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Abstract: A review of the state of research in the field of friction stir welding and processing has
been carried out. The features of plastic flow in friction stir welding and their connection with the
processes of adhesion friction are shown. The main direction of research is related to the features
of friction stir welding of titanium alloys. Special attention is paid to the selection of working tool
materials from various alloys for friction stir welding and the processing of titanium alloys. The
main advantages and disadvantages of applying different types of tools for friction stir welding of
titanium alloys are shown. Different mechanisms of tool wear in friction stir welding associated with
the interaction of processed material and tools are demonstrated. Information on the influence of tool
and material interaction at welding on the mechanical properties and operational characteristics of
obtained joints is given.

Keywords: friction stir welding; friction stir processing; titanium alloys; working tools materials;
tool wear mechanism

1. Introduction

In recent decades, technologies of solid-phase production of inseparable joints and
surface treatment of metallic materials [1–3], based on adhesion heating, frictional heating,
and intensive thermomechanical mixing of materials described in a rather wide range of
research studies have been intensively developed [4–6] et al.

The most intensively developed types of such technologies are friction stir welding [2]
and processing [3], as evidenced by an increasing number of publications in recent years.
Less in demand are friction drilling technology, friction stir additive technology, friction
stir internal channel technology, friction stir soldering, etc. [7–10]. All these technologies
are similar to the friction welding technology widely used in industry [11], but differ from
it in purpose, plastic flow geometry, applied technological equipment, and tools.

Friction stir welding makes it possible to obtain permanent joints of aluminum [12–14],
copper [15,16], titanium [17], and magnesium [18] alloys and steels [19,20], including those
that are weldable within limits or not weldable by conventional fusion welding. Welding
provides high-strength and defect-free permanent joints of high-strength heat-strengthened
aluminum alloys used in the aerospace industry [21–25], heterogeneous metals, and al-
loys [26], including joints of the “titanium–aluminum” system [27–29], “aluminum–copper”
system [30–32], “aluminum–steel” system [26,33], “aluminum–magnesium” system [34],
“magnesium–titanium” system [35–37], and “magnesium–steel” system [38], etc. The possi-
bilities of regulating process parameters and changing the configuration and material of
welding tools allow us to obtain permanent joints of different metals and alloys of large
thicknesses by friction stir welding [39–44].

Friction stir processing makes it possible to modify surface layers with the formation
of a fine grain structure [45] of items made of materials with intense unstrengthening under
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excessive heat input or melting [46–48]. By using friction stir processing, a modification
of the structure of aluminum [49], copper [50–53], titanium [54–56], magnesium [57–59]
alloys, steels [60], and titanium nickelide [61] is possible. It is also possible to obtain com-
posite materials on this basis by introducing powder particles of metals [62,63], alloys [64],
ceramics [65–67], graphite [68], oxides [69], MAX-phases [70], or their compositions [71–73]
during processing. Friction stir processing is widely used to obtain hybrid composites
for tribological purposes [74–76]. Additionally, friction stir processing is used to obtain
workpieces for subsequent pressure forming using the effect of superplasticity [77]. The
combined use of friction stirring processing and additive technologies makes it possible
to obtain materials with different combinations of structure and functional characteristics,
as well as to enhance structurally homogeneous and defect-free products obtained by 3D
printing methods [78–81].

One of the present research directions is the application of friction stir welding or
processing technologies to modify the structure and joining of products made of titanium al-
loys [17,81–86]. Since titanium alloys have a high specific strength, heat resistance, and high
corrosion resistance, they are widely used in various industries and medicine [87]. Medium-
strength titanium alloys can be used for the production of propeller shafts, cladding, pump
parts, and propellers for shipbuilding needs. High-alloy titanium can be used for the
production of diesel engine silencers for submarines, thin-walled tubes for condensers and
heat exchangers, and disks for measuring instruments [88]. In addition, the use of titanium
alloys makes it possible to significantly reduce the total weight, thereby increasing the cargo
capacity and mobility of marine ships [89]. In the automotive industry, titanium alloys
can be used to produce load-bearing steel structures, most critical engine parts, chassis
components, heat exchangers, etc. The use of titanium high-strength alloys in aircraft
construction contributes to aircraft weight reduction [90].

Conventional methods of jointing titanium alloys are traditional types of fusion weld-
ing, such as electron-beam welding [91], laser welding [92], plasma welding [93], arc weld-
ing with non-consumable and consumable electrodes in an inert gas environment [94,95],
and electroslag welding [96], etc. Traditional types of welding are characterized by un-
even heating of material and the formation of a wide zone of thermal influence. During
welding, elastoplastic deformations and residual stresses occur in a material. Therefore,
when welding titanium alloys by traditional methods, heat treatment of welded joints is
recommended [97]. The application of friction stir welding of titanium alloys allows us to
get rid of typical problems typical of traditional technologies as the process develops at
low temperatures.

2. Friction Stir Welding and Processing

As stated previously, friction stir welding and processing are based on the effect
of adhesive friction between tool and material, plastic deformation, superplastic metal
flow, and other related processes [98–108]. Welding and processing processes are almost
identical, and the main difference is the junction line between the plates during welding
(Figure 1). Various modifications of the welding process with the formation of angle,
lap, or T-joints [109–113] or processing to obtain coatings with complex composition are
possible [114]. It is also possible to develop these processes by using bobbin tools [115–117],
multi-pin tools [118], square or triangular profile tools [119,120], etc. Both friction stir
welding and processing remain unchanged in their basic concepts, although they differ in
some respects from the scheme shown below. Both friction stir welding and processing
involve a stage when a rotating tool is introduced into a material (Figure 1a,d). This step
involves initial heating, plastic deformation, and fragmentation of the material until it
reaches a grain size sufficient to initiate a material transfer process along a tool contour.
As achieving this grain size is necessary for friction stir welding or processing, these
techniques are well suited for forming products with high superplastic properties [120–122].
After plunging the tool into the material until it touches the surface, the tool is moved
longitudinally in the direction of welding or processing (Figure 1b,e). In order to perform
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welding or processing, the tool is provided with a loading axial force Fz, which presses it
against the surface of the material. The reaction of the material to the forces resulting from
the tool friction against the material results in a torque Mz. The reaction of the material
to the forces occurring as the tool moves longitudinally in the material results in a drag
force, Fx. Friction stir welding or processing processes are accompanied by heat generation,
which causes heating and cooling of the material area adjacent to the tool [123–126]. This
creates relatively stable conditions for plastic deformation and heat generation in the
material, compensated by heat dissipation from the tool area and movement of the tool
to a lower material temperature. Heat is generated continuously in the tool area, and the
material behind the tool cools down relatively quickly. The material deformed by the tool
is carried behind the tool and forms the stir zone. Along the edges of the stir zone, zones of
thermomechanical effects are formed, differentiated on the advancing AS and retreating RS
sides. When welding or processing is complete, the longitudinal movement of the tool in
the material is stopped and the rotating tool is moved to the material exit phase (Figure 1c,f).
As the material cools, recrystallization processes occur, accompanied by grain growth and
structural-phase changes.

The result of friction stir welding or processing is a specific structure in a material,
with typical basic structural zones formed by various processes of a thermal or deformation
nature [127]. A schematic representation of the subdivision of the material into these
zones is shown in Figure 1g. The central area, the stir zone SZ, is a material with a fine-
dispersed structure and recrystallized equiaxed grains. At a macro level, the structure of
this zone is represented by concentric rings of irregularly shaped material, mostly referred
to as “onion rings” in the modern literature [128]. The grain size in this zone may be in
the nanocrystalline [79], ultrafine [129], or microcrystalline [130] range. Steels may form
various martensitic or bainitic structural states instead of an equiaxial grain structure [131].
Depending on the type and physical nature of the base metal, the mechanical properties
of the material in the formed stir zone may increase [132], decrease [105,133], or remain
practically unchanged [130] from the initial ones. In order to control the structure of the
stir zone, various methods of treatment can be applied: cooling with water [134,135], a
mixture of water and ethanol [136], dry ice, liquid nitrogen, compressed air [137], or a
mixture of dry ice and ethanol [138], ultrasound application [139–141], the introduction of
additional materials [142,143], thermal and thermomechanical post-treatment [144–146], or
performing several passes with a tool in succession [147]. Above the stir zone is the thin
stir zone, the size of which can vary over a wide range. Its formation is caused by contact
of the tool shoulder with the material surface with force Fz and their adhesion interaction.
The tool shoulder prevents the extrusion of material from the contact zone with the tool
and forms constrained conditions of deformation of the material. Under conditions of
interaction between tool pins and material, intensive friction results in the extrusion of
material, while under conditions of contact between the material and the tool shoulder
friction is less intensive, so that extrusion of material does not occur.

Along the edges of the stir zone is the zone of thermomechanical affection TMAZ,
in which the material is represented by grains deformed and stretched in the direction of
deformation [148]. This zone can be conventionally divided into two parts. In the part
in contact with the stir zone, the fragmentation of grains prevails with the formation of a
fine-dispersed structure. In the part remote from the stir zone, plastic deformation of the
material with the formation of relatively coarse and elongated, partially fragmented grains
is observed [127,149]. The zone of thermomechanical affection differs significantly on the
advancing AS and retreating RS sides [150].
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Figure 1. Typical process schemes for friction stir welding (a–c) and processing (d–f) and the division
of the welding/processing area into characteristic cross-sectional areas (g).

The advancing side is the one on which the rotary direction of the point on the surface
of the tool coincides with its longitudinal movement. Correspondingly, the retreating side
is the opposite side. From the viewpoint of plastic deformation and material transfer, the
difference between these sides is of key importance. On the advancing side, metal flow
in front of the tool is obstructed because of its interaction with an unheated metal in the
longitudinal movement of the tool. On the retreating side, metal flow is in the opposite
direction to that of the tool, so that extrusion and adhesion transfer are complementary
and mutually reinforcing. The material from the area in front of the tool flows behind the
tool through the retreating side; for this reason, the zone of thermomechanical affect on
the advancing side is usually considerably smaller than on the retreating side [149]. In
composite materials, for example, this leads to an inherently inhomogeneous distribution
of the hardening phases in the material volume on the advancing and retreating sides [102].
Therefore, a uniform distribution of strengthening phases in the stir zone requires multiple
passes by the tool along the processing line, and the number of necessary passes may vary,
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depending on the amount of hardening material introduced [51,118,142,143,151–158]. In
addition, such material behavior results in an uneven temperature distribution within the
machined volume, which may cause differences in the structural-phase changes and final
structure of the material on the advancing and retreating sides.

Outside the zone of thermomechanical affect, there is a zone of thermal affect HAZ,
containing undeformed grains of the base metal with traces of thermal influence [159].
In thermally strengthening alloys, the presence of this area causes the disintegration of
supersaturated solid solutions, the formation of large incoherent precipitations of secondary
phases, or other structural-phase changes. All this may lead to a reduction in material
properties and a need for additional material cooling during welding [160,161]. The
heat-affected zone will seamlessly transition to the base material (BM) with its structure
unaffected by deformation and temperature.

3. Adhesion Friction and Material Flow in Friction Stir Welding and Processing

It was established as early as the middle of the 20th century that frictional interaction
without a lubricating layer occurs along individual weld bridges [4,6]. The similarity of ma-
terial interaction processes in welding and adhesion friction was already known at that stage
of research, and a short time later friction welding technology was developed [162–165]
and is still being developed today [166]. Later, at the end of the 20th century, the technology
of friction stir welding was developed [167].

There was also intensive research into the adhesive interaction of metals and alloys
under friction in the absence of a lubricant. At the initial stages of such friction processes,
there is mainly plastic deformation of material with the subsequent reorientation of the crys-
tal lattice and formation of a fine grain structure, which was shown using monocrystalline
materials [168–171]. With an increase in the degree of deformation of the materials under
adhesive friction, the features of plastic flow in the near-surface friction zone become more
complicated [5,172–174]. The results of [5,175] indicate the formation of a surface layer
with a nanoscale grain structure and low shear stability in adhesive friction conditions.
Metal flow in such a layer can be similar to that of a viscous fluid and occur in both laminar
and turbulent modes [174,175] (Figure 2). A higher degree of deformation of the material
as the loading force increases leads to a more intense outflow of the material from the
friction zone and transition to the extrusion friction mode [176]. A number of simulations
show that material extrusion conditions occur in the tool–material contact zone [177,178],
but the processes inherent to adhesion contact are often not taken into account. Other
works describe the process of welding or friction stir welding as a stepwise process of
plastic deformation of the material, formation of the ultrafine-dispersed structure of the
transfer layer, and its movement from the zone in front of the tool to the stir zone due
to its adhesion to the tool [130]. In [127], it was shown that in friction stir processing of
aluminum alloy 2024, the formation of structural elements similar to those observed in
adhesion friction occurs (Figure 2b). There is also the formation of the heat-affected zone
I with a slightly changed structure of the base metal; the plastic deformation zone II; the
fragmentation zone III and zone IV or zone of thermomechanical affect; and the zone
of metal flow along the contour of the counterbody or tool V and VI (Figure 2b). These
zones differ both in the degree of plastic deformation of the material and in the intensity of
its structural-phase changes. For example, when a high degree of deformation occurs in
layers III–VI, secondary phase particles refine and dissolve in the aluminum matrix and are
released from the supersaturated solid solution upon cooling. At the same time in zones
I and II, the thermal and strain effects are insufficient for either the process of intensive
dissolution of particles or their separation from the solid solution. At the boundary of
zones II and III, the secondary phase particles precipitate and enlarge with the formation of
large incoherent S-phase precipitates due to relatively high thermal and low strain effects.
In layers V and VI, the metal flows along the contour of the tool or counterbody, with the
layers closest to the friction surface being set in motion by adhesive bonds with the tool,
and those further away by cohesive and extrusive forces [127].
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Figure 2. Structure of metal in the friction zone with high loading force: (I) plastic strain zone;
(II) fragmentation zone; (III) turbulent flow zone; (IV) laminar flow zone Reprinted with permission
from [175] 2010, Elsevier (a), a schematic representation of plastic deformation, material fragmenta-
tion, and transfer layer formation in adhesion friction, friction stir welding and processing: (I)—base
metal, heat affected zone; (II)—plastic strain zone (TMAZ II); (III, IV)—fragmentation zone (TMAZ I);
(V, VI)—material flow zone, stir zone (b). Data are based on the paper [127].

Thus, the processes of plastic deformation, fragmentation, and material flow in fric-
tional stirring are similar to those realized in adhesive high-load friction. The processes
include both metal transfer through superplastic flow initiated by the adhesion of the
material to the tool and the phenomenon of metal extrusion from the friction zone as the
tool moves in the material. In the process of frictional stirring, the structural-phase changes
of the material, caused by its intensive plastic deformation along the tool’s contour, addi-
tionally occur. These processes may be initiated either by the composition of the material
itself [103–105], or by its interaction with the components of the inserted material in the
creation of composites [179–184].

Adhesion friction processes of metals and alloys involve both material deformation
and fragmentation and structural-phase interactions in the materials. In friction with
high loading force, there are ideas about the formation of layers with mechanically mixed
material of samples with oxide particles in the conditions of contact of surfaces of rubbing
parts, and in friction of dissimilar metals and alloys—basic components, oxides, and results
of their interaction, etc. [185–188]. In a number of works, the wear mechanism of materials
in friction pairs is described as the sequential formation and destruction of a mechanically
mixed layer. This is important for understanding tool–material interaction processes in
friction stir welding or machining. Research suggests that frictional interaction and wear
processes with the formation of a mechanically mixed layer in frictional stir welding or
machining are close to those realized in high-load adhesion friction [106,107]. The typical
sequence of the process of self-organization in the materials of rubbing parts with the
formation of a mechanically mixed MML layer and its subsequent destruction is true for
both adhesion friction and friction stirring action. The material–tool interaction process
will be considered in more detail in the final part of the paper. Thus, the processes of
material–tool interaction, deformation, and material flow along the tool contour in friction
stir welding are similar to those in adhesion friction with high loading force.

The problem of describing the mechanics of the complexly organized plastic flow
of a material under frictional action with stirring arose as early as the end of the 20th
century [189]. The material in the area of its contact with the tool moves in accordance
with both the adhesive and extrusion nature of the flow process. Its transfer along the tool
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contour occurs with a clear dependence on the mechanics of the process, associated with
the presence of advancing and retreating sides and the difference in the flow of metal in
the vertical direction [100–102,177,190–194]. Even in early works on friction stir welding,
the material around the tool was separated into an extrusion zone (material transfer zone,
superplastic flow zone), a plastic deformation initiation zone (thermomechanically affected
zone), a preheating zone, and a cooling zone [2,177]. Later works using mathematical
modeling [192] and experimental studies [190] show the peculiarities of material flow both
on the advancing and retreating sides and in local areas of the tool action zone. It should
be noted that the works show an identical character of metal flow during the welding of
both titanium [192] and aluminum [190] alloys.

In [98] it was shown that in the contact zone of the material and the tool, metal flow
with the realization of upward flows takes place (Figure 1a). On the retreating side, through
which the material enters the zone behind the tool, a downward flow of the material is
realized. In general, such flow also occurs in the zone of thermomechanical affect on the
advancing and retreating sides. The difference between the metal flow processes on the
sides is related to the presence of a point on the advancing side called the pseudo stagnation
point [99] (Figure 3b). In this point, material flow can be inhibited and defects can form, for
example, in the form of channels or wormholes [195]. In general, the material flow in front
of the tool tends to realize downward flows [100] (Figure 3c).

Figure 3. Metal flow during friction stir welding in transverse and longitudinal direction: heterogene-
ity of stir on the advancing and retreating sides. Reprinted with permission from [98] 2022, Elsevier
(a), a formation of pseudo-statement point. Reprinted with permission from [99] 2017, Elsevier (b),
and mixing of materials in the longitudinal section. Reprinted with permission from [100] 2011,
Elsevier (c), see Figures 6–8.

In the plane perpendicular to the tool, an even more complex pattern of material flow
along the tool contour is observed. In [196], it is shown that a single tool pass through the
marker material arranged as a flat thin insert perpendicular to the processing line does not
lead to its significant mixing. Behind the tool, the material forms a deformed and curved
surface that conforms to the shape of the tool. The authors attributed this to the extrusive
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nature of the material flow, which is due to the deformation of the machined material when
it is constrained by the cold material, the substrate, and the shoulders of the tool.

In [102], using marker material introduced in the tool path, data were obtained on
the transfer of material from the zone in front of the tool to the zone behind the tool
(Figure 4a,b). It was shown that the material, which was originally on the advancing side,
moved to the zone behind the tool also on the advancing side. Similarly, the material on
the retreating side moved. Thus, movement of the marker material from the advancing
side occurs with the overcoming of a longer way along the contour of the tool that causes a
greater degree of deformation, mixing, and refinement (Figure 4a). At the same time, the
material on the retreating side remains less deformed. Similar results were obtained in
friction stir welding of alloy 6061 with the introduction of marker material in [101]. The
formation of upward flows on the retreating side and downward flows on the advancing
side was demonstrated. It was revealed that the mixing of the marker material at different
sections along the height of the junction occurs in different ways. The authors of the
paper concluded that the material extrusion process is determined by tool pressure on
the material, and the material transfer process along the tool contour is determined by
frictional forces.

Figure 4. Features of metal transfer in friction stir welding, defined with the use of marker material:
material structure after experiment (a) and schematic representation (b) (Reprinted with permission
from [102] 2016, Elsevier) distribution of equivalent plastic strain (c), and mixing (d) of materials in
friction stir welding with a triangular tool (Reprinted with permission from [191] 2017, Elsevier).
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In [191], the peculiarities of material mixing and deformation during friction stir weld-
ing using a tool with a triangular profile were investigated in experiments and simulations
(Figure 4c,d). Material transfer occurs when it is plastically displaced from the zone of
contact with the tool. The greatest degree of material deformation is characteristic of that
part of the transfer layer where there is direct contact between the tool edges and the
material (Figure 4c). Mixing of the material on the advancing and retreating sides occurs
non-uniformly, with the formation of a layered structure of the stir zone and alternation of
the material of the adjacent plates (Figure 4d).

Material flow along the tool contour acquires a more complex character during fric-
tion stir processing of composite materials with the use of multipin tools [118]. In these
conditions, due to a large number of small material flows, it is possible to obtain the most
uniform distribution of fine-dispersed strengthening phases in the material volume. In
turn, this leads to an increase in the operational characteristics of final products.

Understanding the peculiarities of the plastic flow of material under frictional mixing
and their connection with the processes of extrusion, adhesion interaction, and structural-
phase changes is important since the defectiveness of the processed material depends on
them [197]. The formation of weld defects is related, for example, to the presence of a
pseudo stagnation point region, or differences in material transfer from the advancing and
retreating sides, etc. [99,102,198].

Such defects can be in the form of a tunnel or wormhole [199,200]. Joint lines or “lazy-
S” can form at the junction of upward and downward metal flows [201]. Such features of
material flow can also be applied, for example, to obtain cooling channels in aluminum
plates by friction stir channeling [202]. Analysis of literature sources shows that such
peculiarities of flow and material transfer during friction stirring are inherent to both
aluminum and copper or titanium alloys, as well as steels, heterogeneous compounds, and
composite materials [98–102,191]. However, when processing or welding metals and alloys
of different types, material behavior may have features related to the material properties
and phase composition, the stability of its structure at high temperatures, its melting
temperature, the configuration of the tool used, etc. [16–19,203].

4. Friction Stir Welding and Processing of Various Alloys

Friction stir welding and processing have common features, which are inherent when
affecting a wide class of metallic materials. These are heating the material to temperatures
of the order of 0.6–0.8 of its melting temperature, formation of a transfer layer along a
tool contour, metal flow into an area behind the tool through the retreating side, etc. The
differences lie in the different nature of structural-phase transformations during heating and
cooling, which causes changes in parameters of the friction stirring process, formation of a
structure, and resulting mechanical properties. The treatment of different materials with
different melting temperatures implies the use of different welding tools. Increasing the
temperature of the frictional stirring process leads to the intensification of structural-phase
interactions between a tool and a material, which complicates the process and reduces the
durability of the tool.

For this reason, it is necessary to consider not only the general laws of frictional mixing
influence but also the distinctive features caused by the properties of processed material
and used tools. It is also necessary to compare processes occurring during the welding or
processing of metals and alloys of different classes. In order to establish the main features
of frictional mixing effects on titanium alloys, it is necessary to analyze data from similar
studies of a wide range of materials. This section briefly presents an overview of friction stir
welding and processing of various metals and alloys. The main areas of research are related
to obtaining permanent joints of aluminum, magnesium, copper, titanium, nickel alloys,
and steels. Additionally, in recent years, there is a fairly wide range of works on friction stir
welding or processing of high-entropic alloys. A significant number of works are devoted
to friction stir welding of dissimilar materials and obtaining composite materials by friction
stir processing.
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4.1. Friction Stir Welding and Processing of Aluminum and Magnesium Alloys

Some of the most easily friction-stirred alloys are deformable aluminum alloys of
the Al-Mg, Al-Mg-Sc, Al-Mg-Sc-Zr, and other systems. [112,130,204–210]. These alloys
are characterized by sufficiently high strength and ductility, as well as weldability by
various methods. Friction stir welding of these alloys makes it possible to increase the
productivity of the manufacturing process of metal parts or structures. Currently, friction
stir welding and processing of aluminum–magnesium alloys are the most studied. The
use of friction stir processing of Al-Mg-Sc alloys allows an increase in their plasticity at
elevated temperatures with the realization of the effect of superplasticity and the formation
of an ultrafine-dispersed structure of their surface layers [46,47,211]. For this reason, their
processing can be used both for obtaining composite materials with metal matrices and for
preparing blanks for subsequent molding using the effect of superplasticity. The typical
structure of the thermomechanical affect zone, the stir zone, and the base metal of this
type of alloy is shown in Figure 5 [212]. Grain refinement occurs gradually in the zone
of thermo-mechanical affect, with small grains first appearing along the boundaries of
large grains. The grains also extend along the direction of the metal flow, which is most
pronounced near the stir zone. In the stir zone, a structure with equiaxed ultrafine grains
measuring 3.0 microns is observed, with the initial grain size being 30 microns.

Figure 5. Grain refinement in friction stir welding of the aluminum alloy Al-Mg-Sc (a) Composite
map from thermo-mechanically affected zone; (b) structure of TMAZ closer to the basic metall;
(c) central part of TMAZ; (d) Structure of TMAZ closer to stir zone. Reprinted with permission
from [212] 2019, Elsevier.

The effect of friction stirring on the mechanical properties of thermally unhardenable
deformable aluminum alloys is due to a number of their structural features. The materials
obtained in [212] are characterized by an increase in strength and ductility. For the materials
obtained in [204], in spite of significant refinement of the solid solution grains, there is no
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significant increase in the strength characteristics. This is due to the fact that the strength of
these alloys is related not only to the grain size but also to the presence of iron-containing
phases in the particle structure (also particles of intermetallic phases Al3 (Sc, Zr) in the
Al-Mg-Sc-Zr alloy), as well as to the sticking of the initial material during its fabrication.
During processing, there is no significant refinement of the particles of iron-containing
phases, and the riveting of the material is removed, which explains the insignificant
improvement of the material properties. Relatively low changes in tensile strength are also
characteristic of aluminum–magnesium alloys without the introduction of scandium or
zirconium. The yield strength of the alloy increases significantly after treatment. Multi-
pass friction stir treatment allows for an increase in the effect of improving the strength
properties of these alloys, but the greatest influence on the material properties is exerted by
the first pass of the tool. It should be noted that the processing of aluminum–magnesium
alloys could be applied to harden not only the surface layers but the entire volume of
the material. A number of works indicate the positive effect of friction stir processing of
hereditary fine-grained Al-Mg-Sc, Al-Mg-Sc-Zr alloys on the superplastic behavior when
deformed at elevated temperatures. This makes the treatment potentially applicable to the
preparation of workpieces for subsequent superplastic forming [47,122,213].

Friction stir processing is effective when applied to aluminum alloys produced by
additive manufacturing techniques. For example, after multipass treatment of AA5056
alloy obtained by wire additive electron-beam technology [80], the strength limit of the
material was increased by 1.7 times and the yield strength by 2.8 times. The main reason for
such an increase in strength properties lies in their initially low values due to the additive
method of material production. After four passes, the grain size and mechanical properties
of the material in the stir zone are comparable to the properties of the processed rolled sheet
of this alloy. The treatment eliminated pores and discontinuities in the material structure.
This shows the effectiveness of processing to eliminate defects in materials obtained by
additive methods and to form an equilibrium structure, only partially dependent on the
initial structural-phase state of the material. The processing is also effective in enhancing
the properties or joining of other types of aluminum alloy products [214–216].

Friction stir processing and welding of aluminum–silicon casting alloys allow for both
permanent joints and hardened surface layers or composites [217–220]. These alloys are
characterized by rather low mechanical properties, but they have good casting properties
and can be easily 3D-printed using modern methods [221,222]. When manufactured
by casting and electron-beam methods, these alloys are characterized by low values of
mechanical properties, the presence of defects, and structural heterogeneities. For this
reason, the strengthening of their surface layers is a rather urgent task and makes it possible
to increase the strength properties of aluminum–silicon alloys [80].

Friction stir processing of heat-strengthened aluminum alloys such as Al-Cu-Mg [13],
Al-Zn-Cu-Mg [21,24] and Al-Cu-Li-Mg [105] is a rather complex process and can lead
to both positive and negative effects. The structure of the mixing zone of such alloys is
represented by typical concentric rings [128]. Compared to non-thermal strengthening
alloys, the average grain size of the solid solution can be [127] of the order of 1.0–1.1 µm.
In most of the works, the authors fail to achieve high bond strength or treatment zone
of complex hardenable alloys without the use of additional cooling [25,105,133]. There
are also data on increasing the strength of welded joints with the use of subsequent heat
treatment [223]. Alloys of the Al-Cu-Mg system lend themselves well to friction stir welding
and processing [13]. The use of additional cooling during welding or processing makes it
possible to achieve the high-strength characteristics of Al-Zn-Cu-Mg and other types of
alloys, including when obtaining joints of dissimilar alloys [224–226].

Welding and processing of aluminum alloys may be performed with tools of various
shapes and sizes, from 1–1.5 mm to 120 mm and more, including when obtaining metal
matrix composites [130,227]. The formation of structures during friction stir processing of
thick plates is associated with the division of the stir zone into separate flows formed by
the flow of material along the contour of the tool [130].
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Tool wear in friction stir welding of aluminum alloys is rather slow. This is due to the
relatively low temperature of the welding process for heat-resistant or H13, high-carbon,
and high-chromium HCHCr steels used for tool fabrication [43,228–232]. The WC-Co alloy
tool showed high durability when welding aluminum alloys. Its pin was significantly worn
when welding an Al-Si AC4A + 30% SiC-based composite [233]. WC is commonly used
in the fabrication of tools for high tribological stresses. In its pure form, WC is brittle and
prone to fracture under shock and vibration loads accompanying the friction stir impact. To
increase its ductility, as a rule, the Co binder phase is added, obtaining a WC-Co composite
material with a lower probability of tool fracture from it [234]. A study of the wear of the
EN40 high-temperature steel tool during the welding of AA7075 and AA7039 aluminum
alloys was also carried out. The effects of welded material strength and thickness and tool
feed rate on torque, shear force, and resultant maximum shear stress determining tool wear
resistance were evaluated [235].

Friction stir welding or processing of magnesium alloys is quite similar to aluminum
alloys in its features [236–242]. For alloys such as WE43, the hardness of the material in the
HAZ region has been shown to be less than 70% of the hardness of the parent alloy [243].
Although Mg-Nd-Y type alloys are more effectively hardened by grain refinement than
aluminum alloys, the effect of grain refinement can compensate for any loss of strength due
to the dissolution of hardening precipitates [244]. When welding magnesium alloys, tools
made of H13 tool steel [245–247] or EN31 steel [248] are mostly used. There are also studies
where D2 steel [249], AISI Type-302 [250], SKD 61 [251], and GH4169 [252,253] were used
as tool materials.

The mechanism of tool wear has been determined in a number of works [108,254]. In
friction stir welding, the diffusion interaction of the aluminum alloy and the tool with the
formation of a tribological layer on the surface occurs (Figure 6). The phase composition of
the tribological layer is presented by the aluminum alloy, oxides, silicides, and intermetallics
of the Fe-Al system, and the intermetallide layer of FeAl3 composition is continuous and is
located on the whole surface of the tool. In some areas of the layer, “spikes” are formed,
which spread deep into the tool material (Figure 6b) and further lead to the formation of
wear particles. Presumably, the intermetallic layer protects the tool material from intensive
wear during the initial stages of the friction stir welding process. The formation and gradual
destruction of such a layer is the main mechanism of tool wear during friction stir welding
of aluminum alloys with steel tools [108].

Figure 6. Wear of steel (1.2344 X40CrMoV5-1) tools during friction stir welding of aluminum alloys.
(a) formation of intermetalic compounds layers on the surface of the tool; (b) formation of intermetallic
interlayers spreading deep into the tool material. Optical images from the work [108] 2014, Elsevier.
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4.2. Friction Stir Welding and Processing of Copper Alloys

Currently, friction stir welding and processing of copper and copper alloys is used both
to obtain permanent joints [15,16,255] and to modify [51–53] or harden [256] the surface
layer. Copper alloys are characterized by sufficient weldability, so the main application of
welding or processing appears to be the joining of dissimilar metals [31,32] or processing
to form tribologically resistant, hardened surface layers [257,258]. For the processing of
copper and copper alloys, tools made of heat-resistant steels are mainly used [259–262].
However, they have low thermal stability at copper processing temperatures, so it seems
more optimal to use tools made of hard alloys [263].

Copper alloys lend themselves quite well to friction stir processing. In the stir zone,
mechanical properties increase and the grain size decreases, especially with the introduction
of powders of different metals [259,264]. When pure copper is processed, a double increase
in strength is possible [265] by reducing the grain size down to 400 nm. Processing of
additive-produced copper samples reduces porosity and pore size by a factor of almost
10 [266]. At the same time, the yield strength of the material increases by 1.6 times compared
to the base metal. This is due to grain refinement in the mixing zone down to 1–2.5 microns.

When welding copper alloys, steel tools are subjected to intense wear. In work [267],
the phenomenon of self-optimization of the tool from steel H13 appeared during the wear
process, and the greatest intensity of wear was in the first 300 mm of the welding path.
The contact of tool and material does not lead to the formation of an intermetallide layer
or tribological layer of variable composition (Figure 7a), which is characteristic of the
Cu-Fe system. Only a thin diffusion layer is present on the surface of the tool and the
adhered material (Figure 7b). This indicates that in copper welding, the wear mechanism
of the steel tool may be related to the gradual thermal degradation of its structure due to a
sufficiently high process temperature [267]. Additionally, a significant role can be played
by the softening of the surface layer as a result of the formation of solid solutions on the
surface of the tool.

Figure 7. Wear of steel H13 tools during friction stir welding of copper alloy Cu-Cr-Zr SEM image
(a) and the variation of the chemical element concentration at the boundary (b). Reprinted with
permission from [267] 2019, Elsevier.

4.3. Friction Stir Welding and Processing of Steels and Nickel Alloys

The choice of welding tool material and tool wear play a key role in the friction stirring
of heat-resistant nickel alloys [268–272]. In addition, the microstructure of nickel alloy
joints can be affected by the interaction between the material being processed and the tool
wear particles. Tools based on polycrystalline cubic boron nitride (pcBN) and tungsten (W)
have high heat resistance, so they are often used in welding or processing high-strength
alloys [267], such as carbon and stainless steel, titanium, and nickel-based alloys. Tool
geometry also has a significant influence on several factors such as heat generated, torque,
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shear force, and thermomechanical effects [268]. Important tool characteristics such as
tool diameter, shoulder surface angle, pin geometry, and work surface quality of the
tool [268,273–275] need to be considered when processing nickel alloys.

pcBN is the preferred tool material for friction stir treatment of nickel alloys because
of its high strength and hardness as well as stability at elevated temperatures [276].

Tungsten carbide (WC)-based tools have excellent toughness, and their hardness is
approximately 1650 HV [268].

The W-25 wt% Re alloy [276], which is the most common W-based tooling material,
is more prone to wear than pcBN. The addition of rhenium lowers the ductile-to-brittle
transition temperature, affecting the Peierls stress [277].

The thermal conductivity of a tool material determines the rate of heat dissipation and
affects the microstructure of processed material. In terms of tool cost, W-Re or W-La alloys
are cheaper than pcBN tools, but they wear more intensively because they have lower heat
resistance and hardness [268].

A recently published study [278] on welding high-strength steels showed that a tool
containing 70 wt% W, 20 wt% Re, and 10 wt% HfC had better wear resistance than a
W-25 wt% Re tool. The alloy with the addition of 2 wt% HfC achieved 1.5 times better
durability than the W-25 wt% Re material at 1926 ◦C. The addition of HfC particles to
the alloy effectively prevents grain boundary separation as a result of plastic deformation
at high temperatures. Dislocations are restrained by the HfC particles. In this study, it
was demonstrated that the W-Re-HfC tool is most resistant to degradation mechanisms,
especially strain. Since the approximate cost of a 1-inch diameter and 3-inch length rod
for W-25 wt% Re material and W-20 wt% Re-10 wt% HfC material are almost identical, the
WRe tool material with HfC addition is a promising tool material for welding high-strength
alloys [278].

Another potential tool material was developed by Miyazawa et al., who added 1 at.%
Zr to an iridium-based alloy also containing 10 at.% Re [279]. It was shown that when
welding 2.2 m of 304 stainless steel, the Zr-stamping alloy tool showed only slight rounding
of the pin boundaries, while the Ir-Re alloy tool showed significant wear. Nevertheless, the
high cost of iridium makes it not economically feasible to produce such tools today.

Nickel alloys are highly heat-resistant. Therefore, their intense thermomechanical
interaction with the tool surface during the frictional stirring action can be assumed.
Under these conditions, the introduction of tool wear particles or diffusion of tool material
elements into processed material is possible. For example, when welding Inconel 625 alloy,
striped tool wear structures usually occur in the material. Research papers [280–282]
presented an analysis of Inconel 625 and 718 alloy welds in which EDS analysis detected
W in the joint material, presumably as a result of WC-Co tool wear. However, EDS
analysis and SEM studies showed no cobalt in the processed material. Similarly, when
alloy 600 was welded with a pcBN tool, a small grain size area containing small boron
nitride wear particles was observed in the stir zone. It was concluded that grain growth
during cooling was locally prevented by the presence of boron nitride particles at the grain
boundaries [283].

Wearing hard-alloy tools in friction stir welding occurs in a rather complex way [284]
(Figure 8). This paper suggests 3 basic mechanisms of wear with the realization of defor-
mation and fatigue failure of binder, surface oxidation, and formation of complex W-Fe-O
compounds, as evidenced by the formation of corresponding elements on the tool surface
(Figure 8). The application of the tool modified by Ni and Cr3C2 allowed an increase
in the wear resistance of titanium alloy due to the reduction in oxidative wear intensity
(Figure 8a,b).
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Figure 8. Structure of the tool surface after friction stir spot welding with a WC-Co carbide tool
WC-13 weight% Co carbide tool (a) and tool of this alloy with 6 wt% Ni and 1.5 wt% Cr3C2

additions (b). Reprinted with permission from [284] 2021, Elsevier.

4.4. Friction Stir Welding and Processing of Dissimilar or Composite Materials

One of the significant advantages of friction stir welding or processing technologies
is the possibility of obtaining inseparable joints from dissimilar metals, composites, and
coatings [26,285,286]. It is possible to produce dissimilar weldments based on aluminum
and titanium [27–29], magnesium and titanium [35–37], and aluminum and copper al-
loys [30–32], etc.

Under the conditions of friction stir processing or welding, a number of structural and
phase changes of processed materials occur, caused by processes occurring in different areas
along the contour of the tool [127,260,287]. Such processes may include mutual dissolution
of system components with the formation of supersaturated solid solutions or intermetallic
phases, occurring during intense plastic deformation under conditions of elevated tempera-
ture [105,127]. Another basic process is the decomposition of supersaturated solid solutions
with the formation of particles of secondary intermetallic phases in the stir zone behind the
tool at a gradual decrease in temperature [260,287].

The formation of a heterogeneous gradient structure during processing or welding
depends significantly on the melting temperature of the components, their mutual solubility,
the phases formed in the contact zone, the ratio of the components, as well as the rotational
speed of the tool, the loading force, and the longitudinal speed [260,287]. These processes
are further complicated by inhomogeneities of plastic deformation, grain refinement, and
material flow, as well as by non-uniform temperature distribution at different distances
from the tool [288,289]. Compounds from heterogeneous metals and alloys are usually
obtained in a plasticized and fine-grained state [290–311]. If alloy components are capable
of forming compounds, they can contact and exothermally react with each other to form
intermetallic compounds and thus form a liquid phase, which was noted in [260,261].
Friction stir welding of dissimilar alloys with close melting temperatures is most effective,
for example, when welding aluminum and magnesium alloys (Figure 9a) [302]. In this
case, the formation of structure defects is possible, but by selecting the parameters, it is
possible to minimize them without excessive formation of thick continuous interlayers of
intermetallic compounds between the components.

The interaction of materials with limited solubility and significant differences in melt-
ing temperatures leads to the formation of intermetallic phases in the stir zone [298,300,301].
Intermetallide phases formed in welded joints of aluminum alloys and copper alloys, such
as brasses, contain copper, aluminum, and zinc [292,293,299–301]. Various types of de-
fects can form on the boundary of aluminum alloy and brass, which is associated with
the formation of eutectics or large interlayers of intermetallides between the plates to be
welded [292,293,301]. Brittle Al2Cu, Al4Cu9, and CuZn intermetallides were found in the
stir zone in the AA5083/CuZn34 weld joint [301]. The thickness of the intermetallide layer
depended on the rotational speed of the tool and the welding speed.
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Figure 9. Structure formation in samples of dissimilar joints obtained by friction stir welding of
aluminum and magnesium alloy (a). Reprinted with permission from [302] 2022, MDPI. Features
of metal flow and structure formation when joining heterogeneous alloys based on titanium and
aluminum (b). Reprinted with permission from [308] 2023, MDPI.

Intermetallides and their heterogeneous distribution are a major problem in dissim-
ilar compounds because they reduce electrical and thermal conductivity and degrade
the mechanical properties of the joint. Various methods are used to solve this problem,
such as minimizing heat dissipation or using additional cooling in the process of joining
materials [134–138]. When butt welding copper and aluminum, the formation of individ-
ual particles or interlayers of intermetallides is possible [303]. To reduce the thickness of
intermetallic layers, a number of works use the introduction of ultrasonic impact during
welding [304]. The effect of different tool configurations on heat release, metal flow, and
formation of intermetallic layers in spot friction stir welding of dissimilar metals based on
Cu and Al was studied in [305]. In butt welding of Cu and Al, cracks and intermetallic
layers of CuAl2 and Al4Cu9 have been found at material interfaces [306,307].

The method described in [308] can also be used to join dissimilar components without
their structural-phase interaction associated with mutual diffusion. In this method, holes
are drilled in the titanium plate to join aluminum and titanium alloys. Due to high pressure
on the welding tool, plasticization, grinding, and superplastic material flow, the holes are
filled with aluminum extruded into them, extruded out of the mixing zone (Figure 9b).
A separate direction is friction stir brazing, also used to reduce the interaction between
dissimilar metals during joining [299].

The processes of friction stir welding of titanium alloys with aluminum alloys are
widely investigated. These groups of alloys are most commonly used in the aviation and
space industries, so their welding is of great industrial interest [28,309]. Since titanium
alloys are involved in the welding process, a welding tool is subjected to high thermome-
chanical stresses, due to which tools made of tool steel are very rarely used. Tungsten
carbide tools with cobalt additives [310] as well as tungsten-rhenium tools [183] are mainly
used in welding and processing titanium and aluminum alloys.

However, the use of tool steel [311] is acceptable in the case of a lap joint and only
if the tool is introduced from the aluminum alloy side without deep plunging into the
titanium alloy [312]. In studies on tool wear during the welding of titanium alloys, it has
been shown that the greatest wear occurs at the pin-to-shoulder transition of the tool [313].
The use of tool steel is allowed if this place remains in the zone of the aluminum alloy
during welding.
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It should be noted that lap joints in welding titanium and aluminum alloys are prefer-
able [314,315] since the thickness of the formed intermetallide layer is much smaller than
in the case of butt welding [316].

In addition, research is being conducted on ways to reduce tool wear during the
welding of titanium and aluminum alloys [317]. For example, in [29], it was proposed to
use friction surfacing (FS) to increase tool life. The authors claim that the use of friction
surfacing (FS) not only prevented tool wear but also ensured the strength characteristics of
the joint at the level of 85.3% of the strength of the original aluminum alloy.

It is also worth mentioning heterogeneous joints of titanium alloy Ti6Al4V and tita-
nium nickelide were obtained by the FSW method in the study [318]. Even though there
were many defects in the resulting joint, the achieved mechanical properties of the joint
were better than those of similar joints obtained by laser welding [319,320]. Such joints
have great potential in medicine. Therefore, it is necessary to continue research work in the
direction of titanium alloys and titanium nickelide joints.

HSS steel tools when welding aluminum alloy and copper [321] can experience both
adhesion and abrasion wear due to the formation of intermetallic phases (Figure 10). The
additional introduction of carbon nanotubes into the weld material led to the formation
of carbides that increased the abrasive wear of the tool pins. In this case, such intensity of
wear, as in the welding with a steel tool of copper or its alloys, does not occur in this case.

Figure 10. Pin surface morphology after friction stir welding of AA6061 aluminum alloy and pure
copper. Formation of intermetallides (a) and abrasion marks (b) on the surface of the pin. Reprinted
with permission from [321] 2020, Elsevier.

Metal-matrix composite materials obtained by friction stir processing on the surface of
various objects have high strength and wear resistance of the surface layers with plasticity
and fatigue resistance at the level of the base metal, for example, aluminum alloy [322].
When obtaining composite materials, not only structural-phase changes in the material
occur, but also the plastic flow of the metal along the contour of the tool becomes more
complicated [198].

Strengthening particles can either be introduced into the stirred material from out-
side [323–327] or formed in situ [328–330] due to solid-phase reactions between the compo-
nents introduced into the volume and the base metal. Obtaining hybrid composites by the
in situ method has several advantages. The first advantage is that in situ reactions allow
the production of finer and more homogeneously distributed strengthening particles [331].
The second advantage is that either coherent or semi-coherent boundaries can be formed
between these particles and the matrix [332–334], and hence the particle–matrix connection
is strengthened [335].
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A separate area of composite materials production is their production by a hybrid
method that includes additive electron-beam printing and subsequent friction stir process-
ing [79,336,337]. In this case, it is possible to solve several problems at once: homogenization
of the structure, elimination of electron-beam defects, and improvement of mechanical
and tribological properties of the finished material. In the mentioned works on obtaining
composites on the basis of steel and copper, a nanocrystalline structure was formed in
the mixing zone. Tools from nickel heat-resistant alloy and alloy on the basis of tungsten
carbide were used for processing composites.

For friction stir processing of composite materials, tools that are used for the processing
of basic metal can be applied. An increase in the wearability of tools in friction stir
processing of composites is noted; this effect is due to the abrasive component being
involved in the processes of wear and friction of the tool material [234,338]. The helical
grooves on the surface of the tool pins are subject to the highest wear. The authors show that
self-optimization of the tool pin shape occurs during welding. In [339], the mechanism of
abrasive tool wear during the processing of composites on the basis of aluminum alloy and
silicon carbide, based on micro plowing and micro cutting, is presented. The application of
the additional hardening coating AlCrN allows for a significant reduction in tool wear. The
authors offer an explanation of the tool wear process (Figure 11) in the form of sequential
shearing of micro-incisions on the tool surface by silicon carbide particles. Accordingly,
the wear of the tool surface is intensified by the abrasive effect of the hardening phase
on the tool.

Figure 11. Schematic representation of the tool wear process during production of SiCp/Al composite
material. Different stages of the tool pin wear process (a–d). Reprinted with permission from [339]
2022, Elsevier.

4.5. Friction Stir Welding and Processing of Titanium Alloys

Unlike weldable aluminum [108,340], magnesium [341], or copper alloys [336,342],
titanium alloys are characterized by low thermal conductivity, high melting point, and high
specific strength, and are subject to oxidation at high temperatures. Therefore, the welding
of titanium alloys has a number of special features. Currently, friction stir welding of
titanium alloys is intensively investigated, as evidenced by a rather large number of papers
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in the literature [17,82–86,268,278,340,341,343–375]. In the field of friction stir welding of
titanium alloys, the research is less intensive [81,106,287,313,357,376–382].

When welding titanium alloys, the weld is predominantly “pool-shaped”
(Figure 12a–c [355,370,379]), although other weld shapes are available (Figure 12d [107]),
unlike welds of aluminum and magnesium alloys, which have a predominantly elliptical
weld shape [268,363,377,383–387].

Figure 12. Cross-section structure after friction stir welding and processing of titanium alloys Ti-
6Al-4V (a) (Reprinted with permission from [369]) 2010, Elsevier) ATTI-425 and TIMET-54M (b)
(Reprinted with permission from [352] 2016, MDPI), pure titanium (c) (Reprinted with permission
from [378] 2019, Elsevier) and TA5 (d) (Reprinted with permission from [107] 2022, Elsevier).

Since titanium alloys have low thermal conductivity, the thermomechanical and
heat-affected zones in their weldings are extremely small [364,370,378,384–392]. Vari-
ous authors note that there is no heat-affected zone in the welding of commercially pure
titanium [343,392–394], and there is no thermomechanically-affected zone in the welding
of Ti6Al4V alloy [385,386,389]. The method of friction stir processing makes it possible to
significantly increase the mechanical properties of titanium alloys [395–397].

The alloys after treatment show high values of relative elongation at high tempera-
tures and superplasticity due to dynamic grain globulation by dynamic recrystallization.
Moreover, the superplastic behavior of the materials was realized in both high and low-
temperature ranges. Friction stir processing from one to four passes with the tool leads
to a gradual increase in the alpha phase volume fraction and a decrease in the beta phase
volume fraction [398].

The first passage of the tool produces the most appreciable change in phase ratio with
the formation of a relatively stable structure which is slightly affected by the subsequent
passages. When welding or machining titanium alloys, the mechanical properties of the
material in the stirred zone may exceed those of the base metal. In a number of works,
friction stirring treatment was used to produce composites based on titanium alloys with
the introduction of oxide powders Ti6Al4V/TiO2 [399], boron carbide Ti6Al4V/B4C [155],
silver Ti-6Al-4V/Ag [400], and copper Ti-6Al-4V/Cu [287], etc. When obtaining composites,
it is possible to form a material with increased hardness and wear resistance in the surface
layer while maintaining the high strength and medium ductility of the titanium alloy in
the main volume of the material.

According to data available in the literature, the welding and processing of tita-
nium alloys with tools made of heat-resistant nickel or cobalt alloys allows for obtaining
permanent joints or modified materials with high-strength properties and defect-free struc-
tures [106,343,368,392–394,401]. Despite this, tools based on refractory metals and carbide
tools are more in demand [268,377,385–391].

Titanium alloys are characterized by the most obvious interaction with the tool mate-
rial, which poses additional research challenges in the last section of this paper. In general,
the welding and processing of titanium alloys is a difficult task due to their chemical activ-
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ity, high melting point, low thermal conductivity, phase transformation during heating or
cooling, etc. This necessitates a number of special welding process features, which include
the use of a shielding gas atmosphere, tool cooling, and higher tool clamping forces, etc.

5. Peculiarities of Friction Stir Welding of Titanium Alloys

Due to the above-mentioned features of friction stir welding of titanium alloys, it is
necessary to observe a number of requirements. In order to minimize oxidation during
welding, protection in the form of inert gas should be used, for which mainly argon is used in
the contact zone of the tool and material [83,85,107,343,352,353,355,358,359,362–368,372,373].
It is possible to use both an open system of shielding gas blowing during welding [353,368],
as shown in Figure 13, and to use a tightly closed chamber in the welding area [363]. Since
it is difficult to remove heat from the welding zone, most studies show that an active liquid
cooling system is used in welding [353,359,368], which can be combined with the shielding
gas supply system in one device (Figure 13) [353,368].

Figure 13. Schematic of friction stir welding process of titanium alloys with tool cooling system and
argon blowing of the welding zone from paper (Reprinted with permission from [353] 2010, Elsevier)
(a) and paper (Reprinted with permission from [368] 2023, MDPI) (b).

Friction stir welding or processing requires considerably higher axial loads than for
welding aluminum alloys [85,368,402,403]. For this reason, tools for friction stir welding
must have high values of strength properties at welding or processing temperatures, which
can reach more than 1100 (in peak values, 1300), and when introducing powdered copper
particles due to the exothermic formation of intermetallides, 1250 degrees Celsius [287].
Although processing subsequent passes over the same location will reduce the temperature
to about 900 degrees Celsius, few materials remain capable of withstanding such high-
temperature conditions. Because of the high sensitivity to temperature in the joint-forming
zone during the FSW process, the parameters of the welding process must be chosen more
precisely, since exceeding the axial load can lead to tool breakage. Additionally, the tool,
especially the pin, is subject to cyclic alternating loads during welding or processing, so the
tool must be made of a material that can operate for a long time under cyclic loading.

Despite the above requirements for tool strength at high temperatures, one of the
most significant requirements for friction stir welding tools is related to their tribological
friction resistance when friction is paired with titanium. Early experiments in friction stir
welding of titanium alloys revealed a range of problems, including rapid tool wear and
tool penetration into the joint [363,383]. In addition, little attention has been paid to the
problem of tool wear in general. The highest degree of FSW tool wear occurs while the
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tool is immersed in the welded workpieces. In the stir zone, the tool’s remaining parts are
most obvious near the top surface, as well as on the advancing side of the weld FSW [383].
Tool and titanium alloy contact necessarily lead to interaction at different levels. Mutual
diffusion dissolution of the tool and material, formation of secondary phases on the tool
surface, formation of the tribological layer, its destruction, and mixing of fragments into
the material of the joint or processing zone take place [83,85,106,107,368,370,393,404].

A typical appearance of a tool before and after friction stir welding of titanium alloy
Ti-6Al-4V with a tool from the heat-resistant nickel alloy JS6U is shown in Figure 14a,b [85].
A tribological layer of nickel and titanium alloy materials is formed on the tool surface,
and the wear is mainly on the tool pin and the contact area of the tool pin and shoulders.
On the periphery of the tool shoulders, the wear is minimal. Water cooling, according
to the research in the work, allows for a significant reduction in the degree of tool wear
after 2 m of welding. Friction stir welding with tools of different types leads to the
mixing of tool fragments into the stir zone in addition to tool wear, which occurs in a
number of experimental studies even with significant destruction of the instrument pin
(Figure 14c) [343]. The insertion of large tool fragments leads to significant disturbances in
the metal flow process and changes in the structure of the samples.

Figure 14. JS6U nickel superalloy tool before (a) and after (b) friction stir welding of 2 m of Ti-6Al-4V
titanium alloy joint (Reprinted with permission from [85] 2021, MDPI), and macro- and microstructure
of the stir zone after welding titanium alloy Ti-6Al-4V with a tungsten carbide tool (c) debris of WC
welding tool in titanium joint (Reprinted with permission from [343] 2016, MDPI).
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Given these requirements for friction stir welding tools, FSW tools are usually made
of alloys based on refractory materials. These include tungsten or molybdenum-based
alloys [268,371,377,385–391,405], cobalt-based alloys [304,392–394], polycrystalline cubic
boron nitride [383,386,404], nickel alloys [85,106,368], hard alloys [268,343,357,377], etc.
Although tools made of zirconium di-boride ZrB2, sintered titanium carbide, or Ni3Al-Ni3V
intermetallic alloy were used for friction stir welding [367,406], the five types mentioned
above are the main classes of friction stir welding tools currently investigated. Even among
the rarely used materials for friction stir welding, some are quite suitable, forming an
equally strong base metal joint and having no significant influence on the structure of
the stir zone [354], though information about the wear of these tools in welding is not
found in the literature. The process of welding with tools of different types is characterized
by different regularities of the process of interaction between the tool and material, the
structure formed in the material, and mechanical and operational properties.

6. Friction Stir Welding of Titanium Alloys with Working Tools of Various Materials,
Tool Wear Mechanism and Change in Structure in Friction Stir Welding and Processing

There are relatively few studies on the structural degradation, wear, and failure of tools
made of different materials during friction stir welding or processing [83,85,106,107,343,368–370].
As mentioned earlier, the most studied processes in this field are friction stir welding processes
using tools made of tungsten or molybdenum-based alloys, hard alloys, polycrystalline boron
nitride, and heat-resistant nickel or cobalt alloys. Each of these alloys in contact with the titanium
alloy being processed or welded has its own characteristics of tribological behavior, mechanism,
and wear intensity. At the same time, most of them in general wear in a similar way to each
other, with a step-by-step formation of a tribological reaction of a mechanically mixed layer
on the tool surface, its destruction, and mixing into the welded or processed material. In
addition, it should be noted that rapid tool wear in the FSW/FSP process is a key problem
preventing the use of this technology on an industrial scale [357], so a review of its wear
has been subjected to more detailed analysis.

6.1. Tungsten and Molybdenum Based Alloys

There is quite a lot of information about the welding and processing of titanium alloys
in the literature. The least investigated in this area is the application of tools based on
various molybdenum-based alloys. For example, a tool made of molybdenum-based alloy
was used in the works [371,405,407]. However, the wear process of the tool is not described
in the works, and there is no information about how the use of the tool made of this alloy
affected the joint.

Technically, pure tungsten has good strength characteristics at elevated temperatures
but has low impact toughness and wears out quickly during FSW of materials such as steel
or titanium alloys [268]. Although, when rhenium is added to the tungsten alloy, the heat
resistance of the tool increases, so that the degree of tool wear decreases. The reserves
of rhenium in the earth’s crust are limited and adding it to the tool material significantly
increases the cost of the tool. There are also reports about obtaining W-25%Re-HfC alloy
with AlCrN coating for welding titanium alloy [408]. The obtained samples had high
tribological resistance and adhesion of the coating to the base metal. Tungsten tools with
the addition of lanthanum are used much less frequently. The authors [355] obtained joints
of titanium alloy Ti-6Al-4V using a tungsten-based alloy (W-1%La2O3). The structure of
welded joints using tools of this type is the least changed due to the interaction of titanium
and the tool in comparison with tools of other types (Figure 15). Tool wear during friction
stir welding using tungsten and lanthanum oxide tools was performed in [83]. The authors
revealed that the deformation and wear of tungsten alloy tools are associated with high
shear stresses and low strength of the alloy at high temperatures. The authors also revealed
the presence of tool particles in joints.
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Figure 15. Structure of Ti-6Al-4V alloy welded joints obtained by friction stir welding with tungsten
and lanthanum oxide (W-1%La2O3) tools (Reprinted with permission from [355] 2018, Elsevier).
Traverse speed: (a) 40 mm/min, (b) 120 mm/min and (c) 200 mm/min.

6.2. Hard Alloys

Tools made of tungsten carbide are very popular for FSW of titanium alloys. This
material has a high hardness of up to 1650 HV and is insensitive to sudden temperature
changes [268]. However, other research demonstrates that during FSW, there is an adhesion
layer of titanium carbide on the surface of the FSW joint because of the tendency of titanium
and carbon to join together [357]. In addition, carbon monoxide (CO) can be produced
during the FSW process due to high temperatures and high pressures [268]. However,
if the FSW process is carried out in a protective atmosphere of argon, this observation
is insignificant. Friction stir welding with tungsten carbide-based tools produces almost
defect-free joints of titanium alloys [379]. However, in this case, the tool gradually wears
out and microscopic particles of material enter the stir zone (Figure 16), although they are
much smaller than those found in the work [343]. This can be caused by various processes,
presumably associated with non-uniform and high contact stresses in the welding zone,
leading to fatigue scraping of tool particles from the surface.

Figure 16. Structure of titanium alloy Ti-6Al-4V after friction stir welding with a tungsten carbide
tool. Reprinted with permission from [377] 2013, Elsevier.
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In the paper [85], the investigations carried out show that when welding the titanium
alloy Ti-6Al-4V by the tool due to the high affinity of titanium and carbon at high tem-
peratures, the formation of a reaction layer occurred on the surface of the tool (Figure 17).
This layer consists of fragments of the tool, material, and elements formed because of
their interaction.

Figure 17. Formation of reaction zone at WC-Co pin surface (a) and the product layer was “sheared
off” from WC411 tool (b). in friction stir welding Ti-6Al-4V Reprinted with permission from [85].
2022, Elsevier.

Based on the investigations carried out and the analysis of literature information, the
authors connect this phenomenon with WC + Ti = TiC + W and 2TiC + Ti + W2C + TiC
reactions, which can take place in the tool and material contact zone. The alloy based on
tungsten, titanium, and tantalum carbides studied by the authors also showed a tendency
to mechanical destruction due to its low impact toughness [85].

6.3. Polycrystalline Cubic Boron Nitride

One of the most heat-resistant materials for welding tools is polycrystalline cubic
boron nitride. This material has sufficiently high mechanical properties and is widely used
for friction stir welding of materials with high melting points. However, for friction stir
welding of titanium alloys, its use is also associated with a number of negative aspects.
First of all, this is associated with changes in the structure when obtaining joints. During
FSW of titanium alloys with a polycrystalline cubic nitride tool, tool remnants in the form of
titanium boride, nitrogen, and oxygen were found in the weld [383]. The wear mechanism
of tools made of this material was studied in [404]. Chemical analysis of tool remnants in the
stirred zone demonstrates the complex nature of the wear process. The high-temperature
conditions in the FSW process facilitate a chemical reaction between titanium and boron
nitride, due to which the TiB2 and free nitrogen phase appears (Figure 18). Because of the
high solubility of nitrogen in the α phase of titanium, the released nitrogen remains in the
titanium matrix. In addition, for these reasons, the Ti2N phase may appear, which also has
a negative effect on the strength of the joint.
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Figure 18. (a) Remnants of the boron nitride and titanium boride tool in the FSW joint; (b) titanium
boride layer transitioning to α-titanium. Reprinted with permission from [404] 2014, Elsevier.

6.4. Cobalt-Based Alloys

Tools made of cobalt heat-resistant alloys have been used for friction stir welding for
quite a long time [107,343,357,392–394,401]. When using a cobalt-based tool, a number of
studies have revealed that a portion of the titanium alloy plates to be welded adhered to
the tool during the FSW process. Although this was found to increase the high-temperature
strength of the tool and, consequently, to reduce tool wear, this result could not be consid-
ered acceptable. [357]. Further research in this area has shown that the friction and wear
processes of cobalt alloy tools during friction stir welding of titanium alloys occur in a more
complex and heterogeneous manner [107,370] (Figure 19).

Figure 19. Tribological layer on the tool surface made of cobalt heat-resistant alloy
(Co35W26.8Ni26Cr7.4Al4.8) after welding of titanium alloy TA5. Reprinted with permission
from [107] 2022, Elsevier. Structure of areas differently spaced from the contact zone of the pin
and shoulders of the tool (a–c) and their increased images (d–f) 6.5. Nickel-Based Alloys.

Friction stir welding results in the formation of a mechanically mixed tribological layer
on the tool surface consisting of fragmented tungsten-enriched particles, tool fragments,
and a grid of fine tungsten-enriched particles. This indicates a primarily mechanical or
adhesive nature of this layer formation and tool wear. However, the formation of the
transition zone with titanium diffusing into it is also noted on the surface, which also
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indicates the diffusive nature of the friction process and wear of the tool material. Tool
fragments are mixed in the stir zone and partially distributed in the titanium alloy structure
along the grain boundaries. The material in the stir zone has mechanical properties that are
higher than those of the base metal.

The work [379] used nickel-based polycrystalline heat-resistant alloys as the tool
material in FSW of steel. This work showed quite successful results, despite the fact that
there were minor defects in the resulting joint. In further studies, the wear mechanism of
tools made of nickel heat-resistant alloys was found to be quite similar to that realized in
the welding of cobalt alloys but also showed differences in the structures formed on the
surface [85,106]. During the interaction of the processed or welded titanium alloy Ti-6Al-4V
with the tool material, the formation of a tribological layer occurs under the influence of
mutual diffusion of the components (Figure 20). In the surface layer, a mechanically mixed
layer of intermetallic Ti2Ni and Ni3Ti4 is formed. A zone of intermetallides is formed
along the boundary of this layer with the presence of a carbide network of small particles
along the grain boundaries. In some areas, this layer breaks down and tool fragments
are present. The gradual formation and breakout of this layer is the main mechanism of
friction and wear of titanium alloy tools during welding or friction-stirred machining. The
resulting intermetallide particles are mixed into the joint material and clearly identified
in the structure. Their formation does not embrittle the weld and they have rather high
static tensile strength. However, under cyclic loading, the presence of a stir zone on the
boundary can lead to a decrease in the fatigue life of the joint [368].

Figure 20. Formation of mechanically mixed layer on the surface of a nickel heat-resistant alloy tool
during friction stir processing of titanium alloy Ti-6Al-4V with the introduction of copper powder (a)
and tool wear rate (b). Reprinted with permission from [106] 2022, Elsevier.

This nickel alloy tool wear mechanism is typical for both friction stir welding [85] and
processing [106] with the formation of composite materials. However, a higher intensity
of wear is observed during processing due to additional heat generation caused by the
exothermic formation of inthermetallides. The wear intensity (Figure 19) is maximal on
the second pass of the tool and decreases further, which is caused by the reduction in the
volume fraction of mixed powders that have not reacted with the base metal and, as a
consequence, the reduction in the intensity of exothermic reactions of formation of TixCuy
inter-thermetallides.

This is similar to the wear behavior of heat-resisting steel tools during friction stir
welding of aluminum alloys. [108]. However, due to the higher processing temperature
for titanium alloy, the mutual dissolution of material and tool is more intensive. The
thermal expansion of the tool and contact stresses increase due to the higher pressing
force of the tool. As a result, the formation of the tribological layer with intermetallic
structure occurs faster, and the rate of its destruction increases, which determines the time
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before the tool fails. However, there is a significant difference in the FSW/FSP of titanium
α-alloys and FSW/FSP of titanium (α + β)-alloys. So, in the case of titanium α-alloys, the
TixNiy intermetallides are much fewer, and they can be detected only during scanning
tests [311,313,367,373,376], while in the case of titanium (α + β)-alloys, these intermetallides
are detected at the macrolevel [81,85,365,366,368].

The tool wear process is identical in welding [85] and in friction stir processing with
the incorporation of copper powder [106]. However, the intensity of the wear process
is much higher when processing with the incorporation of powder due to exothermic
reactions of the formation of intermetallic phases of various types. This determines a higher
tool resistance in welding than in obtaining composite material.

In addition, the authors pay more attention to intermetallics, tool debris, and wear
characteristics. Yet, there are extremely rare works that establish the relationship between
tool wear and the strength characteristics of the resulting material and, consequently, the
length of the allowable tool pass during FSW/FSP of titanium alloys. Such studies are quite
time-consuming and have little scientific value, but in practice would identify which tool
gives the longest machining length, which could help to bring FSW/FSP titanium alloys to
large-scale industry.

7. Conclusions

Friction stir welding and processing of titanium alloys is a rather complex and dynam-
ically developing area of research, relevant from both fundamental and applied points of
view. This method allows the investigation of such complex and heterogeneous processes
as deformation and fragmentation under high-loaded friction and accompanying structural-
phase changes. Friction stir welding and processing allow a wide range of materials to be
joined or modified, including those that cannot be welded or processed using traditional
methods. Among other things, these technologies make it possible to form permanent
joints or complex coatings of heterogeneous metals and alloys.

Friction stir welding and processing are realized through tribological contact between
tool and material, associated with the implementation of a series of processes. As a material
interacts with a tool, plastic deformation and fragmentation take place, which results in an
ultrafine-grained or nanocrystalline structure with a simultaneous increase in temperature.
Through refinement of grains and high temperature, transfer of material from the area in
front of the tool behind the tool is possible, involving one of two mechanisms: adhesion
or extrusion. The adhesion mechanism is related to metal flow caused by tribological
interaction between material and tool, whereas the extrusion mechanism is related to the
pressure exerted by the tool on a material as it is moved along a welding or processing
line. Both mechanisms can only be realized through grain size reduction and are related to
the phenomenon of superplastic flow. The material, which is transported from the zone
in front of a tool to behind a tool, forms a stirred zone with an ultrafine particle structure.
The grain size and phase-structure of the stirred zone may significantly vary if different
welding conditions, tools, and material types as well as additional external influences
(ultrasonic, cooling etc.) are applied. In friction stir welding and processing, the material
is subject to thermal or thermo-mechanical impact along the contour of the stirred zone.
These impacts may cause changes in the structural-phase state of a material and create
thermally and thermomechanically affected zones, and their size may vary significantly
during the processing or welding of different metals and alloys. In the heat-affected
zone, after processing or welding, recrystallization and formation of equiaxed grains and
structure-phase transformations caused by supersaturated solid solutions produced by
deformation along a tool contour in various heat-hardening alloys or hardening phenomena
in steels are the result. The introduction of additional powder particles, tool interaction, or
obtaining heterogeneous compounds considerably complicate the process of organizing
the structural-phase state of the stirred zone due to the realization of mutual dissolution
of components, increasing the stirred zone temperature, and the realization of the contact
melting phenomenon, etc. The realization of these processes depends on alloys being
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welded or processed, their melting point, chemical activity, interaction with the material of
the tools being used, and application of additional controlling actions, etc. The higher the
material’s melting point, the more intensively it interacts with the tool. This is additionally
affected by the intensity of interaction between the workpiece and tool materials. For this
reason, the more active the material and the higher its melting point, the more difficult it is
to select a tool material for welding or processing.

One of the most difficult applications of friction stir welding or processing is the
joining or modification of titanium alloys. This is due to the high temperatures required
to realize the process, requiring the use of not only tribologically resistant but also heat-
resistant materials. Titanium oxidizes quite intensively at high temperatures and reacts
with various metals or alloys.

Additional influence is exerted by the necessity of cooling the working tool and the
inert gas supply to the welding zone. Structure formation during friction stir welding has a
common physical nature with structure formation during the welding of aluminum, copper,
magnesium alloys, steels, and others. It is based on the formation of an ultrafine-dispersed
material structure with subsequent formation of complexly organized metal flows along
the tool contour with the realization of the flow of an adhesive and extrusive nature.

There are no materials that are used for friction stir welding of titanium alloys; al-
most all have an effect on the structure and material properties of the stirred zone. The
introduction of small particles of silicon carbide or nickel- or cobalt-based intermetallides
into the stirred zone does not lead to a significant decrease in the properties of the joints.
Stirring large fragments can lead to a decrease in mechanical properties and structure
disturbance with the formation of defects in the form of discontinuities. The formation
of boride or nitride particles during friction stir welding of titanium with a boron nitride
tool can have a negative effect on the mechanical properties of the resulting parts. Such
features of structural changes and effects on mechanical properties are associated with
the process of friction and wear of the tool and material during welding, and the mixing
of wear particles by metal flows into the welded area. The mechanism of tool wear in
friction stir welding is based on the formation of a reactive tribological layer consisting of
elements formed by the interaction between the material and the tool. During processing or
welding with tools made of nickel superalloy, intermetallic Ti2Ni and Ni3Ti4 are formed in
the surface tribological layer and a carbide network at its boundary with the tool material.

Welding with a cobalt heat-resistant alloy tool is associated with the formation of an
adhesive layer, cracked tool layer, and tool debris zone, and no formation of intermetallides
is observed. Welding titanium alloys with a polycrystalline boron nitride cBNp tool results
in the formation of TiB2 borides and Ti2N nitrides of titanium in the tool–material contact.
The processing or welding of titanium alloys with WC tungsten carbide tools occurs
with the formation of a reaction tribological layer and tool particles breaking out and
mixing in the material, including the possible shearing of rather large fragments. The wear
mechanism of most nickel tools in friction stir welding of titanium alloys is similar to that
in welding aluminum alloys with steel tools, but it is considerably more intensive. Various
wolfram and rhenium or lanthanum oxide alloys have a relatively high applicability for
welding titanium alloys, but they are expensive and also subject to wear during friction
stir welding.

The literature review in the field of friction stir welding or processing of titanium
alloys shows that during these processes, a number of material–tool interaction processes
can be realized which have different influences on the structure and properties of the stirred
zone (Figure 21). These processes depend on the tool material and can be either single
or complex. For polycrystalline boron nitride tools, diffusion interactions and chemical
reactions of tool and titanium are typical, presumably with the formation of a reaction
zone along the tool contour. This results in a mixing of chemical compounds of titanium,
boron, and nitrogen in the material and a reduction in its mechanical properties. According
to the literature data, there are no data concerning the formation of the reaction zone
along the contour of tools made of tungsten and molybdenum alloys, which is indirectly
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confirmed by the fact that in some works, the stirred zone is almost absent. However,
there is some evidence of tool softening at high temperatures and its plastic deformation
in operation conditions, which makes mixing of tool fragments into the material of the
stirred zone possible. Nickel and cobalt alloys are characterized by the formation of a
mechanically mixed reactive layer on the tool surface composed of its fragments, titanium
alloy, and intermetallides, as well as a transition layer to the main metal of a tool. This
results in the introduction of tool fragments and resulting intermetallic compounds into the
material of the stirred zone. It is notable that in the case of a static tensile test, this does not
decrease the strength of the weld, but in the case of a cyclic test, intermetallic ingresses act
as stress concentrators and reduce the number of cycles before fracture. Additionally, when
welding titanium alloys with tools made of nickel alloys, softening and plastic deformation
may occur.

Figure 21. Schematic representation of the influence of the tool material on its wear, structural
degradation, and fracture processes as well as on the structure of the stirred zone after welding or
processing titanium alloys.

Hard-alloy tools, despite their high mechanical properties under static loading and
thermal resistance, do not show significant resistance under friction stir welding or pro-
cessing conditions with titanium alloys. They tend to develop a reaction layer in the same
way as cobalt alloys. This is due to the binder in the hard alloys, which is primarily cobalt.
The most severe wear occurs in this type of tool due to the brittle cleavage of the fragments
from the surface and their mixing into the material. Exactly this phenomenon, based on the
low resistance of hard alloys to operation in a complex stressed state, leads to a rather low
service life of these tools.

Thus, in spite of high mechanical properties and high-temperature stability, tools of
cubic boron nitride and hard alloys are not effective enough for friction stir welding of
titanium alloys. Tungsten-based tools offer relatively high welding resistance and low or
no stirring zone contamination but are very expensive. Tools of nickel or cobalt alloys have
comparatively low cost and medium resistance to welding and allow obtaining joints with
high mechanical properties. However, contamination of the stirring zone with particles
of formed intermetallic compounds may result in low cyclic loading characteristics of
these alloys. Thus, friction stir welding or processing with almost any tool has significant
limitations due to high process temperatures, alternating cyclic complex-tensioned loading
of the tool, and the high chemical activity of titanium.
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In this regard, it can be assumed that the main possible task in the field of friction
stir welding of titanium alloys can be to reduce the degree of interaction between the
material and the tool while maintaining high heat resistance and resistance to cyclic loads.
This can be achieved by applying diffusion or other coatings on the surfaces of tungsten,
molybdenum, nickel, or cobalt heat-resistant alloys while maintaining a strong and resistant-
to-fatigue-failure of the main volume of the tool. Such a direction may be an actual task for
further research in this field.

This literature review leads to the following conclusions:

1. Friction stir welding or processing of most metals and alloys occurs by plastic de-
formation, fragmentation, and formation of ultrafine or nanocrystalline structure,
implementation of adhesion or extrusion material transfer, and changing its phase
composition through thermal, thermomechanical effect or interaction with a tool. Flow
and transport behavior may differ for different metals and alloys but the physical
nature of the process remains the same.

2. When welding and friction stir welding of aluminum and magnesium alloys, the
problem of tool wear exists but is rather weak due to a low process temperature
for the heat-resisting stamp steels used. In friction stir welding and processing of
titanium alloys and steels, the process temperature is much higher so that tools
resistant to thermal and thermomechanical effects as well as to mutual diffusion with
the processed material (polycrystalline cubic boron nitride, hard alloys, heat-proof
nickel and cobalt alloys, tungsten alloys) must be used. Processing and friction stir
welding of copper and copper alloys have an intermediate position, which makes
tools of stamped or high-speed steels of limited applicability, and results in good
applicability of carbide tools and heat-resistant alloys.

3. Friction stir welding and processing results in an intensive interaction of titanium
alloy and tools, in nearly all application materials. The mechanism of wear, structure
degradation, or fracture depends on the material of which the tool is made, and the
wear rate can be determined by welding or processing conditions.

4. The use of tungsten alloy tools enables the production of permanent joints of titanium
alloys with the least changed chemical and phase composition of the stirred zone, but
these tools are prone to thermal unstrengthening and deformation.

5. Polycrystalline boron nitride tools are less likely to wear or break when welding titanium
alloys, but they have a tendency to be contaminated by borides and titanium nitrides.

6. Carbide tools based on tungsten carbides and cobalt binder are prone to severe brittle
fracture by shearing off large fragments from the surface and mixing them into the
stirred zone material when welding or processing titanium.

7. Tools of nickel and cobalt heat-resistant alloys have a similar nature of interaction with
titanium alloys. The basic mechanism of their wear is connected with the formation
of a mechanically mixed reaction layer containing fragments of the tool, forming
intermetallides and titanium alloy, and also a transition layer enriched with high-
melting phases based on tungsten.

8. During friction stir welding or processing of dissimilar alloys or composite materials,
it is possible to intensify the process of mutual diffusion and tool wear due to an
increase in temperature and also due to the formation of solid intermetallic phases
and the realization of abrasive wear.

9. Mechanical properties of the stir zone can be reduced by the formation of borides
or titanium nitrides when welding with pcBN tools. With most other types of tools,
welds have properties of the stir zone at least as good as those of the base metal. When
welding with tools made of nickel alloys, static loading strength properties of the stir
zone of titanium alloys may improve, but introductions of intermetallic phases have a
negative effect on the number of cycles to failure in fatigue tests.
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