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Abstract: FSP (friction stir processing) technology is a modern grain refinement method that is setting
new trends in surface engineering. This technology is used not only to modify the microstructure
of the surface layer of engineering materials, but increasingly more often also to produce surface
composites. The application potential of FSP technology lies in its simplicity and speed of processing
and in the wide range of materials that can be used as reinforcement in the composite. There are a
number of solutions enabling the effective and controlled introduction of the reinforcing phase into
the plasticized matrix and the production of the composite microstructure in it. The most important
of them are the groove and hole methods, as well as direct friction stir processing. This review article
discusses the main and less frequently used methods of producing surface composites using friction
stir processing, indicates the main advantages, disadvantages and application limitations of the
individual solutions, in addition to potential difficulties in effective processing. This information can
be helpful in choosing a solution for a specific application.

Keywords: friction stir processing; surface composites; surface engineering

1. Introduction

Friction stir processing is a new solid-state surface modifying technique used in
surface engineering to modify the microstructure and properties of engineering materials,
as well as to produce composite surface layers. FSP was invented by Mishra et al. [1,2],
but it is derived from FSW (friction stir welding) technology, which was invented at
The Welding Institute (TWI) [3] and is based on the same principles as FSW. In both the
FSW and FSP methods, the heat generated by the friction of a special non-consumable
tool against the surface of the modified material leads to plasticization of the material.
Softening the substrate material is called plastic deformational softening [4]. The tool
heats up the workpiece and causes movement of the plasticized material. The plasticized
material flows to the back of the pin, where it is extruded and forged behind the tool, then
consolidated and cooled under hydrostatic pressure conditions [5]. The associated effects
of heat and pressure during FSP/FSW generate processes, the consequence of which are
changes in the microstructure and morphology of the phases [6–8]. Both in the case of FSP
and FSW technologies the obtained microstructural effects depend on the basic machining
parameters, i.e., the rotational speed, travel speed, tool inclination angle, but also on the
shape of the tool and its dimensions [9–11]. For example, Pouraliakbar et al. [12] analyzed
the effect of the tool rotational speed, pin dwell-time and the processing environment
on the grain size in the Al–Cu–Mg alloy. The samples were processed in air and under
water. The authors found a favourable effect of the enhanced cooling on the degree of grain
refinement in the FSPed alloy; the average grain size was within the range of 54.7–251.7 nm
and 40.2–57.3 nm for the specimens FSPed in air and under water, respectively. The authors
also showed that in the case of the water submerged processing technique, increasing the
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rotational speed of the tool or pin dwell-time did not cause such significant changes in the
grain size as in the case of air cooling.

FSP leads, among others, to strong grain refinement in the modified material owing to
dynamic recrystallization, which results in improvement in the functional properties of the
material [13]. The only source of heat in FSP is friction, thanks to which the technology is
classified as environmentally friendly. As friction stir processing is a solid-state process,
there are no melting or solidification defects such as porosity or thermal cracks [14]. It is
also worth adding that although friction stir welding and processing had been developed
mainly for light non-ferrous metals [15], there are many reports of the successful friction stir
processing of various grades of steel [16,17]. It is worth emphasizing that FSP technology
can be used not only to modify the microstructure of the material, but also to produce
surface composites. For the first time, FSP technology was employed to produce surface
composites by Mishra et al. [18] On a sample made of 5083Al aluminum alloy, they applied
a thin layer of SiC particles, which were previously mixed with methanol, and the layer
formed in this way was dried in air. Subsequent FSP treatment allowed the SiC particles to
be introduced into the plasticized matrix and a surface composite to be produced. Thanks to
FSP, defects that form in the matrix alloy during, e.g., the casting process, can be effectively
eliminated [19].

In FSP technology, the melting point of the matrix is not exceeded; therefore, only solid-
state transformations take place during processing. Thanks to this, FSP technology allows
the production of composites from components whose use in other technologies could
be impossible or significantly difficult, e.g., due to the lack of wettability or unfavourable
interactions between the components. Carbide powders SiC [20], B4C [21], WC [22],
TiC [23], ZrC [24], oxide powders Al2O3 [25], SiO2 [26], ZrO2 [25], borides TiB2 [27]
and nitrides [28,29], or their combinations, are the most frequently used as reinforcing
material, but also, e.g., carbon nanotubes [30], stainless steel powder [31], diamond [25],
hydroxyapatite [32] or fly ash [33]. The matrix of such composites is usually made of
aluminum alloys [34,35], as well as magnesium alloys [20,30], titanium alloys [36,37] and
copper alloys [38]. The effect of FSP processing is a consequence of the properties and
contribution of the individual components making up the composite, additionally the FSP
processing parameters [39,40], in particular the rotational speed of the tool, the tool tilt
angle, the shape and dimensions of the pin and the dimensions of the shoulder. The degree
and uniformity of reinforcement phase dispersion in the base material (BM) also depends
on the number of process passes [41]. It is generally stated that increasing the number
of passes has a positive effect on the uniformity of particle distribution [42]. This issue
has been the subject of research of several authors, among others, Azizieh et al. [41] The
authors analyzed a composite based on the AZ31 magnesium alloy reinforced with Al2O3
nanoparticles. Friction stir processing was carried out 2-to-4 times. The authors found that
by increasing the number of the FSP passes, the size of the nanoparticle agglomerations
distinctly reduced and the reinforcement distribution improved. They demonstrated that
particle distribution can be significantly improved by increasing the number of FSP passes.
A greater number of passes and the resulting greater uniformity in the reinforcing phase
distribution, the smaller number of particle agglomerates, or greater particle refinement
also have a positive effect on the corrosion resistance of the composite. Zaharia [43] showed
that the reduction in SiC particle size significantly increased the corrosion resistance of the
composite, and particle agglomerates are particularly susceptible to corrosion.

The properties of a composite produced with FSP technology are primarily the result of
the properties of the individual components and their volume fractions; nevertheless, they
are also a consequence of other processes taking place in the material during processing.
High temperature and severe plastic deformation during friction stir processing lead to the
dynamic recrystallization of the material (DRX), the consequence of which is strong grain
refinement of the composite matrix. The presence of reinforcing phase particles and their
size also influence the grain refinement. These particles, located at the boundaries of the
newly formed grains, can prevent grain growth through the Zener pinning mechanism.
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For example, Moharami et al. [44] investigated friction stir-processed Al–Mg2Si composites
and found that the micron-sized Mg2Si particles averted excessive mobility of the grain
boundaries and effectively prevented grain growth through the Zener pinning mechanism.
Additionally, Heidarzadeh et al. [45], who analyzed the effect of Al2O3 nanoparticles on
the microstructure of FSPed pure copper, found that significant grain refinement of the
matrix is caused not only by the continuous DRX mechanism (CDRX), but also by the fact
that nanoparticles limit the growth of DRX grains by the Zener pinning effect. It is worth
noting that the addition of nano-sized particles leads to greater grain refinement of the
composite matrix as compared to micro-sized particles [19].

The natural consequence of strong grain refinement is, of course, improvement in
the mechanical properties of the material, including its hardness [19]. The relationship
between grain size and material hardness is described by the Hall–Petch relationship. The
increase in the hardness and strength of a material is also due to the Orowan strengthening
mechanism. In a composite, dislocation loops form around fine incoherent phase particles,
which constitute an obstacle to dislocation movement, and thus make it difficult or im-
possible for subsequent dislocations to slip, resulting in the strengthening of the material.
Velmurugan et al. [24] noted an increase in the hardness of the Cu–Ni alloy up to 60%,
which they explained by the fine-grain refinement, the dispersion of the hard ceramic ZrC
phase in the stirring zone, as well as by hindering dislocation movement during plastic
deformation and an increase in dislocation density in the matrix. In turn, Pol et al. [46]
indicate that the Orowan strengthening mechanism is one of the main reasons for the
significant increase in hardness in the case of an FSP composite with an AA7005 aluminum
alloy matrix reinforced with B4C and TiB2 particles. The mechanical properties of the
composite also depend on the amount of reinforcement phase, and of course, the type of
reinforcement material used. Most often, hard ceramic particles are introduced into the
alloy matrix, the mere presence of which enables a significant increase in the hardness of
the composite.

FSP technology is a relatively inexpensive, simple and quick solution that does not
require the use of specialized equipment. Machining is most often performed by means
of ordinary machining tools, thanks to which the implementation of FSP technology in
industrial conditions is relatively simple and does not involve complex or costly adaptation
works [47].

The key issue in the production of composites using FSP is the method of introducing
the reinforcing phase into the matrix. Currently, there are a number of solutions and
methods allowing effective introduction of the reinforcing phase to the surface layer of the
modified material and formation of the composite microstructure in it. The best-known
methods are the groove method, the hole method and direct-friction stir processing (DFSP).
FSP technology can also be used to modify the microstructure of finished composites, e.g.,
in order to eliminate manufacturing defects, homogenize the material and improve the
properties of the composite.

The main purpose of this work was to review the methods and solutions used to
produce a surface composite employing FSP technology. The article is not limited to a
specific matrix material or a specific type of reinforcement phase, but rather focuses on the
technological aspects of producing composites. The study presents individual solutions
and shows their main advantages and disadvantages, application limitations in addition to
potential difficulties in effective machining. According to the authors of the publication,
the study may be helpful in choosing a solution for the production of surface composites.

2. Methods
2.1. Groove Method

In analyzing the literature data, it is noticed that the groove method is the most
frequently chosen solution to introduce the reinforcing phase into the matrix. The domi-
nance of the groove method is partly due to the fact that it was the first method used in
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the production of a surface composite with FSP technology, and initially, there were no
competitive solutions which enabled its dynamic expansion and dissemination.

In the groove method, three stages can be distinguished: (1) cutting a groove in the
sample and filling it with the reinforcing material, (2) closing the groove containing the
reinforcing material using a pinless tool, and (3) the distribution of the particles in the
matrix using a tool with a pin [48]. A diagram of the groove method is shown in Figure 1.

Figure 1. Diagram of groove method (a) (authors’ own drawing); sample for processing with groove method (b).

As mentioned above, two types of tools are needed in the groove method. As observed
in the literature, researchers use various tool designs. Nevertheless, a pinless tool with
a flat shoulder and a tool with a cylindrical pin comprise the most frequently utilized
toolset [49–51] in the production of surface composites. Some researchers have investigated
the effect of the tool geometry on the performance of the process. Gangil et al. [52]
compared the operation of four tool profiles with different shoulder and pin geometry in
the distribution of reinforcing particles. A simple cylindrical pin with a simple shoulder
and a shoulder with an anticlockwise scroll, as well as a right-hand and a left-hand threaded
pin with a simple shoulder, were investigated. They found a significant influence of the
tool geometry on the surface quality and microstructure of the produced composites. The
authors revealed that the use of a scrolled shoulder resulted in a very rough surface. More
efficient dispersion of the reinforcing powder was obtained by employing a left-hand
threaded pin with a simple shoulder.

The groove method was also used by Sharma et al. [40] for the production of the
Al6061-SiC-graphite hybrid surface composite. The authors analyzed the influence of
the reinforcement and processing parameters on the mechanical properties, electrochem-
ical properties as well as the size and morphology of the reinforcement and found that
the rotational speed of the tool has a significant impact on agglomerate dispersion, the
uniformity of the reinforcing particle distribution and the grain refinement of the matrix
material. Moreover, it was found that the hybrid surface composite exhibits better cor-
rosion resistance than a monocomposite reinforced only with SiC particles or graphite.
The better corrosion resistance of the FSPed WE43/nHA composite than the FSPed WE43,
and especially the as-cast WE43 alloy, was also found by Cao et al. [51], who explain it
by the strong grain refinement as well as the dispersion of hydroxyapatite particles in the
composite matrix.

The influence of the rotational speed on the microstructure and hardness of the
material was also investigated by Azizieh et al. [41] and it was found that increasing the
rotational speed of the tool leads to improvement in the distribution of the reinforcing phase
particles. The use of multi-pass FSP leads to more uniform distribution of the reinforcing
phase particles, a reduction in the size of the particle aggregates, and consequently, to
greater grain refinement in addition to an improvement in the mechanical properties of
the material [11]. Rao et al. [27] analyzed the microstructure and properties of an Al/TiB2
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composite fabricated by multi-pass friction stir processing. They found that an increase in
the number of passes led to a rise in the tensile strength and hardness of the composite.
The hardness values were 15.85%, 26.80%, 56.0% and 61.0% higher than the hardness
of BM (base material) after 1 pass, 2 passes, 3 passes and 4 passes, respectively. The
authors concluded that the higher hardness is due to the more uniform dispersion of the
TiB2 reinforcement and the reduction in grain size. They also found that the fewer the
number of passes, the more agglomerates and small pores present in the microstructure of
the composite.

In turn, Satish et al. [49] investigated the effect of different rotational speeds of the
tool in enhancing the properties of the weld of the 8006 aluminum alloy by friction stir
processing using zirconia particles as the reinforcing phase. The highest tensile strength of
284 MPa and the highest microhardness of 148 HV were obtained at the highest rotational
speed of the tool, i.e., 1100 rpm. The corrosion rate was lowest when the highest rotational
speed of the tool was applied.

Heidarzadeh et al. [53] employed the groove method to process a Cu-30Zn matrix
both without reinforcing powder and with the addition of Al2O3 nanopowder having an
average grain size of 30 nm. The tool rotational speed was 1120 rpm and the traverse
speed was 50 mm/min. In turn, Gupta [54] applied the groove friction stir processing
method to reinforce an Al-1120 alloy matrix using pine needle ash as a cost-effective
reinforcing material that contains hard compounds of Si, Ca, K, Mg, and Fe. They used
a tool rotational speed of 1400 rpm for all the samples, while the tool traverse speed
and tool pin geometry were different. They found an increase of 15.81 and 18.13% in
hardness and wear, respectively, for a sample that was processed utilising a threaded
pin tool and the traverse speed of 56 mm/min. In turn, Liu et al. [55] carried out the
groove-friction stir processing of AZ31 magnesium alloy with the addition of Al, Al–Si,
and Al–SiC composite particles as the reinforcing powder. The maximum and minimum
self-corrosion potential were observed in the samples reinforced with Al–SiC particles
and Al–Si particles, respectively. They also found that the weight loss of the sample
reinforced with Al–Si particles was lower compared to the AZ31 alloy. This was due to the
different wear mechanisms that were observed for these materials, namely, severe abrasion
and adhesion, in addition to mild abrasion for the Al–Si reinforced composite and AZ31
alloy, respectively.

The uniform distribution of the reinforcing powder and the prevention of powder
agglomeration are important quality factors that determine the properties of the produced
composite. Increasing the number of process passes is the most appropriate solution to
prevent agglomeration. Cao et al. [51] produced a nano-hydroxyapatite (nHA) reinforced
WE43 alloy by means of friction stir processing. They reported a good distribution of
the nHA particles when two passes were performed, which also resulted in finer grains
compared to friction stir processing without any powder. They also reported deterioration
in the strength of the composite in comparison to the FSP base metal due to agglom-
eration of the reinforcement particles as well as poor bonding at the matrix-reinforcing
particle interface.

The reinforcement material is usually added in the form of a powder. In most cases,
only one powder is added to the groove; however, hybrid surface composites can also be
produced via friction stir processing [40]. In some studies, thin sheet metal is the form of
reinforcing material that is used.

For example, Liu et al. [56] presented a solution based on the groove method, but
using the reinforcing material, not in the form of a powder but in the form of a solid strip
placed in a groove in the surface of a sample made of 5A06 aluminum alloy. The authors
used an amorphous Al–Ni–La strip with a thickness of 65 µm. FSP led to the production of
a 6 mm deep-surface composite with a characteristic “sandwich structure”. The authors
demonstrated that the obtained composite is characterized by higher corrosion resistance
in a saline solution than the material without the amorphous strip.
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In turn, Papantoniou et al. [50] employed a thin sheet of pure copper with a thickness
of 0.8 mm to reinforce a solid AA5083 matrix, and Fernandez et al. [57] used graphene
nanosheets to reinforce an AA1050 aluminum alloy matrix.

Literature data demonstrates that groove friction stir processing is an effective process
for the production of surface composites where achieving increased hardness is usually the
main purpose. Gangil et al. [52] fabricated magnesium-based composites reinforced with
nitinol particles (NiTip) by means of the groove method and found a significant increase in
microhardness due to the addition of reinforcing particles. Srivastava et al. [58] investigated
the effect of the number of passes (one, two, and three passes) on the production of surface
composites using A359 as the matrix and Si3N4 as the reinforcing powder. According
to the results, the maximum tensile strength and hardness were 576 MPa and 125 HRB,
respectively, which were achieved with one pass, while the maximum wear loss and
thermal expansion were observed when three passes were performed. Butola et al. [59]
produced an Al7075/SiC surface composite by implementing groove friction stir processing.
They utilized a tool with a square cross-section pin and investigated the effects of two tool
rotational speeds, namely, 700 and 1000 rpm, on the strength, hardness, and wear resistance.
They found a decrease in ductility and tensile strength as a result of adding a reinforcing
powder, but in turn, increases in microhardness and wear resistance were observed.

In the case of the groove method, the tool travels most often along a groove filled with
reinforcement material. Ding et al. [37] used a different strategy of producing a composite
layer. The authors used the groove method to introduce TiO2 particles, but the grooves in
this case were located transversely to the direction of the tool travel (Figure 2). The applied
solution proved to be effective. The authors obtained uniform distribution of the TiO2
particles in the matrix of the titanium alloy and strong grain refinement in the stirring zone.

Figure 2. Diagram of groove method with grooves located transversely to direction of tool travel
(authors’ own drawing).

The list of cited works by the type of composite, FSP parameters and main results is
presented in Table 1.
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Table 1. List of cited works.

Type of Composite
(Matrix/Reinforcing

Phase)
Average Particle Size Rotational Speed *

(rpm)
Traverse Speed *

(mm/min)

Tool Dimensions **
Shoulder

Diameter/Pin Length
(mm)

Tilt
Angle

(o)
Number of FSP Passes Main Results Reference

Cu–Ni/ZrC 5 µm 1300 40 Cu–Ni/ZrC 25/2.7 2 1

- Grain size reduction from ~40 µm to ~5 µm
- Hardness increase up to 60%
- Increase in tensile strength by 11%
- Improved wear resistance

[24]

AZ31/Al2O3
AZ31/ZrO2

AZ31/diamond

Al2O3 < 1 µm
ZrO2: 0.15–0.35 µm
Diamond: 4–6 nm

715,
1000, 1400 25, 95, 157, 210 16/4 3 1

- Reduced grain size even to 1 µm
- Increase in hardness up to 107% (in the case of us-

ing diamond particles)
[25]

AZ91D/SiO2 15 nm 600, 750, 900 20, 40 18/3.5 nd 1–2

- Significant grain refinement
- Increase in hardness (from 57 HV to even 75 HV)
- Reduced corrosion potential (from −1.448 V for

BM to −1.466 V for composite)
- Increase in corrosion current (from 1.943×10−6 A

for BM to 5.465 × 10−7 A for composite)
- Decrease in corrosion rate (from 4.4901 mm/year

for BM to 0.2127 mm/year for composite)

[26]

Al/TiB2 2 µm 1120 40 18/4.5 nd 1–4

- Increase in tensile strength and hardness. Hard-
ness value was 15.85%, 26.80%, 56.0% and 61.0%
higher than hardness of BM after 1, 2, 3 and 4
passes, respectively. Highest tensile strength was
after 4th pass

[27]

Al6061/BN 20–40 µm nd nd 25/nd nd 1–3

- Increase in hardness even by 20% compared to
FSPed Al6061alloy

- Significant grain refinement
- Increase in yield strength by up to 31%
- Decrease in reinforcing particle size

[28]

AZ61/stainless steel
powder nd 1200 20 nd nd 1, 3

- Increase in uniformity of particle distribution
with increase in number of process passes [31]

AZ31/HA nd 1500 6 nd/5 nd 2
- Grain refinement
- Increase in sample bioactivity due to fine-grained

matrix with dispersed HA
[32]
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Table 1. Cont.

Type of Composite
(Matrix/Reinforcing

Phase)
Average Particle Size Rotational Speed *

(rpm)
Traverse Speed *

(mm/min)

Tool Dimensions **
Shoulder

Diameter/Pin Length
(mm)

Tilt
Angle

(o)
Number of FSP Passes Main Results Reference

6061/Fly ash,
AZ31/Fly ash

Cu/Fly ash

~5 µm 1600
1200
1000

60
40
40

18/5.8
18/5

24/4.5
nd 1

- Homogenous distribution of FA particles
- Significant grain refinement
- Increase in hardness

[33]

Al6061/SiC 50 nm 1600 40 20/6
20/3.2 3 4

- Increase in hardness (highest microhardness was
3.2 times higher than hardness of BM) [34]

1050/SiC 950 nm 1500 116 nd nd 3
- Increase in hardness by up to 112%
- Increase in tensile strength by up to 9.7%
- Significant grain refinement

[35]

Ti–6Al-4V/TiO2 200 nm 375 60 15/2 2.5 1
- Significant grain refinement
- Uniform distribution of TiO2 particles in matrix [37]

AZ91/SiC ~50 nm 700, 950, 1100, 1250 12.5, 45.5 20/nd 2 1

- High grain refinement (from 150 µm in BM to 7.2
µm in FSPed composite)

- Increase in tensile strength (from 124 MPa in case
of BM to 234 MPa in FSPed composite)

- Increase in hardness from 63 HV to even 94 HV
- Increase in elongation from 10.1% for BM to even

14.6% for the FSPed composite
- Confirmation of a beneficial effect of vibration fre-

quency on grain refinement and hardness

[39]

Al6061/SiC-Graphite ~44 µm 1800, 2200, 2500 25 25/5 nd 1
- Improvement in mechanical properties and elec-

trochemical behaviour of composite requires opti-
mal set of processing parameters

[40]

AZ31/Al2O3 35 nm 800, 1000, 1200 45 18/5.7 2 2–4
- Significant grain refinement
- Increase in hardness (maximum hardness almost

twice as high as as-received materials)
[41]

Cu/Al2O3 <100 nm 800 100 12/1.8 nd 1
- Significant grain refinement (from 24.71 in BM to

0.7 µm in FSPed composite) [45]
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Table 1. Cont.

Type of Composite
(Matrix/Reinforcing

Phase)
Average Particle Size Rotational Speed *

(rpm)
Traverse Speed *

(mm/min)

Tool Dimensions **
Shoulder

Diameter/Pin Length
(mm)

Tilt
Angle

(o)
Number of FSP Passes Main Results Reference

AA8006/ZrO2 nd 800–1100 40 18/5.5 2 1

- Increase in tensile strength and hardness with in-
crease in tool rotational speed

- Decrease in corrosion rate with increase in tool ro-
tational speed

[49]

AA5083/Cu Copper strip 1000 13 22/4 nd 1–3
- Increase in hardness (from 77 HV to 138 HV)
- Almost complete integration of copper strip after

3 passes
[50]

WE43/nHA 20–30 nm in width and
60–120 nm in length 1000 60 15/5 2.5 2

- Uniform dispersion of nHA particles
- Increase in tensile properties and corrosion resis-

tance
[51]

Mg/NiTip ≈5 µm 560 100 18/4 2 1
- Increase in hardness
- The effect of the tool profile was determined [52]

Cu–30Zn/Al2O3 30 nm 1120 50 12/1.75 nd 1
- Bimodal microstructure of fine and large grains in

SZ
- Formation of in situ Zn oxide compounds

[53]

Al–1120/Pine leaf ash 105 µm
(150 mesh) 1400 20, 30, 40, 56, 80, 100 18/5 2.5 1 - Increase in hardness and wear resistance [54]

AZ31/Al
AZ31/Al–Si

AZ31/Al–SiC

Al: 5–10 µm
Si: 5~20 µm

SiC: 10~50 µm
800 100 12/1 2.5 4

- Increase in grain refinement
- Increase in corrosion resistance, especially when

using Al–Si and Al–SiC particles
- Significant increase in hardness of MMCs rein-

forced with Al–Si and Al–SiC

[55]

5A06/Al–Ni–La 65 µm thick
amorphous strip 500–900 200–300 18/nd 2.5 1

- Increase in hardness
- Decrease in icorr and corrosion current density
- Increase in passivation current

[56]

AA1050/GNSs
flakes with average

dimensions of 250 nm
in XY plane

1120, 1800 40, 63, 100 10/1.2 nd 1
- Increase in weight loss during wear test with in-

crease in traverse speed and rotational speed [57]
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Table 1. Cont.

Type of Composite
(Matrix/Reinforcing

Phase)
Average Particle Size Rotational Speed *

(rpm)
Traverse Speed *

(mm/min)

Tool Dimensions **
Shoulder

Diameter/Pin Length
(mm)

Tilt
Angle

(o)
Number of FSP Passes Main Results Reference

A359/Si3N4 30–50 µm 1000 25 20/5 0 1–3

- Homogeneous distribution of ceramic particles in
matrix

- Grain refinement
- Increase in tensile strength and hardness

[58]

AA7075/SiC 40 µm 700, 1000 nd 19.95/3.5 2 1

- Increase in hardness
- Grain refinement
- Decrease in wear rate and ultimate tensile

strength
[59]

nd—no data. * Processing parameters with tool with pin. ** Dimensions of main tool used after closing groove with pinless tool.
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2.2. Hole Method

An alternative solution to the groove method is the hole/chamber method (Figure 3).
In this method, instead of a groove cut in the surface of the material, a system of separated
chambers/holes located along the direction of tool travel is employed [60]. The use of
isolated chambers/holes causes the powder to be dosed cyclically into the plasticized
matrix, i.e., chamber after chamber, and moreover, the walls separating the individual
chambers from each other protect the powder more effectively than in the groove method
against uncontrolled movement of the reinforcing phase outside the modified area. Thus,
machining can be performed without the step of closing the holes with a pinless tool. In this
case, the machining is a one-step process and only one tool is needed, i.e., a tool with a pin.
This is a great convenience and one of the main advantages of the hole method. The hole
method also allows easy control of the target share of the reinforcing phase in the matrix of
the modified material by selecting the dimensions and arrangement of the holes, as well as
the thickness of the walls separating the individual holes from each other. Sharma et al. [61]
also showed that the hole method allows greater homogeneity of the particle distribution
compared to the groove method. The disadvantage of the hole method, however, is that
the sample preparation time is longer than in the groove method, i.e., the time-consuming
and laborious process of making the holes and their subsequent filling with the reinforcing
phase. Furthermore, it is worth noting that the critical place in the chamber method is
the wall that separates the individual holes from each other. This wall should not be too
thick as it may result in the production of a local zone with a reduced proportion of the
reinforcing phase in the place of its occurrence. Nonetheless, the non-uniformity of the
distribution of the reinforcement phase particles can be eliminated by an additional pass or
several passes.

Figure 3. Diagram of hole method (a) (authors’ own drawing), sample for processing with hole method (b).

In work [38], the hole method was used to produce a composite in the surface layer of
pure copper (Figure 4). The reinforcing phase was SiC powder, which filled the holes up to
3⁄4 of their height. As a result of the FSP treatment, a composite layer approximately 5.5 mm
thick was obtained with an average share of the reinforcing phase equal to 9.4% ± 1%. The
effect of dynamic recrystallization of the material accompanying the FSP treatment was
strong refinement of the matrix grain, as the grain size was over 21 times smaller than
the grain size of the base material. The consequence of the microstructural changes in the
copper, especially the formation of the composite microstructure, was an increase in the
hardness and wear resistance of the material.
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Figure 4. Microstructure of Cu/SiC composite (a,b), AZ91/Cr2O3 composite (c), AA7075/SiC composite (d), AZ91/SiC
composite (e,f), light microscopy (a–e), SEM (f), etched (authors’ own materials, unpublished).

In turn, Pol et al. [46] used the hole method to produce a composite in the surface layer
of the AA7005 aluminum alloy. The reinforcing material was a composition consisting
of B4C and TiB2 powders. Holes 1.5 mm in diameter and 3 mm deep were drilled in
the surface of the sample made of AA7005, and then filled with a reinforcing phase.
Two passes in opposite directions were made to obtain a satisfactory dispersion of the
reinforcing particles in the surface layer composite. It was found that the particles of the
reinforcing phase were uniformly dispersed in the aluminum matrix, and the hardness
of the material increased from 90HV for the base material to 150HV for the composite.
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Singh et al. [62] used SiC particles as reinforcement to fabricate an aluminum metal matrix
composite via friction stir processing. The SiC particles were additionally wrapped with
a layer of graphene oxide. The SiC particles were introduced into drilled holes 2 mm
in diameter, 4 mm deep with a 3 mm distance between the centers of two consecutive
holes. Thanks to coating the SiC particles with a layer of graphene oxide, the authors
created a composite characterized by higher strength, a smaller grain size and a lower
tendency of the SiC particles to agglomerate than in the case of the unmodified samples.
Khan et al. [21] assessed the effect of hole spacing on the microstructural and mechanical
properties of the composite. In a sample made of aluminum alloy Al5083, holes were
made with a diameter of 2 mm and a depth of 3 mm in which the reinforcement was
placed. Two different spacing distances between the holes were selected, i.e., 8 mm and
10 mm. Three types of composites were made, namely composites reinforced with B4C
particles, with multiwall carbon nanotubes (MWCNTs) and with a mixture of B4C and
carbon nanotubes. As a result of the study, the authors found that the spacing between the
holes plays an important role in generating defects and the collapse of the reinforcement
particles. Namely, it was found that the distance between the holes of 10 mm allows the
production of a composite with better mechanical properties than in the case of 8 mm
hole spacing. Liang et al. [30] fabricated AZ91D/CNT nanocomposites by single-pass
FSP and ultrasonic assisted extrusion. They achieved satisfactory dispersion of the carbon
nanotubes in a magnesium alloy and good adhesion at the interface between the CNTs and
the Mg matrix. The produced composite with a 1% CNT content was characterized by a
tensile strength higher by ~ 25% than the AZ91D alloy, a yield strength higher by 13%, and
the modulus of elasticity higher by ~12%. The authors explained that the improvement in
the properties was due to the good adhesion at the interface between the CNTs and the Mg
matrix. Kraiklang et al. [4] analyzed the effect of the number of passes on the properties
of the composite produced by means of the hole method. Holes 2 mm in diameter and
4.5 mm deep were drilled in a sample of AA5052 aluminum alloy and then filled with SiC
powder. Two tools were used to perform surface treatment; first, a pinless tool to close
the holes, and then FSP was performed with the pin tool. The authors found that, as the
number of passes increases, the tensile strength of the composite rises, but unfortunately
the wear rate of the tool also grows. Unlike Kraiklang et al. [4], Wang et al. [36] used only
one tool to form titanium matrix composites. The matrix of the composite was made of
Ti–6Al–4V titanium alloy, and the reinforcing phase was B4C particles. The tool used in the
FSP was equipped with a pin.

Analyzing the literature data, it can be noticed that in the case of the groove method,
the final treatment with a tool equipped with a pin is preceded by treatment with a pinless
tool, while in the case of the hole method the use of two tools is rather sporadic, and the
treatment is performed with a tool equipped with a pin.

2.2.1. Zigzag Hole Pattern

The chambers in the hole method can be placed one behind the other along the
direction of tool movement [21], but as it was shown in [63], a more uniform distribution
of the reinforcing phase in the composite is obtained when using the zigzag hole pattern
(Figure 5). The zigzag hole pattern was used, among others, by Sharma et al. [61] for
the production of hybrid (B4C + MoS2) surface composites in the surface layer of the
AA6061–T651 aluminum alloy. For this purpose, 80 blind holes in 2 rows with the zigzag
pattern were drilled in the sample. The diameter of the holes was 1.5 mm and the depth
was 2 mm. The distance between the holes was 1 mm. In addition, a composite with
the same composition and content of the reinforcing phase was made, but by the groove
method. In the case of the chamber method, better wear resistance was obtained compared
to the groove method, which the authors explain by the higher homogeneity of the particle
distribution in the composite. Akramifard et al. [64] produced Cu–SiC surface composites
using FSP and showed that the surface hardness was twice as high as that of the substrate.
The presence of hard and wear-resistant SiC particles in the metal matrix also increased the
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wear resistance of the copper. In turn, Sabbaghian et al. [65] used a zigzag hole pattern to
produce a Cu–TiC composite and found homogeneous particle distribution in the matrix
in addition to good bonding of the reinforcing particles to the base metal. The consequence
of the formation of the composite microstructure was a very significant increase in the
hardness of the material. The zigzag variant was also used by Mohamed et al. [66] to
produce SiC/A380 composite.

Figure 5. Diagram of zigzag hole method (authors’ own drawing).

2.2.2. The Hole Method with the Offset Line of Holes

One of the variants of the hole method is a solution with an offset line of holes
in relation to the moving tool. Iwaszko et al. [67] demonstrated that during FSP, it is
advantageous when the axis of the moving tool is shifted in relation to the axis of the holes
by a certain value ∆L (Figure 6). In this case, the pin of the tool does not sink centrally
into the chambers filled with the reinforcing particles, but only partially engages the pin
with the powder filled hole. As a result, the contact of the pin with the reinforcing phase
takes place to a large extent with the participation of the matrix, already plasticized in the
meantime, which partially neutralizes the abrasive effect of the reinforcing phase on the
pin and reduces the intensity of pin wear. In the above variant, however, it is necessary to
apply a two-stage treatment because after a single pass of the tool, only preliminary and
insufficient mixing of the reinforcing phase with the matrix is achieved. Proper mixing of
the reinforcing phase with the matrix takes place only during the second pass, during which
the tool pin moves centrally along the hole line. This solution gives the best distribution
effect of the reinforcing phase, while reducing pin wear. Less wear on the pin, in turn,
results in reduced contamination of the modified surface layer by material coming from pin
wear. The use of the variant with an offset line of holes also reduces the risk of uncontrolled
movement of the modifying material beyond the modified area, which is most intense
when the rotating pin enters the reinforcement material. In [62], the 7075 aluminum alloy
in the T6 state was subjected to FSP. Holes with a diameter of 2 mm and a depth of 4.5 mm
were drilled in the surface of the sample. In the first phase, the tool axis was at a distance
of ∆L = 2.5 mm in relation to the axis of the holes; in the second phase, the tool pin moved
centrally along the hole line. As a result of the applied treatment, uniform dispersion of
the reinforcing phase, i.e., SiC particles in the metal matrix of the alloy, was obtained; the
difference between the place with the highest concentration of SiC particles in the mixing
zone and the place with the lowest concentration did not exceed ~10%.
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Figure 6. FSP stand (authors’ own drawing).

2.2.3. A Deep Hole Drilled under the Surface

An alternative solution, though based on the idea of the hole method, is the method
using a chamber/hole hollowed just below the surface, along the direction of tool move-
ment (Figure 7). The location of the hole below the surface protects the reinforcement phase
against uncontrolled movement outside the modification zone. As a result, machining
can be performed in one step with only one tool. The main drawback of the method is,
however, that it is limited in terms of the shape and maximum length of the hole. The
holes are most often made with a suitably long drill or by the electro-discharge machining
(EDM) method [68]. The limitations in the methodology of making the hole also limit
the possibility of making holes with a course other than rectilinear. There is also a risk
of surface perforation when making the hole, especially when the hole is mechanically
hollow and at a small depth. Increasing the depth of the hole location reduces the risk of
surface perforation, but in turn forces the use of a tool with a sufficiently long pin so that
the reinforcing phase can be within the range of the working tool and can be introduced
into the matrix. Prior to processing, the orifices of the holes are closed to prevent spillage of
the powder during FSP. The disadvantage of the discussed method is the time-consuming
filling of the hole and the possibility of gravity segregation of the reinforcing material in
the case of using a multi-component composition in which individual components differ
in specific weight or particle size. The deep hole method was used, among others, by
Barmouz et al. [68] to form a pure copper composite layer. The reinforcing phase was SiC
particles milled with zinc. The chamber was hollowed out 1 mm from the surface and its
diameter was 1.5 mm. The authors used multi-pass FSP to improve the dispersion of the
SiC particles and intermetallic phases in the matrix. The hardness of the composite layer
was found to be higher with a greater number of passes. In turn, the grain size decreased
with the number of passes and amounted to 2 µm, 1.5 µm and 1 µm, respectively, for the
composite fabricated by 1-, 2- and 3-pass FSP. The grain size in BM was about 60 µm. The
authors also found that a greater number of passes leads to more uniform dispersion of the
reinforcement and intermetallic phases.
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Figure 7. Diagram of holes drilled under surface method (a) (authors’ own drawing), sample for processing with hole
drilled under surface method (b), FSP stand (c).

The list of cited works by the type of composite, FSP parameters and main results is
presented in Table 2.
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Table 2. List of cited works.

Type of Composite
(Matrix/Reinforcing

Phase)
Average Particle Size Rotational Speed *

(rpm)
Traverse Speed *

(mm/min)

Tool Dimensions **
Shoulder

Diameter/Pin Length
(mm)

Tilt
Angle

(o)
Number of FSP Passes Main Results Reference

AA5052/SiC 18 µm 1000, 1500 10, 30 18/4.5 3 1–4
- Increase in tensile strength and tool wear rate

with increase in number of FSP passes [4]

Al5083/B4C
Al5083/ MWCNT

Al5083/ B4C+MWCNT

B4C: > 10 µm
MWCNT: length—1 µm

diameter—20–30 nm
750 16 16/5 2 1 - Increases in hardness and tensile strength [21]

AZ91/CNTs 10–20 nm in diameter and
~ 30 µm in length 950 30 26.8/7.8 nd 1

- Good dispersion of CNTs in AZ91D alloy
- No significant influence of CNTs on grain re-

finement
- Increase in ultimate tensile strength, yield

strength and elastic modulus

[30]

Ti–6Al–4V/B4C 10 µm 800 25.4 16/4.2 nd 1
- Significant increase in compressive strength,

hardness and modulus of the composite com-
pared with as-received and FSPed Ti–6Al–4V

[36]

Cu/SiC 5 µm 1500 30 18/5.3 2 1
- Strong grain refinement (decrease in grain

size from 65 µm in BM to about 3 µm in SZ)
- Increase in hardness and wear resistance

[38]

AA7005/TiB2–B4C 3 µm 750 50 18/4 nd 2
- Increase in hardness (from 90 HV for BM to

150 HV for FSPed composite)
- Uniform distribution of reinforcing particles

[46]

AlZn5.5MgCu/SiC ~4 µm 400 40 18/4.5 2 1

- Intensive dispersion of SiC phase in stirring
zone (SZ)

- Significant grain refinement
- Increase in hardness by 65% (from 84 HV0.1

in BM to 136 HV0.1 in SZ)

[60]

AA6061/(B4C+MoS2) B4C-8 µm
MoS2-3 µm 545 50 18/2.9 3 3

- Uniform dispersion
- of reinforcement particles without agglomer-

ation or clusters
- Increase in hardness (by about 32% com-

pared to BM)
- Increase in wear resistance
- Approximately 13% better wear resistance

compared to groove method

[61]
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Table 2. Cont.

Type of Composite
(Matrix/Reinforcing

Phase)
Average Particle Size Rotational Speed *

(rpm)
Traverse Speed *

(mm/min)

Tool Dimensions **
Shoulder

Diameter/Pin Length
(mm)

Tilt
Angle

(o)
Number of FSP Passes Main Results Reference

Al/SiC/GO SiC: 3.6 µm
GO: nd 600 20 18/5.5 1 1

- Grain refinement
- Significant increase in failure strains and ul-

timate tensile strength in case of FSPed GO
decorated SiC/Al composite compared to
pure Al and SiC/Al composites

[62]

Cu/SiC 25 µm 1000 50 16/3 3 nd

- Uniform distribution of SiC particles
- Prevention of SiC particle agglomerations
- Increase in wear resistance and hardness (sur-

face hardness twice as high as that of sub-
strate)

[64]

Cu/TiC 25 µm 1000 50 16/3 3 nd

- Increase in hardness (from 65 HV to even 117
HV)

- Increase in wear resistance
- Significant grain refinement
- Homogeneous distribution of particles
- Decrease in particle size

[65]

A380/SiC 4.6 µm 930, 1460, 2270 30 10/3 2 1

- Increase in hardness in all samples
- An increase in the tool rotation
- speed from 930 to 1460 rpm reduces the wear

rate of
- composites, but increasing the tool rotation

speed to 2270 rpm increases the wear rate

[66]

AA7075/SiC 4 µm 250, 400, 550 30 18/4.5 2 2
- Significant increase in material hardness

(from 95 HV0.1 in BM to even 169 HV in SZ)
- Significant grain refinement

[67]

Cu/SiC-Zn 5 µm 1120 40 20/3 2 1–3

- Grain refinement (from 60 µm in BM to even
1 µm in FSPed composite)

- Increase in grain refinement and hardness
with increase in number of passes

[68]

nd—no data. * Processing parameters with tool with a pin. ** Dimensions of main tool used after closing the holes with a pinless tool.
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2.3. Sandwich Method

A diagram of the sandwich method is shown in Figure 8. The sandwich method is
based on different principles than the hole or groove method. In the sandwich method, no
holes or grooves are made, but the reinforcing phase is placed directly on the surface of the
modified sample and covered with a thin layer/sheet of the sample material. The resulting
sandwich assembly is processed by FSP with a pin tool. The number of layers can of course
be increased, which also allows the amount of the dispersing phase in the matrix to be
increased [69]. According to Houshyar et al., [70] the sandwich method is a simple and
advanced process dedicated to large-scale metal matrix composites. The sandwich method
was used, among others, by Mertens et al. [71] for the production of a composite with a
magnesium alloy matrix reinforced with short carbon fiber. For this purpose, a layer of C
fabric was stacked between two sheets of Mg alloy. After FSP treatment, the authors found
that the C fabric was fragmented into short C fibers and introduced into the plasticized alloy
matrix. The authors used different rotational speeds (500–1500 rpm) to simultaneously
assess the effect of the FSP processing parameters on the microstructure of the composite
and found that the composites made with a higher rotational speed were characterized
by a more even distribution of fibers in the matrix. In turn, Houshyar et al. [70] used
the sandwich method to produce a metal matrix composite reinforced with SiC particles.
The matrix of the composite was in this case the AA3105 aluminum alloy. To make the
composite, SiC particles were deposited as 1-mm-thick layers between 2-mm-thick sheets
of the AA3105 aluminum using the spraying method. Two layers of sprayed SiC were
located between two sheets of the AA3105 alloy. Multi-pass FSP (MP-FSP) was carried out.
The authors found that the toughness and tensile strength of the composites grew with
the increase in the number of passes (7.7 kJ, 7.8 kJ, 9.5 kJ, 10.6 kJ, respectively, after 1, 2, 3
and 4 passes), though in the case of the tensile strength only after the fourth pass was the
strength higher by about 5% than in the case of the as-received AA3105.

Figure 8. Diagram of sandwich method (authors’ own drawing).

The list of cited works by the type of composite, FSP parameters and main results is
presented in Table 3.
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Table 3. List of cited works.

Type of Composite
(Matrix/Reinforcing

Phase)
Average Particle Size Rotational Speed *

(rpm)
Traverse Speed *

(mm/min)

Tool Dimensions
Shoulder

Diameter/Pin Length
(mm)

Tilt Angle
(o) Number of FSP Passes Main Results Reference

AA3105/SiC 11–18 µm 800 31.5 18/5.8 2 1–4

- Increase in composite toughness by in-
creasing number of FSP passes

- Increment in microstructure homogene-
ity by increasing number of FSP passes

- Increase in hardness

[70]

AZ91D/C
AZ31B/C C fiber 500, 1500 80, 300 20/2.7 1 1

- Microstructural effects such as porosity
or distribution of reinforcing C fibers are
strongly dependent on FSP parameters
and nature of matrix

[71]

nd—no data. * Processing parameters with a tool with a pin.
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2.4. Direct Friction Stir Processing

The essence of the DFSP method lies in the method of supplying the reinforcing
material to the work zone and in the design of the tool. Unlike classic FSP tools, DFSP
tools have an internal channel that introduces the reinforcement phase directly into the
FSP work area by gravity or with additional force. The hollow channel in the tool also
serves as a reservoir for the reinforcement phase. This avoids the time-consuming and
labor-intensive production of a groove or holes and the equally labor-intensive subsequent
filling with the reinforcement phase. The operator can also flexibly change the modified
site depending on the current situation, technical conditions, hardware limitations, etc. In
competitive methods, the direction of the tool movement and the places to be modified
are precisely defined and it is not possible to make changes during the processing itself
or such a possibility is limited. In this respect, the DFSP method seems to be the most
promising solution for industrial applications. The disadvantage of the DFSP method
is the limited capacity of the powder tank and the need for its systematic filling, which
forces technological breaks in processing. There is also a risk of the powder feed channel
plugging or uneven powder dosing to the modified zone. The potential problem with the
plugging of the powder feed channel depends primarily on the diameter of the channel
and the physicochemical properties of the powder, in particular the shape, size and degree
of topographic complexity of the particle surface. The above-mentioned physicochemical
properties of the powder determine the key technological parameter, which is the powder
flow. In the DFSP method, there is no control either of the amount of powder actually intro-
duced into the matrix at any given point in time, or the degree of emptying of the powder
tank. After filling the powder tank with the reinforcing phase, but before proceeding with
FSP, it is also necessary to protect the mouth of the channel against powder spillage. For
example, Huang et al. [72] used a thin aluminum foil which rubbed off at the beginning of
processing, allowing gravitational escape of the reinforcing phase from the tool channel
into the space between the shoulder and the workpiece. Takhakh and Abdulla [73] also
used aluminum foil to close the feed holes, and additionally used a 2 mm thick polystyrene
disc. At the start of processing, the foil was rubbed off and the polystyrene was melted
and evaporated.

The DFSP method was first used by Huang et al. [72] to form a composite microstruc-
ture in the surface layer of the AZ31 magnesium alloy. As the reinforcing phase, the authors
used SiC particles with an average diameter of 1 µm. The authors used a special pinless tool
with a concave shoulder and a through-channel drilled centrally in the tool, through which
the reinforcing material was fed by gravity into the modified zone (Figure 9). The through-
hole of the DFSP tool was also the container for the reinforcing material. This channel was
filled with the reinforcing phase before processing, after which the reinforcement particles
were introduced into the working zone using the force of gravity. Huang et al. [72] showed
that when using DFSP technology it is possible to obtain a uniform and homogeneous
dispersion of the reinforcing phase particles in the composite layer.

The DFSP method was also used by Almazrouee et al. [48] The main goal in this case
was to produce a composite microstructure in the surface layer of the 1100 aluminum alloy.
In order to introduce the reinforcing phase, i.e., SiC particles, into the metal matrix, the
authors developed a two-part tool consisting of an inner threaded hollow cylindrical body
and a pinless head containing a shoulder with a hole in the center (Figure 10). Both parts
of the tool were screwed together. The use of a two-part tool made it possible to easily
replace the powder dosing head with another one adapted to the currently performed
processing. Microstructural tests of the composite layer obtained in this way showed the
uniform distribution of the SiC particles and their very good adhesion to the aluminum
substrate with a simultaneous increase in the hardness of the material. The authors did
not observe significant wear of the tool as a result of its contact with the hard SiC particles,
which was explained by the soft nature of the processed material, i.e., the 1100 aluminum
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alloy. Due to the fact that the developed tool was pinless, the thickness of the composite
layer was, unfortunately, relatively small as it was only 300 µm after using a head with a
6 mm diameter hole.

Figure 9. Direct friction stir-processing tool (authors’ own drawing).

Figure 10. Direct friction stir-processing tool (authors’ own drawing).

Yet another solution was proposed by Takhakh and Abdulla [73]. The authors used
a tool equipped with a pin, while SiC particles were introduced into the working area
through two holes that were located around the pin (Figure 11). The reinforcing phase was
SiC powder with a grain size of 3.5 µm, and the matrix material was AA7075 aluminum
alloy. The use of a tool with a pin made it possible to increase the depth of the stirred
metals and to increase the amount of heat generated in the process. The authors used a tool
additionally equipped with an internal helical spring, which presses the powder through
the piston and pushes it out of the powder tank into the working zone. The applied solution
helped to get the powder out of the tool, and thus minimized the problem of possible
plugging of the channels supplying the powder to the working zone, and thus guaranteed
more even and predictable powder dosing to this zone. As a result of processing the
material with the DFSP method, the authors obtained a composite microstructure in the
surface layer of the AA7075 alloy and an increase in the hardness of the alloy by 21%.
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Figure 11. Direct friction stir-processing tool (authors’ own drawing).

The list of cited works by the type of composite, FSP parameters and main results is
presented in Table 4.

Table 4. List of cited works.

Type of Composite
(Matrix/Reinforcing

Phase)

Average
Particle Size

Rotational
Speed
(rpm)

Traverse
Speed

(mm/min)

Tool
Dimensions

Shoulder
Diameter/Pin

Length
(mm)

Tilt
Angle
(\o)

Number
of FSP
Passes

Main Results Reference

Al/SiC 20 µm 3000 20 25/pinless 7 1

- Uniform distribution of Si parti-
cles and excellent adherence to
aluminum substrate

- Increase in hardness (from 38.5
HV in case of BM to even 78 HV
in composite)

[48]

AZ31/SiCp 1 µm 400 30 24/pinless 0.5 1

- Reduction in grain size (from
16.57 µm to 1.24 µm)

- Increase in hardness (from
57.77 HV to 115.51 HV)

- grain refinement

[72]

AA7075/SiC 3.5 µm 1460 60 22/3 nd 1

- Growth of yield strength,
tensile strength and hardness
(when using tool with pin)

- Improvement in strength of
welded joint

[73]

nd—no data.

2.5. Modifying the Microstructure of Composites with FSP

FSP technology can be used not only for the production of composites, but also
to induce specific changes in the microstructure and properties of an already existing
composite material. The effect of these changes is in this case not only the result of the FSP
parameters, but also of the initial microstructure of the composite subjected to FSP. Friction
stir processing of composites may result in a more uniform distribution of the reinforcing
phase, strong refinement of the grain and particles of the reinforcing phase, a change in
the shape of the reinforcing particles, the elimination of pores, agglomerates and other
microstructure defects or casting defects.

Composites reinforced with particles and produced by casting methods are most often
subjected to FSP. For example, in [74], FSP was applied to a gravity cast composite with
an AlMg10 matrix, reinforced with SiC particles. FSP was made using a pin tool with a
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threaded side surface. As a result of FSP, favorable changes in the microstructure of the
material were found, in particular, strong refinement of the matrix grain, in addition to
the disappearance of casting defects and agglomerates of SiC particles abundant in the
starting composite. The treatment was also accompanied by a more uniform distribution
of SiC particles in the metal matrix and their strong refinement, combined with a change in
the shape of the particles from polyhedral and sharp edged to more equiaxed. As a result
of the refinement of the SiC particles, their number per unit area clearly increased, as it
was more than twice higher in the FSPed alloy than in the starting material (Figure 12).
Moreover, favorable changes in the microstructure of the composite increased the hardness
of the material by about 35%.

Figure 12. Microstructure of AlMg10/SiC composite on border of modified zone and core material (a), microstructure in
stirring zone (b), light microscopy, non-etched (authors’ own materials, unpublished).

The friction stir processing of a particle reinforced composite was also the subject
of research by Kurtyka et al. [75]. They analyzed the effect of FSP on the concentration
and distribution of SiC reinforcement particles in the A339/SiC/p composite and the
mechanical properties of the composite. The authors found significant improvement in the
distribution of the reinforcing phase particles, while increasing the compressive strength of
the FSPed composite by approximately 40% and the material hardness by approximately
30%. In turn, Bauri et al. [76] investigated the possibility of improving the homogeneity of
TiC particle distribution in a cast Al–TiC composite by means of FSP. The authors analyzed
the effect of single- and double-pass FSP on the microstructure and properties of the
composite. The authors found strong grain refinement and improved homogeneity of the
particle distribution in the composite after FSP. In the case of double-pass FSP, the authors
also found that the casting defects were eliminated. The microstructural changes caused
by the surface treatment were accompanied by a marked increase in the hardness of the
composite. In turn, Stawiarz et al. [77] showed that the modification of the Al–Si–Cu/SiC/p
composite by means of FSP technology reduces the anisotropy coefficient of the distribution
of the reinforcing phase particles by an order of magnitude, also leads to a reduction in the
size of the reinforcing phase particles, an increase in hardness by 30% and a reduction in
wear by 25% in the tribological test.

The list of cited works by the type of composite, FSP parameters and main results is
presented in Table 5.
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Table 5. List of cited works.

Type of Composite
(Matrix/Reinforcing

Phase)
Average Particle Size

Rotational
Speed
(rpm)

Traverse Speed
(mm/min)

Tool Dimensions
Shoulder

Diameter/Pin Length
(mm)

Tilt Angle
(o) Number of FSP Passes Main Results Reference

AlMg10/SiC 43 µm 250 30 18/4.5 2 1

- Homogenization and densification of material
- More uniform distribution of SiC particles in

AlMg10 alloy
- Reduction in the casting defects present in the

as-cast composite
- Increase in hardness compared with the as-cast

material

[74]

A339/SiC 15 µm 900 355 nd 1.5 nd

- Improvement in uniformity of reinforcing
phase distribution

- Improvement in mechanical properties of com-
posite

[75]

Al/TiC nd 1000 60 12/3.5 nd 1, 2

- Decrease in grain size (from 48 µm in the as-
cast Al–TiC composite to 9 µm and 4 µm after
single and double pass, respectively)

- Improvement in homogeneity of particle distri-
bution

- Reduction in casting defects after single FSP
pass and complete elimination of casting de-
fects after two passes

- Increase in hardness (from 38 HV in as-cast
composite to 48 and 58 HV, respectively, in case
of one-pass and two-pass FSP)

- Improvement in tensile strength (from 137 MPa
in as-cast composite to 163 and 172 MPa, respec-
tively, in case of one-pass and two-pass FSP)

[76]

Al–Si–Cu/SiCp 15 µm 560
900 355 nd 1.5 nd

- Significant degree of phase fragmentation
- Increase in uniformity of reinforcing particle

distribution
- Increase in hardness
- Increase in coefficient of friction as compared to

BM

[77]

nd—no data.
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3. Summary

Table 6 presents the comparative characteristics of the individual methods of pro-
ducing surface composites and indicates the main advantages and disadvantages of the
individual solutions that determine their application potential.

Table 6. Comparative characteristics of individual methods.

Methods Advantages and Application Potential Disadvantages and Application Limitations

Groove FSP

- Making grooves is a simple and quick workshop
activity

- The possibility of using reinforcement in the form
of particles and solid tapes

- The most popular method, and thus best identi-
fied problems, associated with its use

- Two different tools are needed
- Two-step method
- The groove is usually limited to straight lines
- The direction of tool movement and the choice

of the modified site results from the location of
the groove and it is not possible to make changes
during FSP, or such possibility is limited

Hole FSP

- FSP is performed with only one tool
- Closing holes with a pinless tool is not necessary
- The use of chambers (holes) instead of grooves

allows the risk of uncontrolled movement of the
reinforcing phase beyond the modified area to be
reduced, thanks to which processing can be one
staged

- Easy control of the target share of the reinforcing
phase in the composite matrix by selecting the di-
mensions and arrangement of chambers, as well
as thickness of walls separating chambers from
each other

- The possibility of obtaining higher homogene-
ity of particle distribution compared to groove
method

- Making holes and filling them is more time-
consuming and labor-intensive than in the groove
method

- The direction of tool movement and the choice of
the modified site results from the location of holes
and it is not possible to make changes during
machining itself, or such possibility is limited

Zigzag Hole
Method

- A more uniform distribution of reinforcing phase
in composite than with linear arrangement of
chambers, i.e., “one after the other”

Hole Method
with an Offset
Line of Holes

- Less wear of the pin than in other variants of hole
method or groove method

- Less contamination of the composite with mate-
rial from an abraded pin

- Greater uniformity of reinforcing phase distribu-
tion in the composite than in other variants of the
hole method

- Two-stage processing
- Making chambers (holes) and filling them is more

time-consuming and labor-intensive than in the
groove method

- The direction of tool movement and the choice of
the modified site results from the location of holes
and it is not possible to make changes during
machining itself, or such possibility is limited
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Table 6. Cont.

Methods Advantages and Application Potential Disadvantages and Application Limitations

Deep Hole
Drilled

under the
Surface

- One-step processing
- FSP can be performed with only one tool

- Limited shape and maximum hole length
- Limited possibility of making the hole with the

course other than rectilinear
- The risk of perforation of the surface, especially

when the hole is mechanically hollow and at a small
depth

- The need to close the orifice of the hole to prevent
powder from spilling out during FSP

- Time-consuming filling of the chamber and the pos-
sibility of gravity segregation of reinforcing mate-
rial in the case of using multi-component compo-
sition in which individual components differ in
specific gravity or particle size

- The direction of tool movement and choice of mod-
ified site result from location of hole and it is not
possible to make changes during machining itself,
or such possibility is limited

Sandwich
FSP

- Ease to increase amount of dispersing phase in ma-
trix by augmenting number of layers

- The possibility of using various techniques of ap-
plying reinforcing phase to sample surface

- A lesser known method than groove or hole meth-
ods

DFSP

- No grooves or holes required
- The possibility of flexible change of place subjected

to FSP, depending on the current situation, techni-
cal conditions, and equipment limitations

- The variety of design solutions for DFSP tools

- The limited capacity of the powder hopper and
resulting necessity of its cyclical refilling, which
forces technological breaks during processing

- A potential risk of blockage of powder feed channel
- The risk of uneven powder dosing to modified zone
- no control of amount of powder actually intro-

duced into matrix at any given moment
- A more complex tool construction, higher tool man-

ufacturing cost
- The need to protect mouth of channel before treat-

ment against powder falling out of hopper

4. Conclusions

Friction stir processing is one of the most promising surface engineering techniques,
enabling the modification of the surface layers of engineering materials, including the
formation of a composite microstructure in these layers. The literature data clearly shows
that the production of a composite in the surface layer of the material leads to improvement
in a number of key parameters such as hardness, wear resistance, and corrosion resistance,
which justifies the production of the composite and the utilization of FSP technology for
this purpose. Currently, there are a number of solutions allowing the effective introduction
of the reinforcing phase, and thus the production of the composite microstructure. The
most common method of producing composites is the groove method, also the method
with the longest history, which partly explains its dominance and popularity. The hole
method and DFSP are equally effective in producing a composite microstructure, and
in many respects, give the operator more freedom and operational possibilities than the
groove method. DFSP is a very promising solution and it has the greatest potential to
become the dominant solution in the future. The application potential of the DFSP method
results, among others, from the fact that the necessity for time-consuming and laborious
preparation of the sample for FSP is eliminated, i.e., making the groove or holes and their
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subsequent filling with reinforcing material. In addition, in the case of DFSP the operator
is not limited in the choice of the sample site to be treated.

FSP technology is constantly being developed, new trends and solutions appear, the
main goal of which is to obtain the highest degree of grain refinement or the best mechanical
properties. The solutions setting new trends and directions include, for example, friction
stir vibration processing, in which vibration is the supporting factor for FSP, as well as the
methods and solutions using additional cooling systems, thanks to which greater intensity
of heat dissipation is obtained than in the case of cooling in normal air conditions.

Summing up, regardless of the method of introducing the reinforcing phase into
the matrix, the use of FSP technology for the production of surface composites has a
high application potential and is a competitive solution to other methods of producing
composites such as as plasma spraying or electron beam welding (EBM) techniques.
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