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Abstract: Friction stir processing (FSP) stands as an effective approach designed for grain refinement
and site-specific microstructural modification. The evolving microstructure during FSP is determined
by various variables out of which rate of sample cooling is the key parameter. More often, FSP is
conducted in naturally flowing air; however, a large number of studies are conducted by researchers
across the world; stressing the importance of additional sample cooling strategy for tailoring the
material microstructure. Such strategies vary not only in terms of the cooling medium used but also
with regard to various other compliant conditions that must be fulfilled for the cooling process to make
them successful and economically viable. This work critically reviews the most prevalent methods
practiced by various researchers and industries for controlled sample cooling during and after FSP.
The underlying mechanisms; advantages; disadvantages; and limitations of each procedure along
with the resulting microstructure and material performances are discussed and recommendations
are provided

Keywords: friction stir processing; cooling strategy; grains refinement; microstructural modification;
mechanical properties

1. Introduction

The process of sculpting the microstructure and characteristics of the surface layer is
an efficient way to improve the operational qualities of the components of machines and
other machinery. The microstructure of the uppermost layer and product attributes are
the result of surface change that occurred prior to product use, or they are the outcome of
activities that take place while the product is being used [1-3]. The friction stir processing
(FSP) technique is one of the most recently developed techniques in the field of surface
engineering. This technique is basically derived from the friction stir welding (FSW)
principle, it is used for grain refining, and it is mainly employed in metal processing [4].
The FSP technique involves inserting a rotating tool into the surface of a metal, which
generates heat and plastic deformation, resulting in a refined grain structure that improves
the mechanical performance of the material as depicted in Figure 1.
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Figure 1. Schematic illustration of microstructural evolution during FSP.

The intense heat produced in the stirred zone (SZ) is typically in the range of 0.6-0.9
T, where Ty, is the workpiece/specimen’s melting temperature [5,6]. Established by [7,8],
the FSP technique has potential applications in the aerospace, automotive, and marine
industries, and nowadays, it is one of the most intriguing approaches for modifying
the top layer of structural materials. It has been extensively investigated for several
structural materials, including aluminum (Al) [9-14], magnesium (Mg) [15-20], titanium
(Ti) [21-25], copper (Cu) [26-30], and steel [31-36]. Figure 2 shows statistics on the number
of publications, both research articles and review papers, in the previous two decades.
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Figure 2. Number of publications per year involving FSP technique.

In FSP technology, all the metallurgical changes in the material occur exclusively in
the solid state, and friction between the tool and the workpiece generates the majority of
the heat. However, volumetric heating caused by plastic deformation also considerably
adds to the total heat generated during the operation [37]. A major part of the friction
heat produced in FSP is through the shoulder/work material interaction and a small
percentage of contribution comes from the tool pin/work material. This makes tool design
an important and inevitable stage in planning the process strategy in the FSP [38,39]. The
level of heat produced is subsequently determined by the process parameters, specifically
the traverse and tool rotating speeds [40].
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The enhancement of the processing parameters such as tool speed and feed rate, could
improve to some extent the material’s cooling rate during the processing; however, further
improvement is limited by the material’s intrinsic properties and the efficiency of the
cooling medium used. Supplying additional cooling medium possessing a higher degree of
cooling concentration is generally used for FSP treatment to improve the mechanical [41,42],
wear [43,44], corrosion [45,46], and superplastic [47] properties. While working with mate-
rials that have low melting points, such as Al or Mg alloys [48,49], it is a common practice
to use additional cooling techniques to prevent material properties alteration. The method
recently developed to improve the efficiency of the cooling rate and to further enhance the
mechanical performance through restricting the processed material microstructure to fine
grains (between 1 and 5 pm) or UFG (<1 pm), is to synchronously condition the sample
while performing FSP [50,51]. Lately, a series of methodologies and cooling mediums have
been used to boost the material’s cooling rate. Table 1 provides a comparison of various
cooling strategies in FSP.

Table 1. Comparison of cooling strategies in FSP.

Cooling Strategy Advantages Disadvantages

It is very simple, economical and Slower cooling rates, leading to

Natural air coolin, . . . s O
& requires no additional equipment. variability in microstructure.

Thermal shock risk, possibility

Water cooling Quick cooling, easy to implement. for corrosion

Quicker than natural air, reduced Demands a compressed air

Air jet cooling thermal shock. system, slower than liquids.

Substantial costly, requires
specialized equipment, and
safety measures.

Extremely quick cooling, refined

Cryogenic coolin .
YO8 & and homogeneous grain structure.

Balanced cooling, fits

Heat sink method o . Limited to simple geometries.
specified geometries.

Active cooling Highly customlzable, High complexity and cost, precise
enhanced efficiency. control needed.

From Table 1, the four most prevalent methods (air cooling, water cooling, cryogenic
cooling, and heat sink) have been shortlisted for further detailed review. Compressed
air was the first to be investigated [52,53], followed by carbon dioxide (CO,) gas, which
gained an incredible recognition since it displayed a phase transition of liquid CO, to dry
ice, followed by heat absorption to convert dry ice back into CO,. This process allows
for the absorption of a significant amount of heat during the FSP. To date, the liquid CO,
approach has been shown to enable cooling rates of 500-1000 k/s [54,55]. As CO, is a
primary greenhouse gas, it has a high potential to form surface oxides when reacting with
certain materials at high temperatures, hence its use as a cooling medium is limited. Water
was used as a cooling media by many researchers [56,57], followed by liquid nitrogen (LN)
since it displays a higher cooling capacity when compared with other cooling media [58,59].
As far as the cooling medium must have a greater heat capability to absorb heat effectively
and sufficient specific conductance to prevent overheating, it is equally essential to possess
limited reactivity. Indeed, the cooling agent should not interact with the work material and
lead to undesired alteration to the working material. The use of a cooling medium during
FSP helps to lower the temperatures of both the workpiece and the tool. This reduction
in temperature mitigates thermal damage to both components, thereby prolonging the
lifespan of the tool and improving the overall quality of the treated material [60]. The
highest degree to which the tool is heated during FSP with air cooling, as well as the
repeated heating cycles, significantly contribute to the tool’s rapid wear [61]. The technique
of cooling a material is greatly determined by the choice of cooling agent. The most
investigated options include submerging the rotating tool and the specimen in coolant or
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spraying coolant on the tool/workpiece interaction [62-70]. The use of heat sinks such as
Cu or steel blocks below the work material is rarely reported [71,72]. Figure 3 illustrates
the cooling media and techniques utilized in recent FSP studies.

Figure 3. Widely utilized cooling techniques in FSP.

In the case of lightweight and low melting alloys, the addition of a cooling process
frequently results in significant grain refinement and better material structural homogeneity.
These microstructural alterations are linked to the improvements of certain mechanical
properties such as tensile strength and hardness. However, it is critical to consider that the
impact of cooling procedures might vary depending on the material system and the specific
property under consideration. This in turn contributes to the improvement of the overall
mechanical properties of the material. Keeping in mind how quickly FSP technology is
evolving and the existing numerous ways to cool the material are rapidly growing, this
study provides insights into the methods including different cooling media explored by
various researchers to quickly cool the material during and after FSP. This review article
describes not only cooling solutions and treatments but also the various types of cooling
agents, including their benefits and drawbacks and instances in which they could be used.
This report intends to assist in selecting the most effective FSP method and cooling solutions
for specific materials based on their application.

2. Advanced Cooling Techniques and Agents
2.1. Air Cooling

Air is frequently employed as a cooling agent in FSP technologies. It has been inves-
tigated by many researchers. Due to its favorable specific heat capacity, it can provide
effective cooling with a quick reduction in the temperature of the treated area [73]. One of
the most compelling reasons to use air as a cooling media is that it is inexpensive and does
not have any technical criteria that must be met for it to be stored or transported to the
processing area, as is the case with certain other cooling agents, such as dry ice and LN, etc.
Furthermore, the use of air as a cooling agent is environmentally friendly and cost-effective
compared to other cooling methods, making it a popular choice in various industries. The
most common method of using air for cooling is to impinge it with moderate to high
velocity on the tool/workpiece area while performing FSP as depicted in Figure 4. Hybrid
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FSP was demonstrated to be used as an active cooling technique to generate equiaxed
fine-grain at the SZ by reducing the processing temperature through utilizing pressurized
air assistance during single pass FSP of AA7075 Al alloy (5.75 Zn-2.66 Mg-1.79 Cu-0.24
Cr balance Al in wt.%) [74]. The compressed air-cooled sample was found to have shown
good grain refinement of 3.0 pm in comparison to the naturally cooled sample. This was
mainly due to an improved cooling rate of 0.48 °C/s observed in the case of compressed
air samples. This led to an excellent performance of superplastic elongation of 367% in
comparison to 233% of naturally cooled samples.

Axial Force

Figure 4. Schematics of FSP under pressurized air cooling.

Similar findings were observed in [75], where they processed as-cast A356 (7 S5i—0.31
Fe-0.2 Cu-0.1 Mn-0.3 Mg-0.1 Zn-0.25 Ti balance Al in wt.%) and examined how varying
cooling conditions, including coolants and flow rates impact the temperature, wear resis-
tance, applied forces, mechanical characteristics, and microstructural features during FSP of
the Al-Si Al alloy. Specifically, the study focused on the FSP that was executed with several
flow rates of compressed air and water coolants, each of which had its own unique charac-
teristics. The amount of force generated during FSP was experimentally quantified with
the use of a load-measuring instrument that was specifically constructed for this purpose.
An increase in FSP axial force was observed due to a decrease in temperature brought on
by an increase in the cooling rate. The magnitude of this increase was proportional to the
degree to which the temperature dropped. The sample subjected to FSP that was generated
using cooling media had a smaller average size for the Si particles than the specimen that
underwent FSP that had not been fabricated using the cooling technique. An increase in the
cooling rate caused both the decrease in average Si particle size and an upsurge in aspect
ratio at the agitated zone. The mean Vickers hardness (HV) of the samples, subjected to FSP
produced by air cooling were significantly higher than those produced by natural cooling.
When compared to the A356 base alloy, the wear mass loss in the specimens after FSP was
much reduced. It was discovered that the predominant wear mechanism for each of the
samples was either the abrasive wear or delamination wear component.

An investigation was conducted on the microstructure and selected characteristics of
the Al 7075 alloy that has been exposed to FSP with the use of chill cooling air at various
angles (i.e., 45° and 90°) between the workpiece and the air nozzle [76]. The study reported
a unique approach to cooling the sample during FSP. It involved using an air stream chilled
to —11 °C through a jet cooling nozzle as shown in Figure 5a. The novel cooling technique
is more effective than cooling in still air, evident from the changes in the microstructure
that are more favorable, improved mechanical characteristics, and wear resistance. It is
observed that the utilization of a jet cooling nozzle, which speeds up the cooling process,
resulted in increased grain refinement from 240 pm to 3.2 pm when the jet impinged at 90°,
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and 1.4 um when the jet impinged at 45°, as depicted in Figure 5b—d. This refinement is
significantly higher compared to the refinement obtained under still air conditions, which
is 7.6 um. Such a refined microstructure resulted in an increase in HV of about 19.2% and
17.1% for 45° and 90° jet impingement angles, respectively.

a Compressed air

Chilled Throttling valve

air

20 ym

Figure 5. (a) Jet cooling nozzle, microstructures (b) without cooling, (c) 45° sample, (d) 90° sam-
ple [76].

Another group worked on the effect of air cooling on the FSP of Mg alloy [77]. They
subjected the AZ91 Mg alloy (8.5 Al-0.7 Zn—0.32 Mn-0.01 Si-0.001 Cu-0.001 Fe balance Mg
in wt%) to FSP with the help of jet cooling air. The material subjected to FSP with air chilling
displayed excellent grain refinement with an average grain size of 1.4 um whereas a 9 pm
grain size was obtained for samples without the cooling system as shown in Figure 6a,b.
The use of a jet cooling nozzle made it possible to achieve a higher level of grain refinement,
particularly in terms of the surface area. In the SZ, coarsening of the microstructure was
avoided by maintaining a greater cooling rate. Enhancement of HV and advancements in
the ability to resist wear of AZ91 alloy after FSP with air cooling was observed, which was
due to the favorable changes in the microstructure.

Figure 6. Microstructures of AZ91 after FSP: (a) air-cooled and (b) naturally cooled [77].

NiAl Bronze alloy [78] was subjected to FSP with an air blower as a media of cooling,
and significant grain refinement was observed, which in turn resulted in a surge in HV value
from 150 to 280 VHN. The elimination of the heat-building effect that is associated with the
friction process during FSP in conjunction with simultaneous cooling of the processed zone



Crystals 2024, 14, 655

7 of 24

in the material was achieved by a jet cooling nozzle this holds particular importance when
considering the application of multi-band treatment. Since this treatment is carried out in
dry circumstances, it eliminates the challenge of dealing with the removal of liquid coolant
from the processing location. The proposed cooling solution can be implemented in real-
world scenarios without the need for extensive and expensive modifications or adjustments
to the workstation. The results reported in the literature so far have demonstrated that the
jet cooling nozzle is quite effective in its mission to cool the treated zone. Therefore, this
approach could serve as a viable substitute for current methods employed in FSP technology,
offering the prospect of innovative pathways in the fabrication of FSP-treated materials.

2.2. Water Cooling

The physical properties of water are significantly superior to those of air when it comes
to the usage of both as a cooling medium. Water has a higher specific heat capacity than
air. As a result, water transfers heat more efficiently. A 1 L amount of water can extract
three thousand times more energy from a system than 1 L of air [79]. The cooling capacity
and availability of water will not be affected in any way by dirt or dust since it is a closed
process system. With all the above-mentioned advantages, one drawback of using water is
its ability to corrode materials such as steel [80] and Mg [81]. Hence, caution must be taken
when selecting water as a cooling medium during FSP, particularly when dealing with
materials that are highly susceptible to corrosion in a water-based setting. It is important to
note that the destructive effect of water in the context of FSP treatment is rarely observed,
even when water-immersed processing is used. During FSP, no indication of corrosion
was encountered in the friction-modified zone of AZ80 Mg alloy entirely submerged in
water at room temperature [82]. The most common method of using water for cooling is to
submerge both the tool and the workpiece in water, or alternatively, apply a water spray
onto the surface as shown in Figure 7.

Inlet Axial Force

Workpiece

Water

Figure 7. Schematic illustration of submerged FSP.

The cooling effectiveness of the friction stir-treated specimen is noticeably higher
when the water immersion method is utilized compared to the conventional still air cooling.
This immersion processing technique was used [83] to investigate the fatigue properties of
the AA6061 alloy that was processed by still air and submerged FSP at room temperature.
Excellent grain size refinement was observed in the case of underwater FSP. Since FSP
involves high temperatures, the operational material experiences a process of thermal
annealing. Thermal annealing leads to mainly three softening phenomena: dynamic
recovery, dynamic recrystallization, and grain growth. During the dynamic recovery
process, the imperfection formed during the plastic deformation will tend to annihilate.
Dislocations of opposing signs attract and destroy one other, while dislocations of like
signs merge to transform into low-angle grain boundaries [84]. In the process of dynamic
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recovery, the existing dislocations act as points for initiating dynamic recrystallization
leading to the creation of a stir zone characterized by the formation of recrystallized grains
devoid of strain and possessing a low dislocation density. Due to the elevated temperature,
grain coarsening occurs in the recrystallized zone after recrystallization. The utilization
of water serves to eliminate the heat generated at the interface of the sample tool, thereby
controlling the coarsening of recrystallized grains during FSP. As a consequence, a highly
fine-grained microstructure develops in submerged FSP as shown in Figure 8a—c, producing
a greater proportion of high-angle grain boundaries than FSP without a cooling medium.
The mechanical and fatigue performance of the AA6061 Al alloy, subjected to FSP was
significantly enhanced when compared with base metal (BM) as reported by the authors,
which was due to significant grain refinement.

1 Grain size - 88 um b

High-angle grain boundaries ’ High-angle grain boundaries
379% 04 51% 03

High-angle grain boundaries
67 %

10 20 30 40 50 60 10 20 30 40 50 60 10 20 30 40 50 60
Misorientation Angle/degree Misorientation Angle/degre Misorientation Angle/degree

Figure 8. EBSD microstructures and grain misorientation maps of (a) BM, (b) FSP under ambient
conditions, and (c) submerged FSP samples (reprinted with permission from [83]. Copyright ©
2022 Elsevier).

FSP was performed on AA5083 in submerged environments [85], which revealed a
dramatic grain refinement was accomplished with an average grain size of 3.9 um from
67 um due to the great cooling effect offered by water during FSP. The growth of fine
grains was caused by uniform heat dispersion from the processing zone via the convection
heat transfer mechanism. The SFSP specimen outperformed the BM in terms of corrosion
resistance due to the formation of fine intermetallic and refined grain structures generated
through FSP. Comparable results were reported [86] on superior tensile strength and wear
resistance AZ31 Mg alloy through FSP. During FSP for swift cooling, water at a temperature
of 10 °C was supplied to the processing area at a flow rate of 1.2 L /min, which resulted
in a 57% increment in the HV and a 21% improvement in strength and minimum wear
rate of the samples following FSP. The homogeneity of the Mg matrix and Mg7Al;, phase
was the primary cause for the increase in HV after FSP. In addition, rapid cooling led to
solid solution strengthening by the dissolution of the Mg;7Al;; phase into the Mg, which
further enhanced the HV. It was determined that microstructural refinement leading to
increased HV, stronger work hardening ability, and enhanced ductility were the primary
contributors to the decrease in wear rates for specimens following FSP. The effects of
different pin profiles on the mechanical performance of AZ31B under immersion conditions
were reported [87], where water was utilized as the cooling agent. The average grain size
was found to be 1.99 pum for the scrolled stepped square pin profile and its grain structure
following FSP became more homogenized and had a reduced grain size as a consequence
of the decrease in the overall duration of the process as well as lowering the temperature
during the process using an effective cooling system. Another group (Luo et al., [88])
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studied the superplastic studies on multi-pass SFSP with an overlapping ratio of 50% of
as-cast AZ61 and achieved equiaxed fine-grained structures with an average grain size of
4 um. An excellent superplasticity of 467% was obtained at a strain rate of 1 x 1073/s at
623 K, which primarily resulted from the swift reduction in temperature experienced by the
sample during FSP which helped in suppressing the regrowth of irregular networks like
3-Mg17Al;; phase which deteriorates the superplastic performance. Similarly, AZ91 [89]
was subjected to SFSP to study the superplastic performance at a strain rate of 2 x 1072 s~!
and 623 K, they achieved an exception elongation of 990% this was mainly attributed to
refined microstructure and suppression of the secondary phase produced by controlled
cooling during processing.

The FSP treatment is not exclusively applied to materials with a low melting point,
like Al and Mg alloys, even though these are undoubtedly the most prevalent examples.
By using a blend of water and ethanol in equal proportion as a submerged liquid media,
ultra-fine grains (UFG) of SS316L were obtained [90]. The FSP fixture was coupled to an
external chiller via the outlet and inlet ports for a roughly 100 mL/min constant supply of
coolant as shown in Figure 9a. The material had a mean grain size of 22 pm before FSP. After
single pass FSP, the mean grain size was reduced to 0.9 pum as depicted in Figure 9b,c, the
refinement was mainly attributed to the recrystallization events that entailed the formation
of a new grain structure via different nucleation and growth stages, which is known as
discontinuous dynamic recrystallization. Because of the more refined grain size, a greater
yield strength (YS) of 450 MPa was achieved.

As-received
Stainless Steel

Ultra-fine Grain
Structure

Figure 9. (a) Submerged FSP setup, EBSD microstructures of SS316L: (b) as-received (c) ultra-fine
grain produced by submerged FSP [90].

Nickel, characterized by its elevated melting point underwent FSP [91]. To investigate
the cooling of the workpiece, the researchers employed the water-immersed processing
technique. Throughout the procedure, the sample was enveloped by a stream of water
acting as a coolant to maintain consistent cooling. They aimed to assess the practicality
of utilizing common tool steel for processing elevated melting temperature metals and to
gauge the extent of tool wear during processing under conditions involving cooling in both
still air and water. The performed study demonstrated that effectively treating nickel is
achievable when subjected to rapid cooling conditions and most importantly, this procedure
is not accompanied by considerable tool abrasion. In the instance of a comparable operation
performed with cold air cooling, the tool was severely damaged owing to the fast increase
in temperature during the process. Q235 low carbon steel subjected to SFSP was reported
to yield a reduced average grain size from 11.3 um to 7.8 um [92]. A phase change occurred
during the SFSP due to the rapid cooling of material by water. Initially, BM consists of ferrite
and pearlite phases; however, in the case of SFSP, the temperature obtained was higher
than the point at which ferrite begins to evolve into austenite. During the following cooling,
some of the initial ferrite is converted into austenite and subsequently into martensite at
this temperature range. Due to this refined microstructure and formation of the martensitic
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phase, improvement in mechanical performance was achieved with an ultimate tensile
strength (UTS) greater than 38.7% of BM.

The FSP technique is also an effective method for developing surface composites [93]
into a laminar composite structure consisting of dynamic recrystallization of « phase layers
and UFG 3 CuZn layers. The reinforcement induced in the material helps in improving
the material’s mechanical characteristics [94-98] as well as the resistance to wear [99] and
corrosion [100,101], enabling a wider range of industrial applications.

Moreover, a variety of reinforcement materials such as, ZrC [102] SiC [103], Al,O3 [104],
B4C [105], BN [106] TiC [107], TiO, [108,109], TiB, [110], CNT [111], MWCNT [112],
WC [113], Crp03, and Ni [114] were used to produce composites apart from the tradi-
tional production of hybrid composites. Other authors successfully fabricated AZ31 with
Ca as an alloying material and hydroxyapatite as a reinforcement and found that it exhib-
ited excellent corrosion properties [115]. A summary of the effect of water as a cooling
media on mechanical properties reported by researchers is given in Table 2.

Table 2. Overview of improved grain size and mechanical performance reported following SFSP
(A—artificial aging; NA—natural aging; O—annealing).

G?Zﬁf;g;e Mechanical Performance
Alloy/.ComPosite Noof  pefore After HV HV Tensile Tensile  Elongation Elongation Ref.
Designation Passes FSP FSP before after Strength Strength before after FSP
FSP FSP before FSP  after FSP FSP
(um)  (um) (HV) (HV) (MPa) (MPa) (%) (%)
AZ31 1 85.3 5.43 59 70 280 246 9.72 12.38 [116]
AZ31 4 10.2 3.2 63 86 275 349 24 20 [117]
1 - 52 61 71 74 108 9.2 28.1
AZ61 2 5.2 4.6 71 70 108 100 28.1 37.2 18]
AZ61 2 - 10.6 55 64 151 238 12.52 317 [119]
AZ91 1 72 2.8 - - 55 151 15.2 254 [120]
AZ91 1 72 1.2 63 101 105 310 15.2 30.9 [121]
LA103Z 1 90 20.25 56 89.1 177.9 305.5 36.1 41 [122]
1 19.71  0.690 36 66.3 70 95.2 - -
Al11060 2 0.690  0.686 66 52 95.2 82 - - [123]
3 0.686  5.36 52 32 82 68 - -
Al-7B04 (AA) 1 - 1.77 177 150 560 528 10.3 13.9
Al-7B04 (O) 1 - 1.47 62 130 220 385 16.5 12.2 [124]
Al15083 3 27 13 - - 279 329 26.3 28.1
A15083/Ti 3 27 1 - - 279 432 26.3 23.2 [12]
A356 1 - 2 72 88 124 231 14.15 1.30 [126]
A2014 1 - 248 84 170 246.7 475 - 12 [127]
Al 6061 (NA) 1 18 2.6 95 74 264 215 14.1 13.6
Al 6061 (O) 1 18 24 39 49 103 120 17.2 12.3 [128]
Cu-Zn Plate 1 48.1 29 107 118 166 371 39 10.1 [129]
AA7075 2 - 3.0 - 104 - - - - [130]
AZ31/(Zx0 + - 4.09 75 124 - 161 - 1.2 [131]

CuO)
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2.3. Liquid Nitrogen Cooling

In FSP, LN is increasingly employed as a cooling medium. The increased heat capacity
of LN compared to air and water enhances the pace of cooling during FSP. Typically, two
strategies are applied to accomplish ultra-fast cooling using LN: (1) by immersing the
sample into LN, and (2) by spraying it on the tool/workpiece surface throughout the
process. Nevertheless, compared to other cooling mediums, LN is more complex to utilize
and needs more care. Primarily, when LN encounters a material at a higher temperature it
evaporates incredibly quickly, resulting in the creation of an insulating gas layer that lowers
the cooling intensity [132]. The stability of the LN cooling process is partially compromised
compared to traditional methods due to the presence of nitrogen gas generated by the
cooling system. This makes it important to carefully monitor the cooling process and adjust
the amount of LN being used to maintain the desired temperature [133]. Additionally, LN
cooling systems can be more expensive to operate and require specialized equipment and
proper handling. However, LN cooling is still preferred in industries due to its high cooling
capacity and low environmental impact [134]. Figure 10 shows the working of FSP under
LN in spray mode.

— Pressure Gauge

Axial Force

Figure 10. Schematic representation of FSP under LN environment.

Many researchers reported the usage of LN as a cooling medium for improving the
performance of the material following FSP. The Al alloy Al5083 subjected to FSP was
reported to achieve a suitably high cooling rate the investigators ran FSP with ultrasonic
vibration and LN [135]. To evaluate the effectiveness of rapid cooling using LN in an
unbiased manner, they performed a comparable test employing standard air cooling. They
discovered distinct changes in the microstructure of materials cooled using diverse cooling
agents. The key elements of these alterations revolve around the level of fineness in
the grain. When the alloy was cooled with LN, approximately three times more grain
refinement was observed in the stirring zone compared to a sample cooled with regular
air. Furthermore, when compared to standard air-cooling, the use of LN resulted in a
consistently enhanced combination of strength and ductility.

The influence of FSP under LN treatment on the behavior of an extruded AZ31B alloy
with regard to wear and corrosion was reported [136]. The experimental work utilized
rotational speeds of 800, 1000, and 1200 rpm, and the tool feed rate has been kept constant
at 60 mm/min. In LN-treated samples, a decreased wear rate was achieved, which is about
20% better than the performance of the BM. The average grain size achieved at 1000 rpm
was 1.5 um, which was the finest when compared to the grain sizes obtained at 800 rpm
and 1200 rpm, which were 5.3 pm and 3.1 pm, respectively. The findings demonstrated
that a reduction in the rate of corrosion could be attained with such refinement in the
grain structure. When the treated region contains fine grains and is free of defects, about
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37% more HV was obtained compared to the base alloy as a result of cryogenic cooling.
Wang et al., 2016 [137] evaluated the microstructural evolution of pure copper, which was
processed with LN cooling. Mixed microstructures consisting of nano/ultrafine grains in
pure copper were observed by them. The treated zone consisted mostly of ultrafine grains
and more than 30 percent nano-sized grains. The processed material showed enhanced
mechanical characteristics with an increase in the yield tensile strength from 80 Mpa to
381 MPa after two FSP passes.

The influence of LN treatment on the corrosion behavior of AZ91 alloy following
FSP was investigated through an immersion test in an NaCl solution [138]. The findings
indicated that the cryogenically treated FSP AZ91 Mg alloy samples exhibit a significantly
greater improvement in corrosion resistance when compared to AZ91 alloy samples in their
as-received state. The scattering of secondary 3 phase particles of AZ91 Mg alloy due to
rapid cooling with the help of LN was the primary reason for the significant enhancement
in the corrosion resistance and mechanical performance. Ultra-fine grains of SAF2507
duplex stainless steels through FSP assisted by LN and ethanol-based cryogenic medium
were developed [139]. Due to the significantly reduced maximum temperature and shorter
period of elevated temperatures, a dual-phase UFG configuration structure was generated
comprising ferrite and austenite grains with an average size of approximately 1 um. The
designed ultra-fine grains dual-phase structure facilitated a 22% increase in YS while retain-
ing a superior elongation of 55% due to its exceptional work hardening capabilities. Grain
refines along with an increase in o/ interfaces were attributed to notable enhancement
in the YS. The remarkable increase in the presence of geometrically essential dislocations
near the deformation-incompatible /v interfaces played a key role in enhancing the work-
hardening capability of the processed material. The enhanced combination of strength
and ductility was achieved due to the ultra-fast cooling facilitated by LN throughout the
process. Moreover, the resultant UFG dual-phase structure contributed to an increase in
resistance to corrosion.

In a Cu-0.55 Cr-0.2 Zr alloy produced by cryogenic FSP followed by annealing [140],
a microstructure composed of nano-to-ultra-fine grains was developed. The mean grain
size was about 110 nm as shown in Figure 11. The developed nanostructured material
showed excellent electrical conductivity of 89% IASC with the integration of exceptional
ultra-high strength of 840 MPa. Moreover, it displayed excellent thermal and mechanical
stability. These remarkable qualities are attributable to the nanoscale chromium particles
positioned along the grain boundaries, avoiding the grain interior regions. While undergo-
ing annealing, the mobility and the sliding of grain boundaries during tensile deformation
were impeded by nanoscale chromium particles. Meanwhile, these nano-sized precipitates
diminished electron scattering, leading to an enhancement in the material’s conductivity.
Such a technique of modifying the microstructure in order to improve the mechanical
characteristics along with the electrical properties of the material might be useful in the
fabrication of Cu-Cr-Zr alloy cords and wires on a large scale for industrial use.

The usage of LN as a cooling agent for composite development through FSP is also
explored well by researchers. UFG microstructure with a mean grain size lesser than 1 pm
was achieved for the Al-Mg alloy using pre-positioned TiO; particles through FSP [141].
Enhancing the cooling speed during the FSP significantly enhanced the refinement of the
grain structure. The HV tensile strength and elongation of the treated materials increased
significantly from 80.1 HV, 232.2 MPa, and 13.4% to 165.1 HV, 279.4 MPa, and 21.5%,
respectively, as a consequence of grain refining of the composite. The impact on the fracture
mode of annealed Al-Mg sheet by the degree of cooling was negligible, the presence of
TiO, nanoparticles caused a shift from ductile failure to a combination of ductile and brittle
fracture. As the degree of cooling increased, the fraction of cleavage fracture decreased,
making the material more ductile. Table 3 gives insights into the investigation of LN
as a cooling media for the improvement in mechanical characteristics of the processed
alloys/composites.
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Figure 11. (a) Macrograph of the PZ, (b) microstructure by TEM, (c) grain size distributions of the
processed alloy (reprinted with permission from [140]. Copyright © 2019 Elsevier).

Table 3. Meta-analyses on the usage of LN as cooling media in FSP.

Material Outcomes and Inferences Ref.

-Compared to room temperature samples having a grain size of 8 um,
cryogenic samples showed more uniform grain size of 6 pm and

less dispersion.

-The thrust force and torque of cryogenic treated samples increased
marginally by 5%, this was mainly due to the increased HV of the
material because of the rapid cooling mechanism.

AZ31B [142]

-LN chilling of FSP AZ31B generated smaller average grain size of
about 500 nm than those produced at room temperature due to lower
heat input.
AZ31B -The majority of the grain formations had high-angle boundaries and [143]
displayed prominent textural components. The grains’ c-axes were
roughly 35-55° distant from the processing direction, indicating
significant fiber textures.

-LN was as a cryogenic coolant in order to reduce the heat input
generated during FSP.

-Fine grain of 1.92 pym was obtained due to cryogenic FSP an improved
strength (YS and UTS), ductility and HV was achieved. Cryogenic FSP
produced an axial force of 5600 N when compared to in-air FSP, which
produced an axial force of 3800 N. When the axial force is insufficient,
there is a decrease in frictional heat production, limiting material flow
and leading to defects such as lack of surface fill and wormholes.

AZ31B [144]

-As a cooling medium a combination of copper backing plate and LN
was used to generate fine equiaxed grains with an average size ranging
between 0.8 and 1.3 um. The mean misorientation was more than 48°

WE54 and was nearly equal to the Mackenzie random distribution. [145]
-When compared to the non-processed material, the YS increased by
10%, from 245 to 270 MPa and ductility values increased 3 to 30%, this
was mainly due to rapid cooling during FSP.
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Table 3. Cont.

Material Outcomes and Inferences Ref.

-A combination of LN and methanol was adopted as a cooling medium.
-The static recovery and grain advancement that normally occurs inside
the treated material as the tool advances was hindered using external
Al-5083 cryogenic cooling during FSP. This led to the generation of fine [146]
recrystallized grains with a size of 2.14 pum, resulting in a notable
enhancement in the HV, tensile strength, and ductility of the alloy
after processing.

-This fixture consisted of a rectangular chamber with an empty space
beneath the upper surface of the backing plate was fabricated. Copper
was used for the fixture’s backing plate. In the course of the (FSP, a
continuous flow of a chilled combination of LN and methanol was
employed to circulate through the empty rectangular chamber of the

Al7075 backing plate. [147]
-The material subjected to cryogenic conditions demonstrated a notable
grain refinement of 2.4 um compared to the FSP conducted under
non-cryogenic conditions, where the grain refinement was 4.7 pm.
Similarly, an effect on mechanical properties was witnessed with an
increase in HV, strength, and ductility.

-This experiment resulted in the fabrication UFG (7075-T6) with an

average grain size in the range of 17-25 nm, by spraying liquid N; on
AA7075-T6 both the upper and bottom sides of the workpiece during the process. [148]

-With the development of UFG an increase in HV and mechanical

performance was achieved.

-An indigenous fixture was fabricated that employed LN and methanol
as a cooling medium.

-Cryogenic FSP successfully modified the distribution of SiC
nanoparticles thereby refining the matrix grain size to 2.1 um, improved
particle-matrix interface properties, and eliminated casting defects.
When assessed with the as-cast state, these microstructural
modifications substantially enhanced strength from 437 MPa to 552 MPa
and marginal deterioration in ductility was endorsed.

Al7075-SiC [149]

-FSP with SiC nanoparticles resulted in the generation of extremely fine
grain structure and the emergence of shear texture in the stir zone,
indicating that the DRV, CDRX, and GDRX were the predominant grain
formation phenomenon.

-FSP in LN results in the formation of a finer grain structure but had no
effect on texture components.

Al-1050/SiC [150]

2.4. Heat Sink Cooling

Materials for heat sink applications need a high heat capacity and should possess a
great thermal conductivity to absorb more heat without reaching a very high temperature
and transfer it to the surrounding environment for efficient cooling [151]. Al, Cu, and
steel alloys are the most commonly used heat sink materials. The Cu alloy offers superior
thermal conductivity, corrosion resistance, and antibacterial resistance in comparison to Al
and steel alloys. Pure copper has about twice the heat conductivity of Al. However, a few
drawbacks are it is three times denser than Al, more expensive, and less ductile than AL
The heat sink material must be determined based on the application and the material being
processed. A demonstration of FSP with a backing plate is shown in Figure 12.
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Axial Force

Figure 12. Schematic of FSP utilizing a heat sink.

AZ31B alloy was subjected to FSP using a stationary tool in order to study the grain
size at three different zones, using steel and copper plates as a heat sink [152]. For steel as
a backing plate, mean grain sizes of 4.98, 4.75, and 4.12 um were achieved at the top (T),
middle (M), and bottom regions (B) of the FSP zone as shown in Figure 13a—c, meanwhile
average grain sizes of 4.1, 3.19, and 0.96 um were obtained at T, M and B zones as indicated
in Figure 13d—f, when the Cu plate was used as a heat sink. The Cu backing plate effectively
increased the degree of heat conduction at the base, so that heat flows from top to bottom
in only one direction. As a result, the rate of grain enlargement diminished rapidly along
the heat transfer axis. So, unlike steel backing plates, Cu backing plates generated an
interesting microstructural gradient throughout their thickness. Due to the formation of
UFG, remarkable improvements in HV and UTS by about 80% and 24% as compared with
the BM were achieved.

Bottom (B)

Figure 13. (a—c) EBSD microstructures of AZ31B with steel as backing plate, (d—f) with copper as
backing plate (reprinted with permission from [152]. Copyright © 2020 Elsevier).
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Low-carbon steel and pure aluminum were processed using FSP in lap configura-
tion [153], where Al is placed at the top with Cu as a backing plate. The prime objective
of the researchers was to minimize the intermetallic compound formation through FSP.
At rotating speeds greater than 500 rpm, the cladding of low-carbon steel /pure Al with a
minimal intermixing layer was effectively accomplished with no discernible flaws or frac-
tures. The backing plate of pure copper considerably reduced the formation of intermetallic
compounds at the cladding contact due to the fast cooling of the material.

The AA6063 alloy was investigated with combined effects of tool eccentricity and
generated different cooling rates using a Cu backing plate with a constant water flow [154].
Due to the utilization of the auxiliary cooling system during FSP peak temperature dropped
from 323.5 to 286 °C, which resulted in excellent grain refinement generating a mean grain
size of 8.1 um while BM had a grain size of 68.3 um. As a result of this refinement, a
tremendous improvement in mechanical performance was witnessed achieving a UTS of
280 MPa with an % of elongation 11.9.

Similarly, the UFG QE22 Mg alloy was developed with an average grain size of 0.63 pm
using two FSP passes with the help of active cooling, which included blowing the air on
the top of the workpiece area during FSP and a Cu plate as a heat sink [155]. Due to this
synergetic cooling strategy, room temperature ductility drastically increased from 7 to 24%
without affecting the strength of the alloy and achieved a remarkable formability index of
4680 MPa%. The aforementioned group further investigated the superplastic performance
of developed UFG QE22 [156] at various strain rates and reported that they achieved an
extraordinary superplasticity of 1630% at 450 °C with a strain rate of 1 x 1072571,

3. Practical Considerations for Large-Scale Implementation

While a cooling method might be effective in a controlled laboratory environment,
scaling it up to an industrial level may present challenges. For instance, LN cooling might
be feasible in small-scale experiments but could be logistically complex and costly to
implement on a large scale. However, LN cooling has potential applications for developing
advanced materials for critical applications due to its excellent cooling performance. In
the case of submerged FSP, where a working fluid is involved during the processing, the
fluid needs to be replaced frequently to maintain its cooling effectiveness. This makes
submerged FSP suitable for macro- and small-scale industries but less practical for large-
scale operations due to the high maintenance and material costs. Heat sink cooling is
recommended only for specific geometries, as it relies on direct contact between the heat
sink and the material being processed. This method lacks scalability because it cannot be
easily adapted to various shapes and sizes of workpieces without significant modifications.
Air cooling is the best for scalability since it is easy to use and cost-effective. It requires
minimal setup and maintenance, making it ideal for large-scale industrial applications.
However, while air cooling provides moderate improvement in material performance, it
may not achieve the same level of microstructural refinement as more intensive cooling
methods. Each cooling method’s adaptability to different material types and processing
conditions must be considered. Methods that work well for one material may not be as
effective for another, especially when scaled up to industrial levels.

4. Conclusions

Fast cooling in FSP is a new and critically important phase in the growth of manufac-
turing industries. This strategy offers engineers a workflow to customize the microstructure,
allowing them to regulate the performance of materials through engineering. By imple-
menting a rapid cooling approach in FSP, the aim is to maintain a minimal temperature for
both the processed sample and the tool. This approach positively impacts the work mate-
rial by enhancing its microstructural refinement while also contributing to prolonged tool
lifespan and reduced wear. The homogeneity of the material’s structure and the significant
reduction in grain size achieved by inhibiting grain growth contribute to the improvement
of the mechanical properties of the processed material under fast cooling strategies. The
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rate of advancement at which the material cools clearly appears to be affected both by the
medium used for cooling and by the technique employed. Because water and cryogenic
coolants possess a heat capacity that is far larger than that of air, these coolants can absorb a
significant amount of heat. Their use in the most efficient manner subsequently accelerates
the pace at which the sample and tool are cooled down and bring down their respective
temperatures. In most cases, higher grain refinement may be accomplished when the
process is carried out under cryogenic conditions. Achieving an improved material cooling
rate is possible through the submerged processing method compared to the use of a heat
sink, as the submerged processing technique facilitates a higher rate of heat removal. When
evaluating and implementing a cooling method it is important to consider the practicality
of a specific approach. This potential arises, among other things, from the feasibility of
adapting a given solution under industrial situations in a flawless and cost-effective manner.
Table 4 shows the recommended FSP method to be utilized as per the required applications.

Table 4. Recommended FSP method as per required applications.

Cooling Application Recommended FSP Method

Suitable for less sensitive materials like medium
Air carbon low alloy steels (e.g., EN8) and Cu alloys Air jets and forced cooling.
where mild cooling is sufficient.

Generally utilized with steel alloys and general Water spray, immersion
purpose Al alloys (e.g., 6061) for automobile parts.  cooling.

Used with Mg alloys (AZ91), Al alloys (7075) for
LN aerospace applications requiring high strength and
heat resistance.

Water

Direct application during FSP
or cryogenic bath.

Effective for high-thermal-conductivity materials ~ Fixed heat sinks attached
Heat Sink  like copper-based HEAs (CuCrFeNiMn) used in during FSP to control thermal
electronics cooling. gradients

The introduction of auxiliary cooling systems in FSP presents an aspiring emerging
trend that opens up new possibilities for modifying the microstructure and overall per-
formance of the processed materials. In the following years, research will concentrate on
technologies that enable even greater material cooling rates during FSP and that can be used
in industrial situations without extensive and expensive modification of the machinery.
The simplicity, adaptability, and absence of material restrictions of a cooling system will
determine its success. With the FSP cooling system in research, pre- and post-treatment of
the materials can be minimized. The use of compressed air as a cooling agent, especially
when cooled through a cooling jet nozzle, is expected to gain increased popularity as
installation and customization of the aforementioned technologies in industrial settings is
flexible. Nevertheless, coolants in the FSP process provide novel ways to tailor materials’
microstructure and improve their application capabilities.

5. Future Prospects

Adopting multi-physics approaches that not only consider the thermal aspects but
also incorporate the mechanical and metallurgical effects should be taken up this holistic
understanding would contribute to more accurate predictions and control of the microstruc-
ture. Future research could delve deeper into the integration of computational modeling
methods, such as finite element analysis or computational fluid dynamics. These mod-
els can simulate the complex thermal and mechanical interactions during FSP, aiding in
the optimization of cooling strategies for enhanced microstructural control. Exploring
unconventional cooling mediums beyond traditional methods could be a future avenue.
This might involve investigating the use of advanced liquid coolants, cryogenic cooling,
or even innovative approaches like the use of nanofluids to achieve rapid and controlled
cooling during FSP. Developing in situ monitoring techniques for real-time assessment of
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microstructural evolution during FSP could be a significant advancement. This could be
coupled with closed-loop control systems, enabling adjustments to cooling strategies in
real time based on the observed microstructural changes. The application of optimization
algorithms for determining the most effective cooling strategies based on defined objec-
tives and specific materials, such as achieving specific microstructural characteristics or
minimizing energy consumption can be investigated. The environmental implications
of different cooling strategies in FSP can be explored by assessing the energy consump-
tion, waste generation, and overall sustainability of various cooling approaches would
be essential for the broader adoption of these techniques. Scaling up the findings from
laboratory-scale experiments to industrial applications is a crucial focus on addressing chal-
lenges related to implementing advanced cooling strategies in large-scale manufacturing
processes, considering factors like cost-effectiveness and feasibility.

Author Contributions: M.S.P,, R.J.I. and M.EK. collected the data. A.R., M.FK. and M.]. conceptual-
ized the study. All authors have read and agreed to the published version of the manuscript.

Funding: The authors confirm that there is no funding to disclose.

Data Availability Statement: The raw data supporting the conclusions of this article will be made
available by the authors on request.

Conflicts of Interest: The authors declare no competing interests.

Abbreviations

FSP Friction stir processing
FSW  Friction stir welding

SZ Stirred zone

BM Base metal

FG Fine grains

LN  Liquid nitrogen

HV Vickers hardness

YS Yield strength

UFG  Ultra-fine grains

UTS  Ultimate tensile strength
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