filling the hole in
the tool wake as the tool moves forward. The tool shoulder restricts
metal from flowing out and applies forging pressure to consolidate the
material right behind the moving pin (Mishra and Mahoney, 2007).

Tool design is the most influential aspect of FSW process develop-
ment. Figure 3.1 is a flow chart of general approach for process devel-
opment. Removal of any welding defects, such as voids, incomplete
root penetration, is the prerequisite for reliable welds. For a given joint
design (type of workpiece material, thickness, and joint configuration),
proper tool material and tool geometry can be specified, even though
the understanding has been mainly empirical in nature. For similar
material FSW, solid metallurgical bonding between workpieces is
easily achievable. This becomes challenging when dissimilar materials
with different chemical and physical properties, especially quite differ-
ent melting temperatures and thermal conductivities, are subjected to
FSW. Placing of dissimilar workpieces on advancing or retracting side
(in butt welding), in upper or lower sheet (in lap welding) and plunging
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Welding tool
<+ Tool material (metal, ceramic)
¢ Geometry ( shoulder and pin)

< Additional features on
shoulder and pin
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+» Material type (melting temperature) + Material movement
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% Configuration (lap/butt welding)
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and lower material selection when
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« Free of welding defects
¢ Less and controllable
intermetallic compounds

Process parameters
< Tool rotation rate, traverse
speed, plunging depth,
plunge force, and tool tilt.
<% Backing plate
¢ Shielding gas if necessary

material interface

Figure 3.1 Flow chart of general approach for FSW process development.

rotating tool to a specific location relative to the joint interface, alters
the weldability and impacts tool life. For dissimilar materials with high
chemical affinity at elevated temperatures, which give rise to the easy
formation of low-melting-temperature eutectic structure and rapid
growth of brittle intermetallic compounds (IMCs), an effective tool
design could play an important role in preventing the liquid film for-
mation and reducing the formation of IMC.

There have been a number of publications on FSW of dissimilar
materials in the last decade, which have mainly focused on the welding
of Al alloys to low- and high-melting-temperature materials for com-
bined structural properties. There are also some reports dealing with
dissimilar FSW of high-melting-temperature materials including steels,
and titanium alloys. The following sections mainly consider tooling
materials and tool geometry design for dissimilar FSW.

3.1 TOOL MATERIALS COMPARED TO WORKPIECES

Weld quality, tool wear, and cost are important considerations in the
selection of tool material. In other words, the selection mainly
depends on the workpiece material to be welded and cost-
effectiveness of tool material and associated machining cost to
desired shape. How easily the workpieces can be welded without
defects and detrimental IMC with acceptable tool life specifies the
requirement on tool material.
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Tool steel is commonly selected as tooling material when dissimilar
FSW is performed for low-melting-temperature materials, such as Al
and Mg alloys. Open literature on welding of dissimilar Al alloys and
Al to Mg alloys shows a significant reliance on tool steels as tool
material. The advantages of the use of tool steels for dissimilar welding
of relatively low-melting-temperature materials include easy availabil-
ity and machinability, low cost, established material characteristics,
and mild or negligible tool wear. Tool steel, especially H13, a
chromium—molybdenum hot-worked air-hardening steel has been
most frequently adopted due to its good elevated-temperature strength,
thermal fatigue resistance, and wear resistance. Tool steels such as
SKDS51, O1, and high-speed steel have also been reported frequently
for dissimilar low-melting-temperature material FSW.

Wear of tool needs to be considered when welding is performed
between low- and high-melting-temperature materials, such as Al or Mg
alloys to steels or titanium alloys. Particularly in this case, the
welding process design is critical; whether tool contacts the high-
melting-temperature material and how much it penetrates into the
high-melting-temperature material influence the tool wear. In general,
active material mixing between dissimilar workpieces via pin stirring and
scribing is required for mechanical performance by preventing IMC
thickening and forming either a metallurgical bonding or a mechanical
interlocking. Depending on the grade of the high-melting-temperature
materials to be welded, tool steels (Elrefacy et al., 2005; Watanabe et al.,
2006; Chen et al., 2008) and alloy steels (Chen, 2009) have been used in
both lap and butt configurations. Chen et al. (2013) lap-welded AA6060
to mild steel using tool steel as tool material and reported no significant
wear of tool pin even when the pin was plunged into the mild steel by
0.1 mm. Haghshenas et al. (2014) welded AAS5754 Al alloy with high-
strength steels DP600 and 22MnBS5 in lap joint configuration using tool
steel as tool material without its excessive wear by placing the softer Al
alloy on top of the steel plates and avoiding direct contact of the tool
with the steel plates. In butt joint configuration, the higher melting tem-
perature workpiece is often placed on the advancing side and the welding
tool is offset from the butt interface toward the lower melting tempera-
ture material to prevent tool wear and overheating of the lower melting
temperature materials.

Tungsten-based tools such as tungsten rhenium and tungsten car-
bide are necessary, at least for the pin portion if the tool will be
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plunged in the hard material and subjected to severe frictional condi-
tions. Liyanage et al. (2009) used W—25Re tool to make dissimilar
friction stir spot welds between Al alloy and steel, and between Mg
alloy and steel with report of some tool wear. Bozzi et al. (2010)
applied W—25Re to friction stir spot welded AA6016 and IF steel.
Xiong et al. (2012) friction stir lap-welded AA1100 and SUS321 stain-
less steel using a cutting pin made of WC-Co which exhibited good
wear resistance. Liu et al. (2014) butt-welded AA6061 and high-
strength TRIP 780/800 steel using WC-10%Co by slightly offsetting
pin to Al side. High-temperature-resistant coatings can further prevent
tool wear. Da Silva et al. (2010) friction stir spot welded AA1050 and
hot stamped boron steel using a WC-Co tool with a 3 pm thick AICrN
coating and reported negligible wear after 32 spots.

In addition to tungsten-based material, a polycrystalline cubic boron
nitride (PCBN) is a preferred tool material for deep insertion welding of
high-temperature materials, such as steels, Ti alloys, and nickel-base super-
alloys. Due to its high strength and hardness at elevated temperatures
along with high-temperature stability, the PCBN pin could resist wear
when it was plunged into the lower steel deeply. Sawada and Nakamura
(2009) successfully lap-welded 3 mm thick stainless steel 304 to a same
thickness ductile cast iron FCD450 using a PCBN tool by preheating of
the workpieces. Choi et al. (2010) butt-welded a 4 mm thick low-carbon
steel SPHC to a high-carbon steel SK85 with PCBN tool and reported
superior tensile property comparable to SPHC. Although the performance
of PCBN tool is promising for welding high-temperature materials, the
cost for making PCBN tool is very high due to critical manufacturing pro-
cesses which require high temperatures and pressures.

Figure 3.2 is a summary of the current tool materials used for fric-
tion stir welding of the indicated dissimilar materials.

3.2 INFLUENCE OF TOOL GEOMETRY ON MATERIAL
FLOW CONTROL

Tool geometry affects the frictional heat generation and plastic mate-
rial flow, in turn, joint integrity, resulting microstructure and mechani-
cal properties. Compared to similar FSW, the tool geometry plays a
more critical role in dissimilar materials FSW. When designing a tool
for dissimilar FSW, attention needs to be paid to defect formation and
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Low melting temperature Tool steel
«»+ Dissimilar Al alloys = H13,SKD11, SKD61,
«» Al to Mg alloys SKH51, SKH57

Low melting to middle

melting temperature Tungsten rhenium alloy
« Al to Cu alloys = W-25Re

Low melting to high
melting temperature
< Al alloys to steel Tungsten carbide cobalt
< Alalloysto Ti

High melting temperature
¢ Steel to steel
+« Steel to nickel alloy

Polycrystalline cubic boron
< nitride

Figure 3.2 Summary of the most frequently used tool materials for dissimilar FSW.

IMC formation. Due to the asymmetrical temperature generation dur-
ing friction stir and intrinsic physical property differences, it is
expected that the material flow in the weld zone would be more
inhomogeneous compared to similar FSW and more challenging to
achieve defect-free welds. For dissimilar materials with high chemical
affinity at elevated temperatures, formation of IMC is generally not
avoidable. Conceptually a reaction layer of finite thickness will form.
However, if the type, thickness, or morphology of IMC can be
optimized, it will have beneficial impact on mechanical performance.

Both defect and IMC formations are directly linked to material
mixing. Is material mixing desirable for sound dissimilar material
welds? In general, active material mixing between dissimilar work-
pieces via pin stirring and scribing is required for mechanical perfor-
mance by disrupting the tenacious oxide layer present on the surfaces,
preventing IMC thickening and forming either a metallurgical bonding
or a mechanical interlocking. It may be desirable to have a different
degree of mixing for dissimilar material systems as compared to that
utilized in FSW of similar materials. The design of the tool influences
the degree to which the two materials are mixed during welding.
Important factors include shoulder diameter, shoulder surface feature,
pin shape, size, and additional surface features.

Tool shoulders are designed to produce heat through friction and
material deformation to the surface and subsurface of the workpiece.
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The shoulder diameter is generally between 10 and 20 mm depending
on the pin size adopted. Convex scroll, concave, and flat shoulders
have been reported for dissimilar welding, and the majority of tools
used have a traditional concave shoulder. Leitao et al. (2009) com-
pared the scrolled and concave tool shoulder on dissimilar welding of
AA6016 and AAS5182 and suggested more intense dragging and stir-
ring action for the scrolled shoulder as compared to the conical shoul-
der. Cao and Jahazi (2010) butt-welded AA2024 and AZ31 using a
scrolled shoulder with threaded pin and reported sound welds with low
distortion and no solidification cavities or cracks. A tool with convex
scrolled shoulder and stepped spiral pin was used for lap welding of
AZ31 Mg alloy and a high-strength low alloy steel and the joints were
found to be mechanical in nature (Jana et al., 2010). Similarly, AZ31
and zinc-coated mild steel were lap joined by using a scrolled shoulder
with a square shape pin (Schneider et al., 2011). Tool features can
influence the IMC formation. Galvdo et al. (2010) butt-welded
AAS5083 and Cu-DHP by using scrolled and conical shoulder tools
and found that tool shoulder deeply influences the distribution of Al
and Cu in the weld and the formation of IMCs. The scrolled shoulder
tool results in through thickness material mixing and formation of a
mixed region almost exclusively composed of CuAl,. The conical tool,
on the other hand, introduced highly heterogeneous mixture of Al, Cu,
CuAl, and CuyAly in the nugget with lower intermetallic content.

Pin features are much more complex compared to those of the
shoulder. The tool pin is designed to disrupt the faying surface of the
workpiece. Features such as threads, steps, flats, or flutes have been
widely used for various alloy systems to control the material flow for
better material mixing. It has been shown that flats on the pin surface
impose vertical material flow which can promote intermixing. Zettler
et al. (2006) have shown that by employing conical pin tools with flats,
a more flexible placement of the workpieces can be made with good
material mixing during dissimilar welding of AA2024 and AA7050.
Pins with cutting feature have been developed for lap welding of
low- and high-melting-temperature material by scribing the high-
melting-temperature material to create either metallurgical bonding or
mechanical interlocking. Jana and Hovanski (2012) lap-welded AZ31
Mg alloy and a high-strength low alloy steel using a stepped spiral pin
with a short WC insert at the pin bottom. The short WC insert was
plunged into the lower steel and that acted as a cutter to deform the
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steel and mix it with upper Mg. Xiong et al. (2012) reported sound lap
welds between AA1060 and stainless steel SUS321 using a tungsten
carbide pin with cutting edges. Same pin design has been applied to
dissimilar lap welding of AA1060 to titanium alloy Ti-6Al-4V (Wei
et al., 2012a) and AZ31 to stainless steel SUS321 (Wei et al., 2012b).

Another important factor for dissimilar FSW is the pin length. For
butt welding, the pin length is generally very close to the total thick-
ness of workpieces. In terms of lap welding, a pin length close to or
slightly longer than the thickness of upper sheet workpiece is recom-
mended for disrupting the surface oxide, creating intimate contact
between fresh metal surfaces, and limiting IMC formation, in turn, a
sound weld with good mechanical performance.

In summary, when it comes to tool design for FSW of dissimilar
materials, a tool material can be selected based on the design need.
Regular tool steel can be chosen as tool material if the tool mainly
plunges into lower melting materials even for a combination between
low- and high-melting-temperature materials. Tungsten-based tools or
even expensive PCBN tools may be employed if severe tool wear is
expected, especially when welding is conducted between dissimilar high-
temperature materials. In terms of tool geometry design, it mainly
depends on the needs for material mixing. Shoulder features such as
convex scrolls and concave are general options. Pin features such as
flats, threads, and steps are also believed to enhance material mixing.
Additional cutter or insert may be added to tool pin to improve mixing.
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Friction Stir Welding of Dissimilar Alloys

The advent of friction stir welding (FSW) not only brought a radical
change in the joining of some similar non-weldable alloys like 2XXX
and 7XXX series aluminum alloys but also enabled dissimilar welding
of various disparate combinations of metals and alloys. The primary
reason for the success of FSW has been the ease with which it can be
used (refer to Table 1.1 for assessing the benefit of FSW). With respect
to dissimilar metal welding two factors have contributed signifi-
cantly—(i) lower temperature (below solidus temperature) attained
during FSW and (ii) intense shear forces acting on the material sur-
rounding the tool used for FSW. Nonetheless, FSW presents its own
set of challenges when it comes to dissimilar metal welding. The
advantages and disadvantages of dissimilar FSW will be discussed in
the following sections where various combinations of dissimilar metal
welds are discussed.

In Section 2.1, we classified all combinations of dissimilar metal
welds into three broad categories: (I) same base metals but different
chemistries, (II) different base metals but somewhat similar melting
points, and (III) different base metals and large difference in melting
points. For the presentation of results, category I has been termed as
“dissimilar alloys” and results related to this are presented here.
Combined categories II and III have been termed as “dissimilar mate-
rials” and results related to them have been presented in Chapter 5.

4.1 DISSIMILAR ALLOYS

4.1.1 Aluminum Alloys

Figure 4.1A shows friction stir dissimilar welds between A319
(A1-Si—Cu) and A356 (Al-Si—Mg) alloys. The weld shown here cor-
responds to 1120 rpm and 80 mm/min. Published results on dissimilar
FSW indicate that the position of the workpiece has significant

Friction Stir Welding of Dissimilar Alloys and Materials. DOI: http://dx.doi.org/10.1016/B978-0-12-802418-8.00004-7
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AS A319

Figure 4.1 (A) Friction stir-welded A319/4356 weld, optical micrographs showing dendritic microstructure for
(B) as-cast A319 (Al—Si—Cu), (C) as-cast A356 ( Al—Si—Mg), and (D) distribution of Si particles in the nugget of
dissimilar A319/4356 friction stir weld ( Hassan et al., 2010, Reprinted with permission from Maney Publishing).

influence on material flow and joint properties of the weld. This aspect
will be discussed later in greater detail. Here, in this case, only one
configuration of workpieces was tried. A356 and A319 were placed on
retreating side and advancing side, respectively. It shows a small cavity
on the advancing side, toward the root of the weld. It is probably a
lack of fill defect due to insufficient material consolidation in that
region. Figure 4.1B and C shows optical micrographs of A319 and
A356 alloys in as-cast condition. Clearly, both have dendritic micro-
structure where dendritic arm spacing in A356 is much finer than that
in A319. The micrograph shown in Figure 4.1D corresponds to
as-welded condition. The as-welded micrograph shows a distinctly
different microstructure in the nugget. The dendritic microstructure
was eliminated completely, and long acicular particles were replaced
with very fine fragmented Si particles.
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Figure 4.2 (A) Microhardness measurement profiles on the transverse cross-section of the dissimilar friction stir weld
A319/4356 for different combinations of tool rotation rates and tool transverse speed. Fractured tensile samples for
the weld made at 1400 rpm and 80 mmimin, (B) as-welded specimen and (C) post-weld heat treated specimen
(solutionizing temperature 540°C for 12 h followed by aging at 155°C for 6 h) (Hassan et al., 2010, Reprinted with
permission from Maney Publishing).

The microhardness profiles across the weld corresponding to differ-
ent combinations of tool rotation rates and tool traverse speeds are
shown in Figure 4.2A. The welded region, for each set of processing
conditions, shows maximum hardness in the nugget, and lowest hard-
ness values are found in the base materials. The appearance of the hard-
ness profile can be considered symmetric across the weld centerline. On
both sides of the weld centerline hardness reduction is gradual. After
post-weld heat treatment, the hardness in the base materials increased;
but, there was almost no change in the hardness values at the center of
the nugget. However, the heat-affected zone (HAZ) shows a gradual
increase in hardness from the nugget to the base materials. Since base
materials were weaker than the welded zone in as-welded samples pro-
cessed using 1400 rpm and 80 mm/min, the fracture took place in the
base material during uniaxial tensile testing. The location of the fracture
in base material was in A356 since it has lower strength than A319
(Figure 4.2B). After post-weld heat treatment, the location of the frac-
ture moved from base material to the weld nugget of the specimen as it
became the weakest zone in the welded structure (Figure 4.2C).

Figure 4.3 includes the dissimilar weld made between cast A356 and
wrought AA6061. Figure 4.3A and B describes two different situations.
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Condition A

S

Figure 4.3 Transverse cross-section of the weld between cast A356 and wrought AA6061 fabricated at 1600 rpm
tool rotation rate and 87 mmlmin tool traverse speed; (A) A356 on advancing side, (B) AA6061 on advancing
side, (C) an optical micrograph for weld shown in (A), and (D) an optical micrograph for the weld shown in
(B). (C and D) show the presence of A356 (darker region) and AA6061 in alternating layer configuration (Lee
et al., 2003, Reprinted with permission from Springer).

Figure 4.3A illustrates the situation wherein A356 alloy was on the
advancing side of the weld, whereas Figure 4.3B represents the case
where AA6061 was present on the advancing side. Both the welds were
made at the tool rotation rate of 1600 rpm and the tool traverse speed
of 87 mm/min. The presence of onion ring in the nugget should be noted
in both cases. Figure 4.3C and D shows optical micrographs taken from
the nugget of the weld. An alternating layer of A356 (darker region)
and AA6061 (brighter region) should be noted here in both cases.

The scanning electron microscopy images for as-cast A356 and
wrought AA6061 alloys are shown in Figure 4.4A and B. A typical cast
microstructure for A356 should be noted here in Figure 4.4A. The hard-
ness profile for a weld corresponding to the case where AA6061 was on
the advancing side is shown in Figure 4.4C. The inset of Figure 4.4C
shows variation of the Si particles and Mg,Si precipitates across differ-
ent zones of the weld. The nugget of the weld shows the absence of
Mg,Si precipitates due to dissolution and coarsened Si particles. Note
that the nugget hardness lies in between the base materials hardness.
A356 alloy has a lower hardness than AA6061 alloy in base material.

In dissimilar aluminum alloys weld, the last two examples represented
welds formed between cast—cast and cast—wrought combinations. Next
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Figure 4.4 Scanning electron micrograph of (A) as-cast A356 and (B) wrought AA6061; (C) microhardness pro-
file on the transverse cross-section of A356/AA6061 weld (AA6061 on advancing side). Insets in (C) show state
of precipitates in different zones of the weld (Lee et al., 2003, Reprinted with permission from Springer).

we will discuss the weld formed between two wrought alloys. A transverse
cross-section of the weld formed between AA6061-T6 (advancing side)
and AA6082-T6 (retreating side) is shown in Figure 4.5. It shows different
zones of the weld marked in approximate manner on the macrograph
(Figure 4.5A). The nugget region shows that the materials from both
alloys are present without much mixing. The lighter region represents
AA6061 alloy. A micrograph which was taken from region 4 in
Figure 4.5A 1is included in Figure 4.5B. Different grain sizes can be noted
in the lighter (AA6061) and darker (AA6082) regions which are dispersed
with very fine precipitates. Two-dimensional microhardness mapping of
the nugget region revealed that there are two zones of maximum hardness
along the depth of the nugget, and maximum hardness values were close
to each other (Figure 4.5C). The microhardness measurement across dif-
ferent weld zones on the transverse cross-section at half the thickness of
the plate revealed somewhat asymmetric variation of hardness across the
weld centerline. The lowest hardness was found in the HAZ on retreating
side (AA6082-T6 side). The hardness profile is shown in Figure 4.6. It also
shows hardness profiles for similar welds AA6061 and AA6082 alloys.

So far the focus was to look at effect of starting processing condi-
tions on material mixing, microstructural evolution, and mechanical
properties of the weld. Now we discuss a few examples to show effects
of other processing parameters such as tool rotation rates, tool traverse
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Figure 4.5 Dissimilar weld between AA6082-T6 (retreating side) and AA6061-T6 (advancing side). The weld
was made at 1120 rpm tool rotation rate and 224 mmlmin tool traverse speed. (A) Macrograph showing trans-
verse cross-section of the weld, (B) micrograph corresponding to the region bounded by the rectangle labeled 4 in
(A), and (C) 2D hardness contour map showing hardness of the material along the depth within the nugget zone
of the welded structure ( Moreira et al., 2009).

speeds, materials position with respect to the welding tool on para-
meters such as material mixing, microstructure, and mechanical
properties.

Figure 4.7 shows transverse cross-section of the dissimilar friction
stir welds made at different tool rotation rates and tool traverse speeds.
The alloy 5J32 (Al-Mg—Cu)—an aluminum alloy designation of
Kobe steel and is equivalent to AAS5023—was placed on the retreating
side of weld. AA5052 was placed on the advancing side of the weld.
Both were welded in butt configuration. Tool rotation rates used dur-
ing welding were 1000 and 1500 rpm. The tool traverse speed varied
from 100 to 400 mm/min in the steps of 100 mm/min at each tool rota-
tion rate. As can be noted from Figure 4.7, in the welded zone, there is
a sharp interface between these two alloys indicating very little mixing
between the alloys during material flow around the FSW tool.
However, at 1500 rpm, one can notice vortex-like feature in the welded
zone which is indicative of enhanced material mixing at this tool rota-
tion rate. Hence, enhanced mixing is definitely a result of high heat
input due to higher tool rotation rate.



Friction Stir Welding of Dissimilar Alloys 49

——o6—— FSW 6082-T6
——B-—- FSW 6082-T6+6061-T6

120 —— - FSW 6061-T6
Pin diameter
110 ¢ - Shoulder diameter
s, .
S 100
>
I 90 -
@
Q
5 8078 3
I i
g 7015 | L g
= c | | | ©
= g | | g
601 < : } } g
Dissimilar joint | | | 1" Dissimilar joint
50 16061-T6 side | { ! i 6082-T6 side

-15 -10 -5 0 5 10 15
Distance from the weld center (mm)

Figure 4.6 Microhardness profile across different zones on the transverse cross-section for the weld shown in
Figure 4.5A4 along with two other similar welds ( Moreira et al., 2009).
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Figure 4.7 Effect of tool rotation rates and tool traverse speeds on the level of material mixing in 5J32 (retreating
side) and AA5052 (advancing side) welds (Song et al., 2010, Reprinted with permission from The Japan Institute
of Metals and Materials).
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Figure 4.8 The variation of microhardness across different zones on the transverse cross-section of RS5J32-
AS5052 dissimilar friction stir welds (Song et al., 2010, Reprinted with permission from The Japan Institute of
Metals and Materials).

Enhanced material mixing is expected to have beneficial impact on
the mechanical properties of the joints. Figure 4.8 shows variation of
microhardness at the transverse cross-section of the weld for the welds
made at 1000 rpm, 100 mm/min and 1500 rpm, 100 mm/min. Since
there was inadequate material mixing between two alloys at 1000 rpm
and 100 mm/min, it shows relatively sharp change in microhardness
values across from 5J32 to AAS5052. However, the weld made at
1500 rpm and 100 mm/min shows a gradual variation in hardness
values from the retreating side to the advancing side.

Although Figure 4.7 shows welds made at different welding speeds,
the effect of variation in tool traverse speed appears to be not very sig-
nificant. To show the effect of tool traverse speed on material flow and
mixing, another example is included in Figure 4.9. It shows the trans-
verse cross-sectional images (macro- and microstructural) of the welds
made at two different tool traverse speeds—57 and 229 mm/min. The
tool rotation rate was kept constant at 637 rpm for both the welds and
a tool with threaded pin was used for the welding. The dissimilar welds
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Figure 4.9 AA6061—AA2024 (advancing side) dissimilar welds made at 57 mmimin (A and C); 229 mm/min
(B and D); tool rotation rate for both welds: 637 rpm (Ouyang and Kovacevic, 2002, Reprinted with permission
from Springer).

were made between AA6061 and AA2024 alloys. Figure 4.9A and B
shows the macroscopic images, and Figure 4.9C and D shows high-
magnification images of weld nugget. For both welds, onion ring- like
features should be noted in the weld nuggets. However, the weld made
at 57 mm/min (Figure 4.9A and C) shows a better mixing and there-
fore less heterogeneity in the nugget compared to the weld made at
229 mm/min. For the weld made at 229 mm/min, in the nugget two
onion rings- like features should be noted. Although the top onion
ring- like feature consists of alternate layers of both alloys, based on
the contrast (Figure 4.9D) it can be stated that it consisted of mostly
AAG6061 alloy. The onion ring toward the bottom of the plate also
showed more of AA6061 alloy. In addition to this in the upper part of
the weld, in the shoulder affected region, the amount of AA6061 alloy
extruded toward advancing side of the weld appears to be more. It
signifies less mixing at higher welding speeds.

To illustrate the role of workpiece position, whether advancing or
retreating side, on material mixing and its effect on microstructural
evolution and resulting mechanical properties, the transverse cross-
sections of the welds made between AAS5052-H32 and AA6061-T6
are shown in Figure 4.10. Both the welds were made at 2000 rpm tool
rotation rate and 100 mm/min tool traverse speed. Figure 4.10A cor-
responds to the case where AA6061 alloy was placed on the
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Figure 4.10 The effect of material positioning on the level of material mixing during friction stir dissimilar welding
of 5052 A1-H32 and 6061 AI-T6 alloys ( Park et al., 2010, Reprinted with permission from Maney Publishing).

retreating side of the weld, whereas Figure 4.10B is the case where
AAG6061 was present on the advancing side of the weld. The effect of
the position of materials during welding is evident from the appear-
ance of the welds in Figure 4.10. The onion ring in Figure 4.10A sig-
nifies proper mixing between AAS5052 and AA6061 alloys during
welding. However, no such feature is apparent in Figure 4.10B where
AA6061 alloy was on the advancing side of the weld. The electron
probe microanalysis study of the alternating bands in the onion ring
of the weld in Figure 4.10A informed that Mg content in the dark-
colored region was very close to that present in AA5052-H32, and in
light-colored region, the Mg concentration was very close to that
found in AA6062-T6 alloy. In the weld shown in Figure 4.10B Mg
concentration did not vary much from point to point, and the aver-
age concentration was that of the AA6061-T6. Guo et al. (2014) also
characterized the chemical compositions of various layers observed in
the nugget in dissimilar weld made between AA6061 and AA7075
aluminum alloys. Figure 4.11 shows the energy dispersive spectros-
copy (EDS) results from the work of Guo et al. (2014). Spectrum 1
shows that the material in the layer belongs to AA6061 alloy, spec-
trum 2 indicates the layer is made of AA7075 alloy, and spectrum 3
indicates that the layer is a mixture of AA6061 and AA7075. Hence,
in the dissimilar welding, alternating layers represent different alloys
used in the welding and their chemistry is dependent on level of inter-
mixing. In this regard, the position of the alloy in dissimilar welding
is very important which also affects the material mixing and overall
composition of the welded region.
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Figure 4.11 EDS analysis of the nugget region of the dissimilar weld between AA6061 and AA7075 alloys
(Guo et al., 2014).

Differences in material flow are expected to manifest itself in differ-
ent mechanical properties. The mechanical properties of the welds in
Figure 4.10 were evaluated in terms of microhardness profiles for each
weld on the transverse cross-section of the weld, and they are included
in Figure 4.11. The microhardness profile in Figure 4.12A shows two
local minima each corresponding to HAZ on each side. Between these
two minima, the HAZ in AA5052 alloy on advancing side showed the
minimum value. The minimum was still observed in the HAZ of
AAS5052 alloy when it was placed on the retreating side. However, for
this configuration of the weld, the change in hardness values from nug-
get to HAZ was very sharp. Such a sudden change in microhardness
values between different zones may have influence on deformation
behavior of the welded structure.

The tool geometry also plays a very important role in the joint for-
mation and quality of the joint formed. In a work along this line,
Izadi et al. (2013) investigated effect of three different tool geometries
on the level of material mixing. The schematic of the tools used (only
two) are shown in Figure 4.13. The shoulder diameter and tool pin
height were 10 and 4 mm, respectively, for each tool. They differed
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Figure 4.12 Microhardness profile along the dotted (yellow) horizontal lines shown in Figure 4.10 for the weld
(A) ASR6 (5052A1-H32 on advancing side and 6061 AI-T6 on the retreating side) and (B) A6R5 (6061AI1-T6 on
advancing side and 5052AI-H32 on the retreating side) (Park et al., 2010, Reprinted with permission from

Maney Publishing).

from each other in terms of pin design. Two pin geometries were as
follows—(i) pin having non-helical grooves with 0.7 mm spacing
(Figure 4.13A) and (i1) pin with a geometry as in (i) with three flats
on it, each apart by 120° (Figure 4.13B). All the welds were made at

894 rpm and 33 mm/min.
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Figure 4.13 Schematic of the Tools with different pin geometries (Izadi et al., 2013).

Figure 4.14 shows the dissimilar welds made between AA2024 and
AA6061 alloys using the tool shown in Figure 4.13A. Figure 4.14 also
shows effect of workpiece position on the level of mixing between these
two alloys. It is evident that in this case the level of intermixing remained
the same despite the change in position of the alloys with respect to each
other. The darker region of the weldments shown in Figure 4.14 repre-
sents AA2024 alloy. As shown in Figure 4.7 (for welds made at 1000 rpm
and 100—400 mm/min) and Figure 4.10B, there is a sharp interface in the
nugget between the materials belonging to these alloys. It shows very little
intermixing between the alloys during FSW. The example included in
Figure 4.14 indicates that by changing the position alone a better mixing
between different materials cannot be guaranteed. Position of the mate-
rial definitely has a key role to play in the level of mixing between differ-
ent materials, but a suitable combination of other processing parameters
such as tool rotation rates and tool traverse speeds are important in pro-
moting the mixing of materials during dissimilar welding.

Figure 4.15 shows clearly the role tool geometry plays on materials
mixing in the course of dissimilar material welding. When AA2024
was on the advancing side, the lower part of the nugget showed onion
ring kind of structure in the weld made using tool pin having grooves
and three flats on it. However, the top of the nugget shows a big chunk
of AA6061 on retreating side extruded toward advancing side of the
weld. The upper part is similar to what was observed in Figure 4.14A.
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(B)

Figure 4.14 Friction stir dissimilar welding of AA6061 and AA2024 alloys using the tool pin with non-helical
grove (Figure 4.13A4) (Izadi et al., 2013, Reprinted with permission from Maney Publishing).

AS

Stir Zone boundary
Discontinuity

Figure 4.15 Friction stir dissimilar welding of AA6061 and AA2024 alloys using the tool pin with groove and three
flats (Figure 4.13B) (Izadi et al., 2013, Reprinted with permission from Maney Publishing).

It appears that the flats on the pin promote vertical flow which results
in a better mixing of different materials in dissimilar material welding.
Due to the dominance of the shoulder in the upper part of the weld,
the effect of flats on the pin is not evident. But, it is clearly evident
from the onion ring in the lower part of the weld nugget in the pin-
affected zone. When AA2024 was placed on the retreating side of the
weld, it appears that the pin geometry does not enhance material mix-
ing. Figure 4.15B shows that AA6061 (on advancing side) and
AA2024 simply get extruded into the weld nugget without much
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intermixing (evident from the sharp interface). As shown in Figures 4.8
and 4.12, differences in material mixing will lead to different responses
for a given loading condition in structural applications. Table 4.1 pro-
vides a summary of friction stir welding process parameter used in the
welding of dissimilar aluminum alloys.

4.1.2 Steel to Steel

Although the technological importance of dissimilar steel welding can-
not be overemphasized, the progress in this direction has been rather
slow. The reasons for such a slow response have been mostly the same
as for the FSW of similar welding of steels. Extensive tool wear and
high cost of the tool materials have been a bottleneck for satisfactory
growth for FSW of steels and other high-temperature materials.

Figure 4.16 shows dissimilar friction stir welds between low- and
high-carbon steels. The low-carbon steel has been referred to as SPHC
and high-carbon steels as SK85. The starting microstructure of SPHC
mostly consisted of a-ferrite and that of SK85 was composed of ferritic
matrix embedded with globular cementite. For making welds, a poly-
crystalline boron nitride (PCBN) tool having convex shoulder and
tapered pin profile was used. The shoulder diameter, pin diameter at
the shoulder—pin interface, and pin diameter at the tip of the pin were
25, 8, and 6 mm, respectively. The pin height was 3 mm. The dissimilar
friction stir weld shown in Figure 4.16 was made at 800 rpm tool rota-
tion rate and 200 mm/min in an argon atmosphere.

As shown before for dissimilar FSW of aluminum alloys, here also
in Figure 4.16A, mixed and unmixed regions can be easily noted. As a
result different regions in the nugget show different microstructures.
For example, Figure 4.16C which corresponds to material present in
shoulder-affected region; the microstructure consisted of fine pearlite
and globular cementite particles. It indicates mixing between SPHC
and SK85 to some extent. The micrograph in Figure 4.16D from
region labeled “d” shows a microstructure similar to as-received
SPHC. Figure 4.16E which belongs to region “e” shows 65% martens-
ite. The microstructure of regions “f” and “g” consisted of pearlite +
ferrite (Figure 4.16F) and ferrite + cementite + fine pearlite
(Figure 4.16G), respectively. Different microstructures in various parts
of the nugget indicate different level of mixing in different zones as a
result of material flow and also different heating and cooling rates.



Table 4.1 Summary of Welding Parameters Used for Dissimilar FSW of Aluminum Alloys

Dissimilar Alloys Tool Tool Plate Dimension (mm) Tool Tool Dimensions Tool Pin Profile Reference
Rotation Traverse w L T Material D |d h
Rate Speed
(rpm) (mm/min)
A356 and A7075 710, 80, 112, 100 | 50 4 SKD11 20 | 4 3.8 Cylindrical, featureless Boonchouytan
1000, 160 et al. (2014)
1400
AA6061-AAT075 1200 120, 180, 300 | 50 15 | 5atroot Conical, threaded Guo et al.
300 (2014)
AA2024—AA7075 1500 50—300 200 | 100 | 5 15 6 Concave shoulder, conical, Song et al.
threaded (2010) (lap
joint)
AA6061-AA2014 500, 1500 90 550 | 70 4.7 1515 4.4 Scrolled shoulder, threaded Jonckheere
cylindrical pin with three flats | et al. (2013)
AA2024—AA6061 894 3388 (88 6.35 (AA6061 H13 10 | 4 Cylindrical, threads with no Izadi et al.
for lap 1 mm thick for helix, helical threads, threads (2013)
welding) lap welding) with three flats 120° apart
AA1100- 2000 100, 200 150 | 50 4.4 WC-Co Conical featureless Guo et al.
B,C—AA6063 (2012)
AAS5083—-AA6351 600, 950, 60 100 | 50 6 High- 18 | 6 5.7 Cylindrical with 4, 6, and Palanivel et al.
1300 carbon, 8 flats, conical with 4 and (2012)
high- 8 flats
chromium
steel
AA5086—AA6061 | 600—1000 | 30—150 150 | 50 5 H13 20 | 6 at the 4.8 Conical with a conical slot Jamshidi Aval
root; 3 (2° angle) on the surface of et al. (2012)
at the the pin
tip




AA2024—AAT7075 | 400, 254 3 12 | 4 2.85 | Cylindrical threaded da Silva et al.
1000, (2011)
2000
A356—AA6061 1000, 80—240 100 | 30 3 High-speed 1515 2.6 Cylindrical Ghosh et al.
1400 steel (2010)
AA2024—AA7075 | 400, 100, 150, 1.2,2.0,2.5 12 3 Zadpoor et al.
1200, 400 (2010)
1500
A356—A319 1120, 80, 112 250 | 50 10 HI13 3515 8 Cylindrical Hassan et al.
1400, (2010)
1800
AA5052—-AAS5I32 1000, 100—400 12 | 3.8 1.45 | Cylindrical threaded Song et al.
(Al-Mg—Cu) 1500 (2010)
AAS052—-AA6061 2000 100 2 10 | 4 1.7 Concave shoulder, cylindrical Park et al.
pin (2010)
AA2017—-AA6005 1000 200 600 | 70 6 18 |8 5.7 Cylindrical threaded with Simar et al.
three flutes (2010)
AA6061-AA6082 1120 224 3 17 Cylindrical threaded pin with Moreira et al.
concave shoulder (2009)
AA2024—AA6056 500—1200 | 150—400 4 1515 Cylindrical threaded pin with Amancio-Filho
concave shoulder et al. (2008)
AA2024—AAT7075 1200 42-200 3 SKD61 12 |4 Cylindrical threaded Khodir and
Shibayanagi
(2008)
AA2024—AA7075 1600 120 200 | 80 4 Cavaliere and
Panella (2008)
A356—AA6061 1600 87-267 140 | 70 4 Lee et al.
(2003)

(Continued)



Table 4.1 (Continued)

Dissimilar Alloys Tool Tool Plate Dimension (mm) Tool Tool Dimensions Tool Pin Profile Reference
Rotation Traverse w L T Material D |d h
Rate Speed
(rpm) (mm/min)
AAS5083—AA6061 890, 1540 118, 155 3 10 |3 2.8 Cylindrical Shigematsu
et al. (2003)
AA2024—-AA6061 151-914 57-330 12.7 Tool steel Ouyang and
Kovacevic
(2002)
AA2024—AA6061 400—1200 | 60 6.5 Carbon 19 |65 Li et al. (1999)
steel
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Figure 4.16 FSW of dissimilar steels: low-carbon steel (0.04 wt’s) and high-carbon steel (0.84%). The welding
was carried out at 800 rpm and 200 mmi/min in argon atmosphere using a PCBN tool (Choi et al, 2011,
Reprinted with permission from The Japan Institute of Metals and Materials).

Figure 4.17 shows mechanical properties for the dissimilar weld for
which microstructural results were presented in Figure 4.16 along with
another weld made at 400 rpm tool rotation rate. Microhardness profiles
are shown in Figure 4.17A, and tensile test results are included in
Figure 4.17B. As can be noted at both tool rotation rates, the welded
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Figure 4.17 Mechanical properties. (A) Microhardness results; measurement was carried out on the transverse
cross-section and (B) tensile test results and inset showing fractured tensile samples. The microstructural results
were presented in Figure 4.15 for the weld made at 800 rpm. The mechanical properties result also include results
for the weld made at 400 rpm and welding parameters same as for 800 rpm weld (Choi et al., 2011, Reprinted
with permission from The Japan Institute of Metals and Materials).
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Figure 4.18 Effect of microstructural variation on the microhardness values in the dissimilar welds. The weld was
made between low-carbon steel (0.11 wt’4C) and stainless steel 304. The tool was made of WC-Co and the tool
dimensions were as follows: tool shoulder diameter—16 mm, pin diameter—35.5 mm, and pin height—2.6 mm
(Jafarzadegan et al., 2013 ).

zones (nugget, TMAZ, and HAZ) show hardness values higher than the
base materials. From Figure 4.17B, it should be noted that tensile tests
results show almost the same level of YS, UTS, and %El for both tool
rotation rates. The inset in Figure 4.17B shows the location of fracture of
tensile samples. Clearly, the fracture took place outside the welded zone.

Although the microhardness profile show very little variation in the
values in the nugget in this case, the variation can be quite significant
due to highly heterogeneous microstructure as a result of differences in
material flow characteristics and different heating and cooling rates in
the different parts of the nugget. Figure 4.18 shows microhardness pro-
files for dissimilar weld between stainless steel and low-carbon steel.
Overall in the stir zone the hardness increases from low-carbon steel
side to stainless steel side. But within the stir zone a significant varia-
tion in microhardness values should be noted in Figure 4.18. The
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variation is as high as 100 VHN. Figure 4.18 also shows micrographs
from the different regions of the weld, and positional dependence of
microstructure within the nugget is quite evident here.

The effect of positional dependence of materials during welding has
been studied in dissimilar welding of steels also. One such result is
shown in Figure 4.19. Here FSW was performed between ferritic/
martensitic steel F82H and austenitic stainless steel 304. All welds were
made at 100 rpm and 100 mm/min tool rotation rate and tool traverse
speeds, respectively, using WC-based tool. The tool dimensions were as
follows: shoulder diameter—15mm, pin diameter—6 mm, and pin
length—1.3 mm. In this welding, the vertical surface of the cylindrical
pin was shifted 0.1 mm toward F82H. It means that the tool pin did not
penetrate in the 304 steel. The transverse cross-sections for the welds
show the differences in materials mixing in each case in the weld nugget.
It was explained on the basis of softening behavior of the alloys. It was
discussed by Chung et al. (2011) that at the welding temperature F82H
is softer than 304 steel. Hence, when F82H was placed on the advancing
side, mixing between F82H and 304 was not sufficient which leads to an
interface between these two alloys (Figure 4.19(A)). However, when
placed on the retreating side, temperature toward the 304 steel side was
sufficient to cause softening in both alloys to the same extent which led
to better mixing. As explained in Chapter 2, it may also have to do with
interface position with respect to the tool rotation axis. From material
mixing point of view, it is advisable to position the interface biased
toward advancing side (refer to Chapter 2 for the details).

RS: SUS304 AS: F82H

AS: SUS304

Figure 4.19 Effect of alloy position on materials mixing in dissimilar FSW of ferriticlmartensitic FS2H and
austenitic 304 steel (Chung et al., 2011).
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4.2 FRICTION STIR LAP WELDING OF DISSIMILAR ALLOYS

This section describes a few examples based on dissimilar friction stir
lap welding. In the lap welding, two or more workpieces are stacked
on top of each other. Like the butt welding, there are a number of
parameters which affect joint integrity in the lap welding. Figure 4.20
shows stacking order of AAS5052 and AA6061 alloys sheets used in the
dissimilar friction stir lap welding by Lee et al. (2008). The thickness
of AA6061-T6 and AAS5052-H112 alloys were 2 and 1 mm, respec-
tively. In addition to the effect of workpiece staking order, Lee et al.
(2008) also studied the effect of tool rotation rate and tool traverse
speed on material mixing and resulting mechanical properties.

Figure 4.21 shows the transverse cross-section of welds made at
different tool rotation rates. The configuration of workpieces corre-
sponds to that shown in Figure 4.20A. In Figure 4.21A—C the welds
were made by varying the tool rotation rates and in Figure 4.21D—F
by varying the tool traverse speeds. Irrespective of the processing
parameters, the top layer of the welded zone consisted of only
AAS5052. Onion ring patterns should also be noted which are devel-
oped to different degrees depending on the processing parameters.
As discussed for the butt welding earlier, here also the alternating
layers in the onion ring pattern correspond to the alloys used in the
welding. The presence of AA5052 alloy in the lower part of the nug-
get suggests vertical flow of the material during the welding, and the
extent of this flow is definitely dependent on the processing para-
meters. For example, Figure 4.21C shows an almost complete onion
ring compared to the one shown in Figure 4.21A and B. The tool
rotation rate was highest for Figure 4.21C and lowest for
Figure 4.21A. Friction stir welds shown in Figure 4.21D—F were

") AA5052

AAGO6G1

Advancing side Retreating side

B)

AA5052 : ‘ AAG061

Figure 4.20 Schematic showing different lap weld configuration (A) top sheet AA5052 and (B) AA6061 alloys.
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Figure 4.21 Friction stir dissimilar lap welds made between AA5052 and AA6061 by (A—C) increasing tool rota-
tion rate and (D—F) increasing tool traverse speed. In both cases, the lap weld configuration corresponded to
Figure 4.21A4 (Lee et al., 2008, Reprinted with permission from Springer).

made at different tool traverse speeds while keeping other processing
parameters constant. Note that the contrast in the lower part of the
weld in Figure 4.21D signifies the presence of both alloys due to
better mixing, which disappears gradually on increasing the tool
traverse speed. The weld shown in Figure 4.21F corresponds to the
highest tool traverse speed, and it shows that the bottom part of
the nugget predominantly consists of one material (AA6061). It can
be rationalized based on less time for material to flow vertically and
mix at higher tool traverse speeds.

Figure 4.22 has been included to illustrate the effect of the alloy
position in the lap welding. All the welds shown in Figure 4.22 were
made by placing AA5052 sheet below AA6061. Overall, a relatively
low level of mixing (compared to the results shown in Figure 4.21)
between AA6061 and AAS052 alloys is evident from the transverse
cross-sectional images presented in Figure 4.22. Among the welds
shown in Figure 4.22A—C, the best in terms of material mixing is
observed for the processing parameters corresponding to Figure 4.22C.
Similarly, at increasing tool traverse speed material mixing becomes
less effective. The poor material mixing is definitely a result of lower
temperature and relatively smaller strain toward the bottom of the
weld sheet stacking. It causes AAS5052 to simply extrude and get
embedded into the AA6061.

Note that although higher tool rotation rate and/or lower tool
traverse speed is necessary for better mixing of the alloys in the weld
nugget, a better mixing does not necessarily translate into better load
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Figure 4.22 Friction stir dissimilar lap welds made between AA5052 and AA6061 by (A—C) increasing tool rota-
tion rate and (D and E) increasing tool traverse speed. In both cases, the lap weld configuration corresponded to
Figure 4.20B (Lee et al., 2008, Reprinted with permission from Springer ).

carrying capacity of the joints. Note that higher tool rotation rate
and/or lower tool traverse speed is also related to higher heat input
during the welding. It might result in inferior mechanical properties in
welded zones. For example, the lap shear test carried out by Lee et al.
(2008) for the weld corresponding to 1250 rpm and 267 mm/min
(Figure 4.22A) fractured at 5.6 kN, whereas the weld made at
2500 rpm and 267 mm/min (Figure 4.22B) showed a load carrying
capacity of 2.2 kN. Hence, it suggests that process parameter optimiza-
tion to obtain best combinations of material mixing and mechanical
properties.
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Friction Stir Welding of Dissimilar Materials

5.1 Al TO Mg ALLOYS

Welding of dissimilar Al and Mg alloys has been paid increasing atten-
tion recently due to their lightweight characters and high specific
strengths for structural applications in transportation industries. Al
and Mg alloys have very similar melting points, not quite different
coefficient of thermal expansion and thermal conductivity, but differ-
ent formability due to different crystal structures. Welding of dissimilar
Al and Mg alloys is challenging due to the formation of liquation and
brittle intermetallic compounds (IMCs), Mg;;Al;, and AlsMg,
through diffusion process. As shown in the Al-Mg phase diagram
(Figure 5.1), two eutectic reactions can occur at much lower tempera-
tures compared to the melting temperatures. Even with friction stir
welding (FSW), the peak temperature in the stir zone is generally
above these eutectic points. Welding between Al and Mg using FSW
typically leads to the formation and growth of IMC layer at the inter-
face. Mg ;Al;, and AlsMg, are typically present in the IMC layers
which can be in various morphologies depending on the alloy systems
and welding conditions adopted. Due to the brittle characters of these
IMCs and easy formation of cracks in the IMC layers, strength of the
welds is always degraded when a thicker IMC layer is formed accom-
panied by the solidification cracking. In order to increase the weld
strength, reducing the Al-Mg IMC reaction layer thickness as well as
the solidification cracking is necessary.

Among available literature on FSW of Al to Mg alloys, regardless
the use of various alloy systems, welding parameters, or configurations,
one common feature is the formation of IMC at the interface between
Al and Mg alloys. Figure 5.2 is just one example showing high-
magnification view at interface IMC layer between Mg alloy AZ31
and Al alloy AA5083. The welds were produced in a butt configura-
tion with Al alloy on the advancing side. A tool rotation rate of
500 rpm was employed in Figure 5.2A and 450 rpm for Figure 5.2B

Friction Stir Welding of Dissimilar Alloys and Materials. DOI: http://dx.doi.org/10.1016/B978-0-12-802418-8.00005-9
© 2015 Elsevier Inc. All rights reserved.
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Figure 5.1 The binary Al—Mg phase diagram ( Murray, 1992).

Figure 5.2 Transmission electron microscope (TEM ) images showing formation of IMCs at the interface between
Mg alloy AZ31 and Al alloy AA5083 in a butt welding configuration (A) without tool offset and (B) with tool
offset of 1.5mm to Al alloy (Yamamoto et al., 2009, Reprinted with permission from The Japan Institute of
Metals and Materials).
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with same tool traverse speed of 100 mm/min. In both cases, IMCs
including Al;,Mg;; and AlsMg, are distributed regularly within the
IMC layer which is about 0.8 pm thick for the former and 1.8 pm thick
for the latter. The difference in thickness of IMC layer is related to the
different frictional heat inputs due to tool offset, which has been dis-
cussed later in this section. Comparing these two figures, one can also
realize that the thickness of Al;,Mg;; is less than that of Al;Mg, in
both welding conditions, which indicates different growth kinetics for
these two IMCs.

The formation and growth of Al-Mg IMCs can be induced by dif-
fusion. Figure 5.3 presents the computed thickness of IMC layer as a
function of diffusion time for the case shown in Figure 5.2A based on
an assumption of a diffusion control for IMC formation and growth,
which was later verified by the experimental observation. The activa-
tion energy for AlsMg, is less than that of Al;;Mg;;, as a result, the
growth rate for Al;3Mg, is much faster. It is noted that the IMC layer
grows quickly and the thickness of the layer is over 1 um within 4 s at
573 K. The TEM observation indicates fine grain structure for both
IMCs without any indication of solidification features.

As specified in the Al-Mg phase diagram, there are two low-
melting-temperature eutectic reactions, which can take place at signifi-
cantly lower temperatures as compared to the melting temperature of
either metals. However, these reaction temperatures are within the
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Figure 5.3 Thickness of IMC as a function of discussion time ( Yamamoto et al., 2009, Reprinted with permission
from The Japan Institute of Metals and Materials).
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Figure 5.4 Friction stir-welded AA1050 and AZ31 in a butt configuration: (A) cross-sectional view of the welded
interface and ( B) microstructure of the interface showing solidified structure (Sato et al., 2004).

range of peak temperature during FSW, which indicates the occurrence
of liquation and solidification structure in Al-Mg welding. Figure 5.4
presents a transverse cross section and microstructure of dissimilar butt
welded 6 mm Al alloy AA1050 to same thickness AZ31 Mg alloy with
the Mg alloy on the advancing side. The weld was made at 2450 rpm
and 90 mm/min without tool offset. An irregular shaped region is visi-
ble at the weld center. The microstructure of the irregular shaped
region shown in Figure 5.4B indicates solidified structure. Porosities
and eutectic structure with black and white contrast are noticed. This
eutectic structure was further verified to be consisted of Al;,Mg;7; and
Mg solid solution. The result was interpreted as constitutional liqua-
tion during welding and eutectic reaction after the primary solidifica-
tion of Al;»Mg;7 during cooling. Different from the results shown in
Figure 5.2, a higher welding temperature of above 733 K is suggested
in the weld region in this case. An enhanced mutual diffusion between
Al and Mg atoms as a result of high welding temperature and high
strain rate plastic deformation result in the constitutional liquation.



Friction Stir Welding of Dissimilar Materials 75

AZ31B Mg

S : # 1 Advancing side
Retreating side

.1

i o
oy

Figure 5.5 Friction stir lap welding of Al 6061 to AZ31: (A) macrostructure of transverse cross section and
(B—G) Scanning electron microscope (SEM) microstructures at various locations (Firouzdor and Kou, 2010a),
Reprinted with permission from Springer.

The formation of Al;,Mg;; and eutectic structure is linked to the local
chemical inhomogeneity which has 30—40 at.% of Al.

The interdiffusion can be more prominent when Al and Mg alloys
are welded in a lap configuration due to larger contact area and the
thermal history profile the weld experiences. This is generally repre-
sented by large area of IMCs. Figure 5.5 shows one example in this
class where IMC formation through eutectic reaction takes place. In
this particular case, Al alloy AA6061 with a thickness of 1.6 mm was
friction stir welded to a 1.6 mm Mg alloy AZ31 in a lap configuration.
The weld was made at a tool rotation rate of 1400 rpm and a tool tra-
verse speed of 38 mm/min with a tool having 1.5 mm pin length. IMC
layers formed at the bottom of the nugget between Al and Mg. In
addition to the large Al;Mg, layer adjacent to the upper Al alloy, a
thick layer of laminar eutectic structure is shown as a result of
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constitutional liquation formation and further solidification. Instead of
the normal large dendritic grain structure, the grains are in fine spheri-
cal morphology which is likely related to the shearing during solidifica-
tion. Cracking was also noticed in the weld on the retreating side,
serving as another evidence of liquation. Liquid is sheared into thin
liquid films during welding, which in turn can cause cracking due to
strain mismatch during solidification.

As discussed above, the formation and morphology of both crack
and IMCs are related to the mutual diffusion between Al and Mg
alloys and subsequent solidification process. Their presence in the dis-
similar welds can weaken the welds significantly. Both diffusion and
solidification processes are affected by welding configuration (lap or
butt welding), placement of workpiece (advancing vs. retreating side in
butt welding and upper vs. lower position in lap welding) and welding
tool with respect to the workpiece interface, welding parameters, such
as tool rotation rate and tool traverse speed, welding tool design, and
additional cooling solution. Since the majority of the dissimilar Al and
Mg FSW are conducted in butt welding configuration, the following
section will mainly discuss some of the above mentioned factors in
butt welding to show how they affect material flow, microstructure,
and mechanical properties of dissimilar Al and Mg welds.

The placement of workpiece has significant influence on possibility
to achieve sound dissimilar welds due to the differences in flow behav-
ior of Al and Mg alloys and asymmetric temperature distribution on
advancing and retreating sides. Table 5.1 summarizes dissimilar weld-
ing of Al alloys to AZ31, which is the most frequently used Mg alloy
in dissimilar welding with Al alloys. It can be noted that the placement
of workpiece for achieving desired sound welds varies among different
Al alloy series. For welding 5XXX Al alloys to AZ31, Al alloy is most
often placed on the advancing side; however, in terms of 6XXX Al
alloys, Mg alloy on the advancing side is preferred. In some cases,
investigation indicates improved weldability and performance with
proper placement of workpieces.

The placement of workpiece influences the frictional heat input, and
in turn, the material flow and intermixing. Figure 5.6 shows weld cross
sections of butt-welded AA6061 to AZ31 with either Al or Mg on the
advancing side. The welds were made without tool offset and using
the same welding parameters at 1400 rpm tool rotation rate and
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Table 5.1 Summary of Dissimilar Welding of Mg Alloy AZ31 to Various Al Alloys in

Butt Welding

Al Alloy | Advancing Tool Offset | Welding Parameters Reference
Side

Al 1050 Mg better Unspecified | 2450 rpm, 90 mm/min Sato et al. (2004)

Al 1060 Al Yes 200—1000 rpm, 19—75 mm/min Yan et al. (2005)

Al 2024 Al No 2500 rpm, 200—550 mm/min Khodir and Shibayanagi
(2007)

Al 2024 Al Unspecified | Unspecified Cao and Jahazi (2010)

Al 5083 Al No 300—400 rpm, 60—100 mm/min McLean et al. (2003)

Al 5052 Al No 800—1600 rpm, 300 mm/min Kwon et al. (2008)

Al 5052 Al No 800—1600 rpm, 100—400 mm/min Morishige et al. (2008)

Al 5052 Al No 1000—1400 rpm, 100—500 mm/min Shigematsu et al. (2009)

Al 5083 Al Yes 300—600 rpm, 40—120 mm/min Yamamoto et al. (2009)

Al 5052 Al Unspecified | 600 rpm, 40 mm/min Yan et al. (2010)

Al 5754 Al better Unspecified | 600—1400 rpm, 40—300 mm/min Simoncini and Forcellese
(2012)

Al 5083 Al Unspecified | 400 rpm, 50 mm/min Mofid et al. (2014)

Al 6040 Mg better No 1400 rpm, 200—300 mm/min Zettler et al. (2006)

Al 6061 Mg better Yes 800, 1400 rpm, 38 mm/min Firouzdor and Kou
(2009)

Al 6040 Mg No 1400 rpm, 225 mm/min Kostka et al. (2009)

Al 6061 Mg Unspecified | 850 rpm, 48 mm/min Chang et al. (2010)

Al 6061 Mg Unspecified | 400 rpm, 20 mm/min Malarvizhi and
Balasubramanian (2012)

Al 6061 Mg better Unspecified | 1500—2000 rpm, 80—200 mm/min Bergmann et al., 2013

Al 6061 Mg Yes 600—1000 rpm, 100 mm/min Liang et al. (2013)

Al 6061 Mg Yes 800 rpm, 5 mm/min Regev et al. (2014)

Al 6061 Al No 600—1400 rpm, 20—60 mm/min Masoudian et al. (2014)

AC4C Al Unspecified | 1500 rpm, 20—80 mm/min Chen and Nakata (2008)

38 mm/min tool traverse speed. Figure 5.6A shows the weld having Al
alloy on the advancing side with layers of Mg alloy carried into the
stir zone and formation of a thin layer of IMC at the interface between
AZ31 and AA6061. The stir zone was shifted toward the Al side.
Figure 5.6B presents the cross section for the weld having Mg on the
advancing side. A relatively even distributed stir zone with respect to
the weld interface is observed in this case. Particularly, the Mg alloy
penetrates deeply into the stir zone and interlocks with the Al alloy.
Distinct material flow behaviors and microstructural evolution
are argued to be related to differences in heat input for both
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Figure 5.6 Cross sections of butt-welded AA6061 to AZ31 with (A) Al on the advancing side and (B) Mg on the
advancing side (Firouzdor and Kou, 2010b, Reprinted with permission from Springer).

configurations. The heat input was claimed to be higher with Al on the
advancing side than with Mg on the advancing side. Having Mg on
the advancing side can reduce the heat input and the formation of
IMC, thus improved weld integrity.

Placement of the tool pin plays an important role in material flow
and intermixing. Figure 5.7 shows the transverse cross sections of
butt-welded 3 mm AA6061 and an Mg alloy with 1.02 wt% Al and
1.05 wt.% Zn under a tool rotation rate of 900 rpm and a tool traverse
speed of 100 mm/min. The Mg alloy was placed on the advancing side
and tool was plunged either at the faying line without pin offset
(Figure 5.7C) or with 1.5mm offset to Al (Figure 5.7B) or Mg
(Figure 5.7A) side. The welded regions show alternative gray and dark
banded structures which were identified as containing intermetallic par-
ticles due to material mixing. A good amount of material mixing can be
noticed without tool offset. With tool offset to the Mg side, less material
mixing with reduced banded structure is observed. The welded zone is
mainly filled with Mg alloy. With tool offset to the Al side, least mate-
rial mixing is observed with no obvious banded structure formation.
The differences in material mixing and band structure with respect to
the tool offset are likely related to the frictional heat generation and
local composition variation.

Different material mixing, formation, and distribution of IMCs in
the weld zone lead to the difference in mechanical behavior of welds.
Figure 5.8 shows engineering stress—strain curves of welds shown in
Figure 5.7 under uniaxial tensile loading. The welds made without tool
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Figure 5.7 Transverse cross sections of butt-welded AA6061 and Mg—1.02 wt% Al—1.05 wt% Zn under various
tool pin plunge positions, (A) 1 mm offset into the Mg side, (B) I mm offset into the Al side, and (C) without
offset (Liang et al., 2013, Reprinted with permission from Springer).
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Figure 5.8 Effect of tool offset on the tensile behavior of joints shown in Figure 5.7 (Liang et al., 2013, Reprinted with

permission from Springer).

offset (M-900) exhibits slightly higher tensile strength, but dramatically
larger elongation to failure. It is noteworthy that welds without tool
offset and with 1.5 mm tool offset to the Mg side failed from the inter-
mixing region, and the weld with tool offset to the Al side failed within
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Figure 5.9 Tensile strength of dissimilar butt-welded AA5083 and AZ31 as a function of (A) tool offset and (B)
the thickness of IMC layer (Yamamoto et al., 2009, Reprinted with permission from The Japan Institute of
Metals and Materials).

the mixed material region in the nugget. The differences in tensile
strength for this particular alloy system have been observed for other
tool rotation rates between 600 and 1000 rpm.

Similar behavior on tensile strength versus tool offset has been
observed for dissimilar butt welding of Al alloy AA5083 and AZ31
with Al on the advancing side and tool offset to Al up to 1.5 mm as
shown in Figure 5.2. Figure 5.9A presents the tensile strength sum-
mary for welds with and without offsets. The tensile strength decreases
significantly when an offset of 1 mm or above is used. The difference
was interpreted as increased thickness of IMC layer and weakened
mechanical interlocking effect. Figure 5.9B shows the relation between
the tensile strength of welds and the thickness of IMC layer. It is
noticed that the tensile strength decreases considerably when the thick-
ness of the IMC layer is above 1.8 pm.

Generally, welding parameters such as tool rotation rate and tra-
verse speed are coupled to influence the frictional heat generation and
volume of material movement and disposition for a unit distance (ratio
of tool rotation rate to tool traverse speed). Discussing one or the
other separately may not show direct impact on process design when
dissimilar Al and Mg welding is required, but can provide a general
view on how each of them affect heat generation, material intermixing,
microstructure, and mechanical properties. Figure 5.10 shows the effect
of tool rotation rate on material mixing between 2 mm AAS5052 and
AZ31 in a butt configuration with Al on the advancing side. No tool
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Figure 5.10 Transverse cross sections for dissimilar butt welds between Al 5052 and AZ31 under various tool rota-
tion rates: (A) 1000 rpm, (B) 1200 rpm, and (C) 1400 rpm ( Kwon et al., 2008 ).
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Figure 5.11 Tensile behavior of butt-welded Al 5052 and AZ31: (A) tensile strength and elongation as a function
of tool rotation rate and (B) fracture behavior of welds shown in Figure 5.10 (Shigematsu et al., 2009, Reprinted
with permission from The Japan Institute of Metals and Materials).

offset was used in this study. The welds were conducted under the
same tool traverse speed of 300 mm/min and various tool rotation
rates from 800 to 1600 rpm, and only those made between 1000 and
1400 rpm are defect-free. For welds made at 1000—1400 rpm, all
bonded interface show similar and limited material mixing as evident
as zigzag morphology in each case.

Figure 5.11 presents the effect of tool rotation rate on tensile
strength for welds shown in Figure 5.10. There is no obvious variation
in tensile strength for those three welds. This is also the case for the
elongation. As shown in Figure 5.11B by the same authors, all welds
fractured near the center region without much reduction of area near
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the fracture region. The fracture behavior is believed to be related to
the abrupt interface between Al and Mg alloys.

Tool traverse speed also influences the material mixing. Figure 5.12
shows the transverse cross sections of dissimilar butt-welded 3 mm
AA2024 and AZ31. Welds were made at a fixed tool rotation rate of
2500 rpm but various tool traverse speeds from 200 to 550 mm/min
using a threaded pin tool without pin offset. The Al alloy was placed
on the advancing side. All weld cross sections are free of macro defects
such as porosity and channel defect. The stir zones comprise of various
regions based on the different contrasts. These contrasts actually repre-
sent the lamellar band structure of mixing of both Al and Mg alloys
formed due to tool stirring. At lower tool traverse speed, it appears
that more material mixing occurs than that at higher tool traverse
speed, likely due to the long period of stirring action of material in
same volume, that is, longer residence time. Higher frictional heat
induced by lower traverse speed is also believed to influence the mate-
rial mixing as evidenced by the reduced stir zone size.

Figure 5.13 shows microhardness profiles of welds made at 200 and
550 mm/min shown in Figure 5.12. The stir zone exhibits a significant
fluctuation of the hardness values, with relatively lower values close to
the Mg side. The relatively higher values are due to IMCs which
formed at the interface as well as the location where severe mixing
took place. Increase in the traverse speed does affect the base metal,
especially the Al alloy side; however, it does not appear to influence
the stir zone much due to the fact that IMC formation happens in
both cases.

As presented above, the formation of Al-Mg IMCs is mainly
driven by interdiffusion of the species and is highly dependent on the
specific thermal history (time and temperature) of the welding process.
Placement of workpiece and the tool with respect to the weld interface
can affect the IMC significantly, and in turn, the mechanical proper-
ties. Even though the tool geometry effect is not discussed specially, it
can be noted from the examples mentioned before, the tool geometry
can influence the material flow significantly. Featured pin such as
threads and flats are believed to enhance material mixing. In addition,
efforts have been made to reduce welding peak temperatures by con-
trolling the frictional heat input as well as introducing media such as
water or liquid nitrogen to quickly take away the generated heat, or
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2007, Reprinted with permission from The Japan Institute of Metals and Materials).
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Figure 5.13 Microhardness profile for dissimilar butt welds between AA2024 and AZ31 under 200 and 550 mm/
min (Khodir and Shibayanagi, 2007, Reprinted with permission from The Japan Institute of Metals and
Materials).
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selectively placing a third material in between Al and Mg alloys to
form IMC which is stronger but less brittle as compared to the
Al—Mg IMCs. The later endeavors have been discussed at the end of
this chapter with other dissimilar alloy systems.

One example of how cooling can affect the IMC formation and
growth is shown in Figure 5.14. In this particular case, AAS083 and
AZ31 were butt welded using the same parameters but in different
environments; in air, submerged in water and liquid nitrogen.
Temperature profiles for particular locations are specified in
Figure 5.14A. It can be observed that the peak temperature obtained
in submerged butt welds is lower than that of the welding made in air.
The peak temperature dropped by 46—53°C from about 435°C in air,
when the weld was made in water or liquid nitrogen, respectively.
Figure 5.15 presents the hardness profile for welds shown in
Figure 5.14. The hardness values for submerged welds are much lower
than that of the weld made in air, which indicates less IMCs formation
in the stir zone.
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Figure 5.14 Temperature measurement and profiles of dissimilar butt welds between AA5083 and AZ31, (A)
schematic diagram showing the location of thermocouples and temperature profiles of welds made, (B) in air,
(C) in water, and (D) under liquid nitrogen ( Mofid et al., 2012, Reprinted with permission from Springer).
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Figure 5.15 Mircohardness profiles for welds shown in Figure 5.14 ( Mofid et al., 2012, Reprinted with permission
from Springer).

5.2 Al TO Cu

Dissimilar welding between Al and Cu has also received significant
attention recently, mainly because of the potential application in elec-
tronic components and power generation industries by taking advan-
tage of the lightweight and low-cost aluminum alloys and the superior
electric and thermal conductivity of copper. One example of potential
application of dissimilar Al and Cu welds is the electrical connections,
such as battery assembly. Similar to dissimilar welding between Al and
Mg or steel, high metallurgical reactivity and affinity between Al and
Cu leads to the formation of hard and brittle IMCs as shown in
Al—Cu phase diagram (Figure 5.16) at the interface, which in turn,
results in low weld strength. It is quite challenging to achieve defect-
free friction stir welds between Al alloy and Cu. Large void, cracks
and other distinct defects are frequently present in the welds. Research
activities mainly involve process development for optimizing the weld-
ability, and mechanical as well as electronic performance of dissimilar
welds between Al alloys and pure copper or copper alloys.
Particularly, placement of workpiece on advancing or retreating side,
with or without tool offset, direction of tool offset (either to Al or Cu),
welding parameters (rotational rate and welding speed) are the key fac-
tors that have been studied since they affect the type of IMC produced
as well as the distribution of IMC in the welds.

Similar to what has been observed in dissimilar Al and Mg FSW,
the placement of workpiece plays a more important role in achieving
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Figure 5.16 Al—Cu binary phase diagram ( Massalski, 1990).

Figure 5.17 Surface morphologies and cross sections of dissimilar butt-welded AA1060 and Cu with Cu plate fixed
at (A) advancing side, (B) retreating side, (C) magnified view of tunnel defects in the weld having Cu on the
retreating side, (D) cross section for the weld shown in (A), and (E) cross section for the weld shown in (B)
(Xue et al., 2011).

sound welds between Al and Cu. Figure 5.17 shows friction stir butt-
welded 5 mm AA1060 and commercially pure Cu with either Al or Cu
on the advancing side. Both welds were produced at 800 rpm and
100 mm/min tool traverse speed using a tool with 20 mm diameter
shoulder and 6 mm diameter pin. Tool pin offset of 3 mm to the Al
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side was used in both cases. It can be observed that a good defect-free
weld is possible only when the harder Cu plate was fixed on the
advancing side. On the other hand, a large volume defect is visible
when the softer Al plate was placed on the advancing side. Similar
findings have also been reported in other studies especially for softer
and harder material systems, such as Al to Cu, Al to steel. Different
behaviors are likely related to the ease of flow of the softer material
(Al) when it was placed on the retreating side so that it can be trans-
ported to the advancing side, in turn resulting in good mixing of dis-
similar materials. When harder Cu was placed on the retreating side, it
can cause softer Al to be extruded from the weld zone due to the diffi-
culty of flow of harder Cu toward the advance side and lead to large
volume defects in the welds.

The pin offset affects the material mixing and IMC formation in dis-
similar Al and Cu welds. Sound dissimilar welds could be produced
under a larger pin offset to the softer material. Figure 5.18 shows the
surface morphologies of butt-welded AA1060 and Cu under various
tool offset into Al. A poor surface finish is obvious without tool offset
or a small offset of 1 mm. Increasing offset improves the surface qual-
ity. Cross-sectional view indicates voids and large Cu debris at a small
offset. The large Cu debris is hard to deform, flow, and mix with the
Al. This led to the poor surface quality, bonding, and formation of
voids as well as IMCs. With larger tool offset, only Cu pieces with

Figure 5.18 Surface morphologies of butt-welded AA1060 and Cu under various tool offset into Al: (A) 2.5 mm,
(B) 2mm, (C) I mm, and (D) 0 mm. Cross sections for welds with 2.5 and 1 mm offset are shown in (E) and
(F), respectively (Xue et al., 2011).
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Figure 5.19 Friction stir butt-welded AA5083 to oxygen-free Cu: (A) cross sections under three welding parameters
combination, (B) SEM image of weld zone made at 750 rpm and 16 mmimin, and (C) SEM image of weld zone
produced at 1000 rpm and 16 mmImin ( Galvao et al., 2011, Reprinted with permission from Maney Publishing).

relatively small size were scratched from the Cu. In this case, it is easier
for the small Cu pieces to mix and react with the Al in the stir zone,
thus, sound metallurgical bonding can be obtained between Al and Cu.

Frictional heat input dominated by tool rotation rate, traverse
speed, and tool geometry influences the weld integrity as well as the
formation and distribution of IMCs in the weld. Figure 5.19 presents
cross sections and microstructures of butt-welded AAS5083 to an
oxygen-free Cu. Three different welding parameters were used repre-
senting low, medium, and high heat input conditions. Under lower
heat input, the base metals are separated by a sharp and well-defined
interface with a thin intermetallic layer distribution along Al/Cu inter-
face. A mixed region with bright and dark zones is noticed when heat
input is increased. The mixed region shows complex mixing between
lamella of Al and Cu. Further increase in the heat input promoted a
larger mixed zone with presence of increased amount of intermetallic
rich structure and a crack propagating along the mixed patterns.
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Figure 5.20 SEM observation of friction stir butt-welded AA1060 to pure Cu: (A) cross-sectional view of the
weld, (B) magnified view of the Cu particle rich region, and (C) microstructure at the interface between Al and
Cu (Xue et al., 2010).

IMC structures have a significant influence on the mechanical prop-
erties of welds. A thin IMC layer or structure could improve the
mechanical properties. Figure 5.20 shows friction stir butt-welded 5 mm
AA1060 to pure copper. The welding was conducted with Cu plate
fixed on the advancing side and tool pin offset into the Al side. A tool
rotation rate of 600 rpm and a tool traverse speed of 100 mm/min were
used. Figure 5.20A shows the cross-sectional view of the welds exhibit-
ing a mixture of irregular Cu particles inhomogeneously distributed in
the Al matrix. A Cu particle-rich zone composed of IMC is observed at
the bottom of the stir zone. In addition, a continuous and uniform dis-
cernible sublayer of about 1 pm thick can be noticed at the interface
between Al and Cu. The thin layer was later identified as Al,Cu and
Al4Cug and proved to be stronger than the heat-affected zone, which
yield a high tensile strength of about 80% of the base Al alloy.
Figure 5.21 presents the bending behavior of butt-welded Al—Cu
shown in Figure 5.20. The dissimilar welds could be bent to 180° with-
out sign of fracture based on SEM observation. More importantly, no
crack was observed in the IMC layer as shown in Figure 5.21B.
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Figure 5.21 (A) Friction stir
interface (Xue et al., 2010).
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Figure 5.22 Friction stir butt-welded Al alloy 5402 to pure copper: (A) transverse cross-sectional view, (B) SEM
image for the Al and Cu interface, and (C) TEM observation of the interface showing thin reaction layers (Tan
etal, 2013).

Another example considered here is regarding a butt welding
between 3 mm Al alloy SA02 and pure copper. Different from previous
examples, the welding was conducted with Al on the advancing side
and a tool offset of 0.2 mm to the Al alloy side. A tool rotation rate of
1100 rpm and a traverse speed of 20 mm/min were used to generate
defect-free welds. It is noteworthy that a higher tool traverse speed
does induce channel defect. Figure 5.22A shows the macrostructure
of the weld with some material mixing. High-magnification view of
Al and Cu interface indicates obvious contrasts, which were later
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Figure 5.23 (A) Hardness profile for the weld produced at 20 mmlmin shown in Figure 5.21 and (B) tensile
strength of welds made at 20 and 40 mm/min (Tan et al., 2013).

identified as formation of IMCs and solid solution. A thin and contin-
uous layer with thickness of about 1 um with fine grains was clearly
observed in the TEM micrograph (Figure 5.22C).

Figure 5.23 shows the hardness profiles and tensile strength of welds
presented in Figure 5.22. An inhomogeneous hardness distribution in
the weld region can be observed in Figure 5.23A. The high hardness
values above 170 HV were attributed to the formation of nanostruc-
tured IMCs. Figure 5.23B presents the tensile strength of welds made
at 20 and 40 mm/min and compared with that of base Al alloy. A high
tensile strength of 130 MPa, corresponding to 75.6% of the Al alloy
base metal, was achieved with the fracture located along the Al and
Cu border and extended into the stir zone.

5.3 Al TO STEEL

As discussed in Chapter 2, welding between Al alloys and steels fall
into the third category where metallic materials being joined are not
only different from each other in terms of base materials but also have
very different thermo-physical properties such as melting points. In
such scenario, the welding between such disparate combinations of
materials become very difficult and requires special joining strategies.

Unlike welding of dissimilar alloys with similar base materials or
even those which have very similar melting points (or range), for Al
alloy and steel combination the welding tool cannot be plunged sym-
metrically into the joint line. It will result in excessive heating of steel
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Figure 5.24 Effect of tool pin offset on the joint integrity ( Watanabe et al., 2006 ).

which will cause melting of the Al alloy. This, of course, will result in
a defective weld. Hence, for joining Al alloys and steels, the offset
method is used during FSW. In offset method, the rotation center of
the tool is biased toward the low-melting-temperature material, and in
some cases to the extent that it almost plunges inside the Al alloy. The
work done by Watanabe et al. (2006) is shown in Figure 5.24. It shows
the effect of tool pin offset on the joint integrity. The tool offset varied
from the cylindrical surface of the tool pin being 0.2 mm away from
the faying surface toward Al alloy to 2 mm inside steel workpiece.
Among all, the weld with 0.2 mm pin offset toward steel exhibited
maximum tensile strength. The tensile test results for all the welds
based on this study are shown in Figure 5.25. Clearly, the joint effi-
ciency of the weld corresponding to 0.2 mm offset toward steel side is
approximately 85% (of the Al alloy).

When tool plunges completely inside Al alloys, such welds can be
made using the tool used for making joining low-melting-point materi-
als such as Al and Mg alloys. But, when offset is such that tool is mak-
ing contact with the high-melting-temperature material, it becomes
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Figure 5.25 Tensile strength versus tool pin offset for welds shown in Figure 5.24 ( Watanabe et al., 2006 ).

important to use ceramic-based tools or tools made of refractory
metals.

Figure 5.26 shows dissimilar weld between HC260LA high-strength
steel and AA6181-T4 Al alloy. It also includes elemental mapping
across the welded region using energy dispersive X-ray spectroscopy
(EDS). Figure 5.26A shows a zigzag but sharp interface between these
two alloys, indicative of no mixing. Al, Fe, and Zn elemental mapping
(in Figure 5.26B—D) also confirm this observation. Zn elemental map-
ping also shows a vortex- like feature showing diffusion of Zn in Al
alloy (left portion of the figure which is the retreating side). In this
welding, pin surface was about 1 mm away from the Al—steel joint
line. Although in this configuration tool never comes in contact with
the steel, a W-Re25 tool was used for processing this combination of
materials. The microhardness measurement carried out for this weld
across the welded zones is shown in Figure 5.27. It shows a sharp dis-
continuity at the weld interface. Tensile testing of the weld showed a
strength level slightly smaller than AA6181-T4 alloy but ductility value
significantly smaller than Al alloy.

The effect of intermetallic formation on the joint strength in Al alloy
and steel weld has been evaluated by Tanaka et al. (2009). Figure 5.28
shows tensile strength versus IMC thickness plot. It is evident from this
plot that tensile strength of the joint increased with a decrease in IMC
thickness. It, therefore, suggests that every care should be taken to mini-
mize the formation of IMC. For example, Tanaka et al. (2009) also
investigated the dependence of tensile strength of the dissimilar Al alloy
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Figure 5.26 Cross section and elemental mappings of the weld between HC260LA high-strength steel and AA6181
(Coelho et al., 2012).
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Figure 5.27 Microhardness profiles of the weld between HC260LA high-strength steel and AA6181 (Coelho
etal, 2012).
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and steel joints as a function of heat input, and it was found that the ten-
sile strength increased as heat input decreased. This finding indicated
that IMC layer thickness was proportionally related to heat input.
Hence, in order to decrease the thickness of IMC layer, the FSW runs
should be carried out at low heat input, that is, at low tool rotation rate
(w), high tool traverse speed (v), or high v/w. The work carried out by
Liu et al. (2014) also supports the observation made here. They have
shown that for a given tool traverse speed, the IMC thickness increased
with increase in tool rotation rate, and for a given tool rotation rate, the
IMC layer thickness decreased with increase in tool traverse speed.

The mechanism of joint formation between Al and steel was pro-
posed by Watanabe et al. (2006). It is schematically shown in
Figure 5.29. They discussed that the sound joint formation is not possi-
ble if steel is placed on the retreating side (Figure 5.29B) because the
plasticized Al alloy makes contact with the oxide film on the faying sur-
face of steel on the retreating side. Moreover, the tool tangential velocity
on the retreating side will try to peel off already deposited layer on the
retreating side. Hence, a sound weld formation is very difficult. When
steel is on advancing side, the tool makes contact with the steel and dis-
rupts the continuous oxide film thereby exposing an activated layer of
Fe to Al The plasticized Al alloy makes contact with this freshly
exposed Fe atoms and gets pressed by the rotating tool toward the steel
side. It results in formation of good joint between both materials.



96 Friction Stir Welding of Dissimilar Alloys and Materials

Welding direction Welding direction
Un-
N Un-
- Flow direct
actlvgted 0\(/)vf Allr?r? on activated
region ! region
plastic statg
Pin A
Rotating g Rotating
direction direction
A,(-;;iviaot,—?d r low direction Pin
9 of Alin Activated
plastic state |V region
(A)| Fe Al (B)| Al Fe

Figure 5.29 Schematic of mechanism on joint formation between Al and steel (Watanabe et al., 2006 ).

In Chapter 2, we have discussed that if the faying surface is present on
retreating side, due to low level of deformation, it is difficult to disrupt
the oxide at the faying surface. Hence, an adequate bonding does not
take place between plasticized Al and the oxide film, which is an oxide
layer. Other factor which influences the bonding between the Al alloy
and steel is the softening of steel due to its presence on the retreating
side. Since the steel is present on the retreating side, temperature rise is
low as compared to Al alloy and that also makes plastic flow of steel
very difficult and leads to no bonding between the alloys.

All the above mentioned weld characterizations are limited to static
testing. Uzun et al. (2005) have studied the fatigue property of dissimi-
lar friction stir welds between AA6013 and XS5CrNil8-10 stainless
steel. The result of the dissimilar weld was compared with the S—N
curve for AA6013-T6 alloy. Overall, the joint of the dissimilar weld
had similar fatigue property to the base material AA6013.

5.4 Al TO Ti

The welding of dissimilar Al to Ti is also of interest to transportation
industries for integrated lightweight, but strong and corrosion-resistant
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Figure 5.30 Friction stir butt-welded Al alloy 6061 and Ti—6% Al—4%% V with (A) transverse cross section and
(B—D) showing local microstructure near the butt interface (Bang et al., 2011, Reprinted with permission from
The Japan Institute of Light Metals).

components or structures. As specified in Chapter 2, significantly dif-
ferent melting temperatures, physical properties, and high chemical
affinity between Al and Ti alloys at elevated temperatures complicate
such dissimilar welding to achieve sound weld integrity and high
strength. Like dissimilar Al to steel FSW, tool offset away from the
interface is always adopted in such welding process to reduce tool wear
and avoid overheating of softer Al alloys; however, tool pin is required
to have direct contact with and scribe the harder Ti to form necessary
material mixing and metallurgical bonding. This places critical require-
ment for the tool material to be wear-resistant. Hybrid welding process
combining FSW with additional heating methods such as arc welding
has also been employed to heat Ti in order to reduce tool wear and
improve mixing. Al and Ti IMCs, such as TiAl;, have also been
observed at the interface and are believed to influence the mechanical
performance.

Figure 5.30 shows cross section and microstructure of dissimilar-
welded 5 mm thick AA6061 to a same thickness Ti alloy Ti—6A1—4V
in a butt configuration. In this particular case, the softer Al alloy was
placed on the advancing side and the tool made of standard tool steel
offset to the Al side in order to keep slight contact between the pin
and the Ti alloy. The tool used has a 14 mm diameter shoulder and a
4.5 mm long tapered pin. A tool rotation rate of 1000 rpm and tool
traverse speed of 150 mm/min were employed. The cross section and
microstructure indicate some material mixing between Al and Ti near
the interface without welding defects. Since the pin is mainly placed
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Figure 5.31 TEM observation of the interface near (A and C) tool root region and (B and D) tool tip region.
Interfacial layer zone can be noticed in both the regions (Bang et al., 2011, Reprinted with permission from The
Japan Institute of Light Metals).

inside of the Al, only small pieces of Ti were scribed out of the bulk
Ti. For the bottom region, where pin does not have direct contact with
Ti, no mixing but a clear boundary can be observed.

Figure 5.31 illustrates the TEM observation at the weld interface
near the pin root and the pin tip regions. It can be noted that a thin
interfacial layer of about 1 pm thickness is formed in both regions.
Wavy interface is noticed for the interface near the root but not for the
tip. This is suggested to be related to the shape and surface features of
the tool pin. The chemical identification of the interfacial zone was not
reported in this study.

The tool offset with respect to the butt interface affects interfacial
microstructure and mechanical properties. One example shown here is
the butt welding of 2 mm AA6061 and Ti alloy Ti—6Al—4V with the
hard Ti alloy on the advancing side. Figure 5.32 shows the cross-sectional
views of weld interfaces under various tool offsets from 0.3 to 1.2 mm.
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Figure 5.32 Cross sections of butt-welded AA6061 to Ti6AI4V with various tool offsets: (A) 0.3 mm, (B)
0.6 mm, (C) 0.9 mm, and (D) 1.2 mm (Song et al., 2014).

It is noteworthy that the tool pin mainly plunges into the softer Al side
and the offset indicates the distance pin edge into Ti alloy. All welds were
produced under 1000 rpm and 120 mm/min by using a WC-Co tool with
15 mm shoulder diameter, 6 mm pin diameter, and 1.9 mm pin length.
All cross sections show swirl-like structure. The area of this swirl-like
structure increases with the tool offset distance. The analyzed local chemi-
cal compositions indicate distribution of Ti particles in an Al matrix. The
fraction of Ti particles appears to increase with tool offset. It is obvious
that the tool offset distance exhibits a great influence on the material mix-
ing near interface. When the offset is less than 0.6 mm, the bottom of the
interface is not bonded.

Figure 5.33 shows high-magnification views of interface at mid-
thickness of the welds with 0.6, 0.9, and 1.2 mm tool offsets. An IMC
layer with thickness of about 0.5 pm is suggested for 0.6 and 0.9 mm
offsets based on the image contrast. The IMC layer becomes thicker
and complex at 1.2 mm tool offset. Alternative band structure with
IMC, Ti, and micro-crack is noticed near the interface on the Ti alloy
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Figure 5.33 SEM images of the weld interface at middle thickness for welds with tool offset of (A) 0.6 mm, (B)
0.9 mm, and (C) 1.2 mm (Song et al., 2014 ).

side. The increased amount of IMC and the presence of micro-crack
at 1.2 mm tool offset leads to a strength reduction of approximately
35 MPa compared to the average tensile strength of 197 MPa achieved
with 0.9 mm tool offset.

As shown above, the proper amount of material mixing between
Al and Ti plays an important role in the interface morphology, IMC
formation, and the mechanical properties. In addition to the tool off-
set, welding parameters such as tool rotation rate and tool traverse
speed also affect the material mixing. An example shown here is to
evaluate the tool traverse speed on butt welding high-strength Al
alloys AA2024 and AA7075 to pure Ti. A tool made of tool steel was
mainly plunged into Al. All welds were made using 850 rpm tool rota-
tion rate. Figure 5.34 shows microstructures of weld interface between
Al alloys and Ti. Blank regions containing a mixture of Al alloy, pure
Ti, and IMC (TiAl;) are observed at the weld interface. The details
about IMC distribution were not reported. It can be observed that
compared to the lower traverse speed, the width of mixed region is
wider at higher tool traverse speed for both Al alloys. It is noteworthy
that this mixed region occurs only partly at the interface, especially
the upper half of the plate. Similar to what has been shown in
Figure 5.32 where mixing of Al alloy and Ti starts from the upper
portion of the welds. Figure 5.35 shows the tensile properties of dis-
similar welds between AI2024/A17075 and Ti under three traverse
speeds. High tensile strength can be observed for welds with high tra-
verse speed, which appears to be related to the material mixing and
IMC formation. Relatively low tensile strength for Al 7075/Ti welds
compared to Al 2024/Ti welds is attributed to insufficient material
flow and material mixing.
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Figure 5.34 Microstructure of butt-welded interface between (A and B) Al alloy AA2024 and pure Ti, and

(C and D) Al alloy AA7075 and pure Ti (Aonuma and Nakata, 2011, Reprinted with permission from
The Japan Institute of Light Metals).
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Figure 5.35 Tensile strength as a function of tool traverse speed for butt welds shown in Figure 5.34 ( Aonuma and
Nakata, 2011, Reprinted with permission from The Japan Institute of Light Metals).
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5.5 Mg TO STEEL

Mg alloys as the lightest structural metals are promising candidates to
replace some of the steels in automotive application to realize weight
reduction. This brings in the challenge of joining or welding two
dissimilar materials with quite different melting temperatures, flow
strengths, immiscibility in both solid and liquid states, and absence of
any congruent melting phases. So strong bonding between Mg and
steel is problematic. Recently, FSW has been tried on dissimilar Mg to
steel mainly in lap configuration to explore the feasibility on forming
metallurgical bonding or mechanical interlocking for structural appli-
cation. IMC between Mg and steel is not likely during dissimilar weld-
ing, formation of other IMC between Al and steel, or Mg and Zn have
been reported which depends on the Al concentration in Mg alloy, sur-
face coating of steel, and the welding conditions. The influence of these
IMCs on mechanical properties of dissimilar Mg and steel has been
explored and discussed.

Figure 5.36 shows cross section and microstructures of friction stir
spot-welded Mg alloy AM60 to dual phase steel DP600. The thickness
of AM60 was 1.2 mm and 1.8 mm for DP600. The DP600 was coated
with a Zn layer. Mg alloy was placed on top of steel during welding
with a tool rotation rate of 3000 rpm and a plunge speed of 1 mm/s.
A tool made of W-25Re alloy was employed. It had a shoulder diameter
of 10 mm, a pin diameter of 4 mm, and a pin length of 1.7 mm. Cross-
sectional view indicates upward flow of the lower steel into the upper
Mg alloy and formation of bonding or interlocking between them.
A clear boundary can be seen due to the contrast. High-magnification
views of the boundary show a sharp transition between the Mg and
steel without any sign of IMCs. However, a cast structure was
observed which was further identified as an Mg—Zn eutectic structure.
The eutectic reaction occurs at a relatively low temperature of 339°C.

The effect of Zn coating on weld interface characteristics has been
studied by Schneider et al. (2011) by friction stir lap welding 2 mm Mg
alloy AZ31 to 2 mm mild steel with and without zinc coating. A tool
made of W-25Re alloy with a 12.7 mm scrolled shoulder and 2 mm
long square shaped pin was used for dissimilar welding of Mg and steel
with both surface conditions. Welds made at a tool rotation rate
of 1200 rpm and a traverse speed of 500 mm/min are shown in
Figures 5.37 and 5.38 for comparison. Figure 5.37 shows the weld
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Figure 5.36 Cross section and local microstructures of friction stir spot-welded Mg alloy AMG60 to dual phase steel
DP600 made at 3000 rpm, 1 mmls plunge speed, and 0.55 mm pin penetration into bottom steel (Liyanage et al.,
2009, Reprinted with permission from Maney Publishing).

between AZ31 and steel without Zn coating, and Figure 5.38 shows
the weld with coating. In both cases, the Mg alloy was placed on the
top of the steel, and no defects were detected for either of them. For
the weld without Zn coating on the steel, many small size steel parti-
cles can be noticed near the interface. The composition analysis does
not show any indication of IMC at the interface, but high content of
iron in the Mg sheet. For the weld with Zn coating on the steel, large
irregular shaped steel particles were identified near the interface. In
addition, a layer of about 50 pm thickness is present at the interface,
more likely on the Mg side. Within the layer, a eutectic Mg—Zn
structure was detected as shown in Figure 5.38C.
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Figure 5.37 Cross section and microstructures of friction stir lap-welded Mg alloy AZ31 to mild steel without sur-
face coating (Schneider et al., 2011, Reprinted with permission from Maney Publishing).

/Steel partis

EDS-Line2

Figure 5.38 Cross section and microstructures of friction stir lap welded Mg alloy AZ31 to Zn-coated mild steel
(Schneider et al., 2011, Reprinted with permission from Maney Publishing).

Feasibility study on lap welding of Mg alloy to high-strength low-
alloy (HSLA) steel has been conducted by Jana et al. (2010). Mg alloy
AZ31 of 2.33 mm thickness and galvanized HSLA steel of 1.5 mm
thickness were lap welded using a tool made of H13 tool steel. The
tool has a scrolled convex shoulder with diameter of 12.8 mm and a
234 mm long pin with diameter of 4.9 mm. The tool tip was
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Figure 5.39 Cross section and microstructures of friction stir lap-welded Mg alloy AZ31 to galvanized HSLA
steel (Jana et al., 2010, Reprinted with permission from Springer).

programed to plunge 2.45 mm. Figure 5.39 shows cross section and
local microstructures of the dissimilar weld made at 700 rpm and
100 mm/min tool traverse speed. Hooking features are visible due to
the plunge of pin into HSLA steel. Figure 5.39B—D shows SEM
images captured in backscattered composition mode. No Zn layer or
any new phase along the Mg/steel inference can be observed at the
weld centerline from Figure 5.39B. The stir zone above interface shows
presence of small steel particles due to the scribe impact of pin. A very
bright thin layer above hooks can be observed which is identified to be
Zn-rich. High-magnification views indicate lamellar structure inside.
The weld under tensile shear testing indicates an interfacial failure with
an average failure load of 6.3 kN based on 30 mm wide specimen.

The tool design also plays an important role on interface morphol-
ogy and affects microstructural evolution. In another work conducted
by Jana and Hovanski (2012), same dissimilar Mg/steel as shown in
Figure 5.39 was evaluated by using another tool design. The new tool
had similar convex scrolled shoulder, but a stepped spiral pin with a
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Cutting edges

Figure 5.40 Friction stir lap welding of AZ31 to SUS302: (A) picture of tool and cutting pin and (B—D) cross
sections of welds made at 60, 190, and 300 mmImin traverse speeds ( Wei et al., 2012).

short WC insert at the pin bottom. This WC insert was employed to
scribe the lower steel sheet. Welds with failure load of about 7.8 kN
for a 25 mm wide specimen have been reported.

In another study conducted by Wei et al. (2012), a welding tool
with cutting feature pin has been designed for lap welding Mg alloy
AZ31 to stainless steel SUS302. The welding tool has a tungsten car-
bide pin with cutting feature (rotary burr) on the surface as shown in
Figure 5.40A. During welding the pin was plunged into steel and cut
steel off the bulk. Figure 5.40B—D shows the transverse cross sections
of welds made at 950 rpm and various traverse speeds from 60 to
300 mm/min. Lots of steel flashes and scraps are obvious at lower tra-
verse speed with presence of void. As the traverse speed increases, less
flashes and scraps can be noticed without visible void.

5.6 FSW OF DISSIMILAR MATERIALS WITH COATINGS
AND ADHESIVE

Before dissimilar materials welding can be implemented for practical
applications, two challenges need to be addressed. One is good
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weldability and repeatability with acceptable mechanical performance.
The other is good resistance to galvanic corrosion. As discussed in previ-
ous sections, most of the endeavors focus on researching weldability
with various metal and alloy systems, and investigation of the welding
parameters, configuration influence on weld integrity, brittle IMC for-
mation, and the relevant mechanical properties. One method of improv-
ing weldability, reducing or eliminating deleterious IMC, or forming
strong but less brittle IMC, which has not been discussed in detail, is
altering the mechanism of chemical reaction at weld interface. This can
be done by selectively creating or placing a third material in between
the two dissimilar metals or more practically applying a surface coating
to at least one of the two metals. Metal or alloy coatings are generally
adopted for this purpose. These coatings in some cases can improve
weldability, such as galvanized steels (Zn coating on steels) which are
welded to Mg alloys discussed previously, although the initial intension
of Zn coating is to prevent corrosion of steel substrate. Similar observa-
tion has been made during FSW of Al alloys to Zn-coated steels as well
(Chen et al., 2008), due to the formation of low-temperature Al—Zn
eutectic at the weld interface, which leads to intimate contact and
enhanced mutual diffusion between Al and steel. Coatings, especially
organic coatings, adhesive, or sealant can also bring challenges to FSW
when considered altogether dissimilar material, when corrosion resis-
tance is the main consideration.

Figure 5.41 presents friction stir spot-welded 2.5 mm Al alloy 1050
and 1.8 mm hot-stamped boron steel with a hot dip aluminized Al—Si
coating layer. The thickness of the coating is about 15—25um as
shown in Figure 5.41A. A WC-Co tool coated with 3 pum AICrN was

Figure 5.41 Cross section of (A) hot-stamped boron steel 22 MnBS5 with aluminized Al—Si surface coating and
(B) friction stir spot-welded Al alloy AA1050 to coated boron steel (Da Silva et al., 2010, Reprinted with permis-
sion from Maney Publishing).
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Figure 5.42 Cross section of friction stir-welded Al and Cu (Akbari et al., 2013, Reprinted with permission from
Maney Publishing).

employed. It has a 12 mm diameter concave shoulder, a 2 mm conical
tapered pin with pin length of 2.7mm. A tool rotation rate of
2000 rpm and pin penetration depth of 2.9 mm were adopted to make
the weld, of which the cross section is shown in Figure 5.41B. No voids
or defects can be observed. It is suggested that the Al—Si coating layer
appears to play an important role in the weldability of dissimilar Al
and steel joints, as the interface between Al and Al—Si layer could pos-
itively enhance the diffusion ability of Al into the layer, which in turn
improving the connection between both Al and steel.

Figure 5.42 shows a cross-sectional view of interface of a friction
stir-welded 4 mm Al alloy AA6060 to 3 mm Cu in a lap configuration.
In this case, Al alloy was placed on the top of Cu. A thin layer of Cu
was anodized on the Al alloy before welding. Three zones can be
noticed with the Cu layer in between of Al and Cu. Chemical composi-
tion analysis of the intermediate zone using EDS indicate a relatively
uniform composition within the zone, and increased Cu content by
20% after welding. It was suggested that the use of the Cu anodized
layer prevented the formation of brittle Al-Cu IMCs and enhanced
the metallurgical bonding, which in turn, improved the tensile strength
by 25% compared to the dissimilar welds without anodized layer.
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Figure 5.43 SEM and TEM images of friction stir-welded Ti and Mg alloys ( Aonuma and Nakata, 2010).

Instead of adding a third material to the interface of dissimilar
materials, Aonuma and Nakata (2010) studied the effect of calcium
addition to an Mg alloy AM60 on IMC layer formation between dis-
similar welding of Mg and Ti. An addition of 2 wt% of Ca was done
to the AM60 alloy to make it a AMCa602. In this study, 2 mm
AMCa602 was butt welded to a same thickness pure Ti using a tool
made of alloy steel which mainly plunged into the soft Mg alloy.
Figure 5.43 presents the SEM and TEM images of the weld interfaces.
For dissimilar welds between AM60 and Ti (Figure 5.43A), a reaction
layer is noticed at the interface. Chemical composition analysis sug-
gested the formation of TiAl; IMC due to high Al content in Mg
alloy. Figure 5.43B presents the weld interface between AMCa602 and
Ti. Two kinds of layers are noticed under SEM, with one containing
Mg, Ca, and Al and the other only Mg and Al according to EDS.
TEM image (Figure 5.43C) shows Al,Ca compound adjacent to the
interface. It is suggested that Ca addition into Mg alloy reacted with
Al and formed Al,Ca compound and decreased the Al solid solution
in the matrix of AMCa602, in turn, suppressed the formation of
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Figure 5.44 Tensile strength of friction stir-welded Mg and Ti alloys ( Aonuma and Nakata, 2010).
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Figure 5.45 Transverse cross sections of dissimilar friction stir-welded AA2024 to (A) Al 7075 with 0.2 mm pure
Al coating and (B) Al 7075 without coating (Acerra et al., 2010, Reprinted with permission from Springer).

Ti—Al IMC layer at the joint interface and improved the tensile
strength significantly as shown in Figure 5.44.

Figure 5.45 presents a study carried out by Acerra et al. (2010) on
FSW of dissimilar high-strength Al alloys in a T joint for aeronautical
application. The Al alloys used are 2.3 mm Al 2024-T4 and 2.8 mm Al
7075-T6. The Al 7075 has a pure 0.2 mm Al surface coating for
improving its corrosion resistance. During welding, the Al 2024 was
selected as skin (upper material) and Al 7075 as stringer (lower mate-
rial). Figure 5.45A shows a transverse cross section of a weld made at
500 rpm and 25 mm/min. A discontinuity in the weld can be noticed.
Figure 5.45B shows a transverse cross section of a weld made using
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Figure 5.46 SEM images and chemical composition analysis of friction stir spot-welded AA5754 to AZ31, (A)
without adhesive and (B) with adhesive at interface (Chowdhury et al., 2013).

same welding parameters and welding tool as those for Figure 5.45A,
but removed surface coating. In this case, no defect or weld discontinu-
ity can be observed. It is concluded that, the coating layer negatively
interacts with material flow during dissimilar welding, which leads to
macro and micro defects.

Adhesive which is used for structural application may prevent IMC
formation. In a study conducted by Chowdhury et al. (2013), an
epoxy-based adhesive was used in dissimilar friction stir spot welding
between Al alloy 5754 and Mg alloy AZ31. The adhesive was applied
to the interface between Al and Mg and hardened through curing
before subjecting to welding. Figure 5.46 shows a weld interface com-
parison between welds with and without adhesive. For the weld with-
out adhesive (Figure 5.46A), a thick IMC layer of thickness up to
20 um can be clearly noticed. Composition analysis indicates mutual
diffusion of Al and Mg across the layer. For the weld with hardened
adhesive (Figure 5.46B), cross section of the weld shows a prominent
boundary between the Al and Mg. Composition analysis indicates that
adhesive at interface reduced the thickness of the IMC layer.
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Modeling and Simulation of Friction Stir
Welding of Dissimilar Alloys and Materials

A tremendous increase in computational power in the last one decade
or so has propelled use of modeling and simulation in the study of
many engineering problems across various disciplines. It has also accel-
erated the development of more efficient and powerful finite element
based commercial codes such ANSYS, ABAQUS, and COMSOL for
solving engineering problems. The friction stir welding (FSW) commu-
nity has also benefited from such development taking place in the area
of modeling and simulation.

As FSW technology is making inroads in ground, aerospace, and
sea transportation industries, it becomes important to understand vari-
ous aspects of FSW such as heat generation, material flow, and micro-
structure evolution for an improved understanding of the processing
and efficient use of the process in many areas. So far the trend has
been to use experimental techniques to study these aspects. However,
experimental techniques are time consuming, tedious, and very costly.
Moreover, experiments are generally carried out with a set of
objectives in mind. For example, one particular group might be inter-
ested in studying just material flow aspect of FSW. However, simula-
tion of FSW is capable of providing information which is much
beyond the reach of individual researchers. For example, simulation of
the process can provide not only information on heat generation, heat
conduction, and material flow but also on residual stresses (RSs).
Experimentally, the RS information is available at no more than a few
locations in the entire weldment which is inadequate for developing an
overall understanding of RS distribution in the weldments.

FSW is a fully coupled thermo-mechanical process which involves
frictional and adiabatic heating of the workpiece, very large strain and
strain rate, and very complex material flow during the welding process.

Friction Stir Welding of Dissimilar Alloys and Materials. DOI: http://dx.doi.org/10.1016/B978-0-12-802418-8.00006-0
© 2015 Elsevier Inc. All rights reserved.
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Successful simulation of FSW process not only involves consideration
of all essential elements (e.g., tool, backing plates, and clamps) but also
demands for accurate material constitutive relationships, knowledge of
variation of friction coefficients as a function of temperature, and condi-
tion of materials at tool—workpiece interface (stick or slip). In view of
these conditions, it has been very challenging to carry out process
modeling of even similar FSW processes. Despite all difficulties, how-
ever, several attempts have been made toward modeling and simulation
to capture essential physics of the process (He et al., 2014).

With regard to simulation of FSW using finite element analysis
(FEA), in general two different paths have been adopted by various
researchers—computational fluid dynamics (CFD) based approach
and continuum solid mechanics based approach. CFD based models
have been used largely to predict the thermal history during the weld-
ing. The thermal history is subsequently used in a solid mechanics
based model to impose a prescribed temperature history and predict
the resulting RS in the weldments. Solid mechanics based models are
capable of predicting both—thermal history and RS. Two different
approaches exist within solid mechanics continuum based models—(i)
sequentially coupled and (ii) fully coupled thermo-mechanical model
(Nandan et al., 2008a).

The simulation work to understand material flow during FSW car-
ried out by Colegrove and Shercliff (2004) is shown in Figure 6.1. In
that work, two different geometries of the pin were considered:
Trivex and Triflute. To simulate the material flow, a commercial code
FLUENT based on CFD principle was used. Figure 6.1A shows that
the streamlines, in line with the tool, are swept around the rotating
tool from advancing side to rotating side in the direction of the tool
rotation. The same observation can be made by looking at the move-
ment of streamlines for the tool shown in Figure 6.1C. Figure 6.1B
includes only one streamline and clearly shows an upward movement
of the streamline. Such kind of movement is absent for Trivex tool
shown in Figure 6.1C. The simulation output, to a large extent, is
dependent on type of assumptions made during the development of the
FSW process model and accuracy of thermo-mechanical properties
used in the model. For example, Colegrove and Shercliff (2004) indi-
cated that an experiment carried out using Trivex tool does show
upward movement of the material.
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Figure 6.1 Simulation of material flow as a function of tool geometry using CFD package FLUENT (A) & (B)
Triflute and (C) Trivex tools ( Colegrove and Shercliff, 2004, Reprinted with permission from Maney Publishing).

A computed thermal profile for Ti—6Al—4V alloy is shown in
Figure 6.2. It shows two-dimensional temperature contours at different
sections of the plate during FSW. It is generally not possible to obtain
thermal profiles from the nugget region where significant plastic defor-
mation takes place. The thermocouple placed in the path of the rotat-
ing and advancing tool will either get destroyed due to shear forces or
get displaced from its original position. This difficulty highlights the
importance of thermal modeling which is capable of providing us with



118 Friction Stir Welding of Dissimilar Alloys and Materials

(A) Welding direction
—

| \\ 5 ] ] / ER
- 9o ] —
wN % IS 44 E
23 & g & S E
A S 4
| ‘\ \‘\ 1 . 1 1 1 . / 0
-20 0 20 40 60 80 100
x (mm)
(B) Advancing side Retreating side
BINSNZINEE;
&S o > Y] —_
S 238 3 SR8 2 4 €
N i " 0
-30 —-15 0 15 30
y (mm)
©
~30
<15
3
-0 é
>
--15
--30
1 1 1 1 . 1 1
-20 0 20 40 60 80

x (mm)

Figure 6.2 Computed thermal profile during FSW of Ti—6Al—4V alloy, (A) xz plane (welding direction), (B)
vz plane (transverse cross-section), and (C) xy plane (top surface) (from Nandan et al., 2008a,b, © Carl
Hanser Verlag, Muenchen).

temperature distribution even in a zone where experimental tempera-
ture measurement is not possible. The information on temperature
distribution in nugget of the weld is necessary for understanding RS
evolution, microstructural modeling, and mechanical properties
modeling.

It is also possible to obtain information on strain and strain rate
using simulation in the deformation zones of the friction stir welds.
Two examples (Figures 6.1 and 6.2) presented here represent the case
of similar metal welding. To turn our attention now to dissimilar
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FSW, first the steady-state thermal energy conservation equation is
given (Eq. (6.1)) (Nandan et al., 2006).

o(u; T) oT 0 [, oT
Co,——=—pCU—+ —k— )+ 5 6.1
Pp ax,- Pp axl- ax,- ( 6x,-) b ( )

where

p = density,

C,, = specific heat capacity,

u; = material velocity in the direction, i =1,2,3,
T = temperature,

U = welding velocity,

k = thermal conductivity,

S, = heat generation rate per unit volume.

Using finite difference analysis and FEA, Eq. (6.1) can be easily
solved. But even for similar welding, some of the material properties
present in Eq. (6.1) are not available for all materials. Even when they
are available, in most cases the temperature dependence of these mate-
rial properties is unknown. In this context, the simulation of dissimilar
material welding adds another layer of complexity to the existing prob-
lem. In dissimilar welding, now the models require, as input, two dif-
ferent types of material properties and their temperature dependence
for simulating the FSW process accurately. In the case of dissimilar
welding, the mixing between two different materials results in a new
chemistry. For material mixing, therefore, it also becomes important
to consider interdiffusivity of both materials being welded. So, the pre-
dictive capability of the simulation tool will depend on how accurately
such details are captured in the modeling effort and how robust the
material property database is to take care of such a complex nature of
FSW process in dissimilar welding.

Due to issues highlighted above, very few simulation works exist
pertaining to dissimilar FSW (Aval et al., 2012; Al-Badour et al.,
2014). The model used by Aval et al. (2012) is shown in Figure 6.3. In
the simulation work, temperature-dependent materials properties were
used. Since FSW involves severe plastic deformation, elements based
on Lagrangian formulation cannot handle such a large deformation.
Hence, for such purpose, Eulerian based formulation is better. In
Eulerian formulation, mesh remains stationary and material flows
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Figure 6.3 The FSW model used in the simulation of dissimilar welding of AA5086-O and AA6061-T6 alloys
(Aval et al., 2012, Reprinted with permission from Springer).

through it. Hence, the issue of severe distortion of the mesh due to
plastic deformation during FSW does not come into the picture. The
merits and demerits of this approach have been discussed by
Michaleris (2011). This approach (Eulerian formulation) was used
by Aval et al. (2012) in the simulation of dissimilar FSW process. The
evolution of the thermal field based on their study is shown in
Figure 6.4. It shows temperature fields at 5, 10, 15, and 20s. With
increasing time, an expanding thermal field should be noted. At 15s a
steady state is reached. Careful observation of the thermal field reveals
that the temperature distribution in the welded sheets is asymmetric.
Note that AA6061-T6 was placed on the retreating side of the weld.
Experimental measurement of temperature also confirms the existence
of asymmetry of temperature distribution in the sheets during the
welding.
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Figure 6.4 The FSW model used in the simulation of dissimilar welding of AA5086-O and AA6061-T6 alloys
(A)5s, (B)10s, (C) 155, and (D) 20 s (Adapted from Aval et al., 2012).
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Challenges and Opportunities for Friction Stir
Welding of Dissimilar Alloys and Materials

Friction stir welding (FSW) has shown great potential in joining vari-
ous dissimilar alloy or material systems with quite different physical or
chemical properties, which could not be possible for a conventional
welding technique. Industrial implementation of friction stir-welded
dissimilar materials, especially for the automotive industry, has dis-
played considerable benefits in terms of design flexibility and weight
reduction for overall structures. Before FSW can be implemented
extensively for dissimilar materials in wide ranging industries, the fol-
lowing challenges need to be addressed, so robust and reliable welds
with good corrosion resistance can be achieved.

7.1 FORMATION OF DETRIMENTAL INTERMETALLIC
COMPOUNDS

The formation of intermetallic compounds (IMCs) has been seen in
most of the dissimilar materials FSW with different base metals, such
as Al to steel, Mg or Cu. The formation and growth of these IMCs are
very rapid as a result of enhanced diffusion during welding. So far, the
formation of IMC is considered not avoidable in general, though the
thickness of IMC can be reduced in some cases by reducing the fric-
tional heat input or using a third media to quickly take away the heat.
It has been testified that the reduction in thickness of IMC can
improve the weld strength significantly. On the other hand, formation
of preferable IMC which is strong but less brittle through alloying or
introducing an intermedia coating or transition layer can also contrib-
ute to strength improvement. Attention should be paid in future to
understand IMC formation and growth mechanisms, and explore
alloying addition that can retard diffusion pathways or create less
harmful IMC. Coatings and adhesive which can reduce the mutual
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diffusion process but not introduce any critical challenge to weld integ-
rity may be also researched. Material flow and mixing through process
development, particularly by tool design, play an important role in
minimizing deleterious IMC.

7.2 INCIPIENT MELTING AND SOLIDIFICATION STRUCTURE

Although FSW does not involve bulk melting, it has been seen, when
dissimilar materials, such as Al to Mg alloys, Al or Mg alloys to
Zn-coated steels, are welded, localized melting due to low-
temperature eutectic reaction can be expected. Solidification
microstructure with porosities and cracks has been often noticed
accompanying the formation of IMC. Although the solidification
microstructure is less detrimental to the strength of welds compared
to the impact that thicker IMC has, there is a lack of information on
its influence on fatigue performance. Cracks or porosities inside of
welds can reduce the fatigue life tremendously, so future efforts are
needed to prevent local melting by reducing heat input or better con-
trol of local chemical gradients. Tool designs are expected to have
more important influence on such dissimilar materials welding than
welding of same type of material. Tool design, for example, station-
ary tool shoulder design, which introduces uniform temperature dis-
tribution in the weld, but significantly reduced frictional heat input,
may be beneficial for dissimilar materials FSW.

7.3 RELIABILITY AND DURABILITY

One of the critical challenges to bring friction stir-welded dissimilar
materials to practical application is reliability and durability. Before
industries have enough confidence on the material combination itself,
the repeatability of mass production of these dissimilar welds, and the
long-term performance of the welds, it is difficult to move this exciting
technique from lab bench to broad industrial applications. Most of the
existing research focuses on exploring the influence of welding condi-
tions on weldability of dissimilar welds and their static performance;
and very limited attention has been given to repeatability of the welds
and the fatigue performance. Unlike FSW of similar materials, the
complexity of dissimilar materials makes it highly possible that weld
may have different properties from one to another, or even in one
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weld due to welding process fluctuation. IMC or welding defects such
as porosity or crack may only occur at center locations in a weld.
Thus, the fatigue performance of welds needs to be fully explored. It
weighs more than the static strength in terms of structural design.

7.4 CORROSION, GALVANIC CORROSION, AND STRESS
CORROSION CRACKING

Corrosion, galvanic corrosion, and stress corrosion cracking are areas
that have already shown impacts on structural integrity and service
life. They place another challenge to bring dissimilar material welds
into industrial applications, although the majority of the metallic com-
ponents or structures exposed to open environment are protected
against corrosion, such as painting or coating. It will be important to
understand how the FSW process affects the corrosion property of
individual material and the galvanic corrosion of the dissimilar weld
structure, since it can accelerate the degradation process once the pro-
tection coating is worn out. FSW introduces less residual stress in a
weld compared to conventional fusion welding processes. The residual
stress in a dissimilar weld may be more complex especially when the
two materials have very different melting temperatures and thermal
conductivities. It is necessary to evaluate the stress corrosion cracking
behavior as well, particularly when the dissimilar welds undergo
thermo-mechanical fatigue during service.

7.5 TOOL WEAR

Tool wear is critical when dissimilar material welding involves at least
one high-melting-temperature material. Although it has been shown
that sound dissimilar welds may be achieved without plunging the
welding tool into hard material, it is generally accepted that active
material mixing between dissimilar materials via pin stirring and scrib-
ing is required for considerable mechanical performance by disrupting
the tenacious oxide layer present on the surfaces, preventing IMC
thickening, and forming either a metallurgical bonding or a mechanical
interlocking. So tool wear has to be considered when high-melting-
temperature material is adopted for the dissimilar welding, coating
technology that can reduce tool wear should also be studied.
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7.6 INADEQUATE MATERIAL MIXING BETWEEN SOFTER AND
HARDER MATERIALS

As mentioned before, a proper material mixing between dissimilar
materials is required from mechanical performance point of view. As a
result of different physical properties of materials and asymmetric heat
input between advancing and retreating sides of the weld, material
mixing can be process and workpiece placement dependent. It becomes
even more challenging when a softer material and a much harder
material are friction stir welded. There have been reports on hybrid
dissimilar welding of dissimilar materials by incorporating additional
heat source, such as laser and arc, to soften the hard material, so mate-
rial mixing can be improved with less tool wear. The approach is of
practical interest to industrial application, more efforts may be needed
to fully explore the capacity.

7.7 OPPORTUNITY: AEROSPACE, AUTOMOTIVE, MARINE,
AND ENERGY

Although many challenges need to be addressed before FSW can be
fully implemented for welding dissimilar materials in broader industry
sectors, it brings opportunities and hope to industry that welding of
conventionally non-weldable dissimilar materials is possible; just as the
invention of FSW technology impacted the Al alloy welding industry.
Aerospace, marine, and transportation industries which need high-
strength lightweight structures are likely to benefit from dissimilar
FSW. FSW of dissimilar high-strength high-corrosion-resistant Al
alloys could give more flexibility for design of aerospace and ship
structures. FSW of dissimilar Al alloys to steels has already been
implemented for mass production of automobile structural compo-
nents. Further expanding it to dissimilar welding of Al and Mg alloys,
or Mg alloys and steels could further realize weight reduction.
Dissimilar welding between dissimilar steels, steel and superalloys may
open up new opportunity for nuclear and power plant industries.
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