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Abstract 

 
This dissertation is a systematic study on the developments of innovative functions for 

Zn-22Al superplastic alloy through friction stir processing (FSP), which is a type of 

friction stir welding (FSW).  

Superplastic materials are fine-grained polycrystalline solids that have recently 

gathered interest because of their excellent tensile elongation and behavior in 

superplastic forming (SPF) technology. SPF is a forming method that produces 

complex shaped parts in a single forming process. The grain size, which is one of the 

most important superplastic parameters, affects the strain rate and ductility in grain 

boundary sliding (GBS). In GBS, a smaller grain size leads to a larger grain boundary 

area that results in higher elongation and therefore more favorable superplastic 

behavior. 

In the present study, we concentrated on Zn-22Al, a commercial superplastic alloy 

having a wide range of applications in different fields of studies. Zn-22Al has a seismic 

property, which makes it applicable in buildings for energy absorption during 

earthquakes. Zn-22Al is also used for electronic enclosures, cabinets and panels, 

business machine parts, and medical and other laboratory tools. Zn-22Al has the 

characteristic of reaching its highest superplasticity at a relevantly lower temperature 

comparing other conventional superplastic alloys and can be used for superplastic 

forming and diffusion bonding purposes. However, applications of Zn-22Al receive 

some limitation especially in structural industries such as easily deformation under 

constant pressure due to its high strain rate sensitivity. Therefore, methods of 

improving mechanical properties of Zn-22Al, also developing new techniques for 

manufacturing new composites of this alloy would become essential.  

The FSP technique, which is a relatively new processing method requiring fewer 

processing parameters, was used in the present study to refine the grain structure and 

improve the mechanical and superplastic properties of Zn-22Al. The results revealed 

FSP can achieve fine grains and improve the superplastic properties of Zn-22Al. 

In addition, FSP was used for a novel forming method, known as friction stir forming 

(FSF), to produce multi-functional superplastic composites. By using the FSF 

technique, perforated steel sheet was mechanically interlocked between Zn-22Al sheets 

to produce a superplastic damping sheet with outstanding damping capacity. Moreover, 

insulated copper wire was mechanically interlocked within Zn-22Al alloy to produce a 
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multi-functional superplastic alloy with the ability to transfer information or energy. 

Finally, FSF can improve the mechanical properties of Zn-22Al superplastic alloy by 

interlocking the stainless steel strands within the alloy. Using the friction stir based 

technique can have a significant scientific impact on the production of functional 

composites with respect to both mechanical engineering and electrical engineering. 
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Overview of chapters 

 
This dissertation consists of seven chapters. Each chapter is described as follows. 

1. This study is mainly motivated by friction stir welding (FSW), a recently invented 

joining process that uses friction stirring to deform and join materials. An 

introduction is presented in Chapter 1. Friction stir welding, friction stir processing 

(FSP) and friction stir forming (FSF) as the bases of our study are explained in this 

chapter.  

2. Chapter 2 contains a review of relevant literature. Reports from other scholars on 

this topic are described. The topics especially focus on the background of 

superplasticity, grain refinement techniques and applications of friction stir 

processing. Accordingly, Zn-22Al, the material used in our experiments, is 

introduced. Potential gaps in knowledge are identified and the need for current 

research is established.   

3. Our study on grain refining of Zn-22Al superplastic alloy using FSP is presented in 

Chapter 3. It is discussed how FSP can affect and improve mechanical and 

superplastic properties of Zn-22Al alloy. 

4. Chapter 4 describes a novel technique for producing a superplastic vibration 

damping steel sheet composite by using FSP.  

5. Chapter 5 demonstrates a novel technique for mechanically interlocking Zn-22Al 

superplastic alloy to insulated copper wire to produce a multi-functional 

superplastic composite.  

6. Chapter 6 proposes friction stir forming (FSF) for mechanically interlocking 

stainless steel strands to strengthen Zn-22Al alloy and to produce a composite with 

flexibility. 

7. Finally, Chapter 7 outlines the main conclusions, and identifies both limitations to 

our study and recommendations for further research. 

Bibliographic references cited in the present study are appeared in the reference list. 

 

For better understanding of the dissertation structure, an illustration is presented in Fig. 

i below. 
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Fig. i Structure of the dissertation chapters 
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1. INTRODUCTION  

1.1  Friction stir welding (FSW)  

Friction stir welding (FSW) is a solid-state joining process that uses friction 

heat. This method was developed by TWI in Cambridge, England and patented 

by Thomas. [1] FSW overcomes many of the problems associated with 

traditional joining techniques. In particular, FSW produces high-quality welds 

in difficult-to-weld materials such as aluminum, so it is rapidly becoming the 

process of choice for manufacturing lightweight transport structures such as 

boats, trains and airplanes. In addition, FSW eliminates many of the defects, 

such as shrinkage, solidification cracking and porosity, in fusion welding 

techniques. Because friction stir welding is particularly appropriate for 

aluminum alloys, which often cannot be easily joined by standard welding 

methods, initial research efforts concentrated on these alloys.  

Another important advantage of friction stir welding is that only a few process 

parameters need to be controlled. In fusion welding, many process factors need 

to be controlled: purge gas, voltage and amperage, wire feed, travel speed, 

shielding gas and arc gap. However, in FSW, only three process parameters 

need to be controlled: rotation speed, travel speed, and pressure, all of which 

can be easily controlled. Increased bond strength combined with reduced 

process variation increases the safety margin and the reliability. 

Fig. 1.1 illustrates the principles of FSW. A cylindrical-shouldered tool with a 

probe is rotated, plunged and fed into the joint line between two pieces of sheet 

butted together. As the rotating tool is traversed through the joint, it generates 

frictional heat between the tool and the workpiece. The generated heat is 

sufficient to plasticize and form a solid-state weld in the base metal.  

Fig. 1.1 Principle of friction stir welding 

http://www.twi-global.com/industries/shipbuilding/
http://www.twi-global.com/industries/rail/
http://www.twi-global.com/industries/aerospace/
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Fig. 1.2 shows the microstructure after FSW. Macro and microstructural 

investigations reveal that the friction stir weldment is composed of four 

different regions: 1. unaffected material, 2. heat-affected zone (HAZ), 3. 

thermo-mechanically affected zone (TMAZ) and 4. weld nugget or stirred zone. 

Unaffected material or parent metal is undeformed material located remotely 

from the weld. The unaffected material may experience a thermal cycle from the 

weld, but microstructure or mechanical properties are not affected by the heat. 

The heat-affected zone (HAZ) experiences a thermal cycle that modifies the 

microstructure and mechanical properties; however, no plastic deformation 

occurs in this area. The thermo-mechanically affected zone (TMAZ) is 

plastically deformed by the friction stir welding tool. The stir zone is the 

recrystallized area affected by stirring by the probe of the FSW tool. 

The probe of the FSW tool is one of the most important parts of FSW 

equipment. The probe mainly performs the stirring function. The tool tilt angle 

and the plunge depth are other important parameters for FSW. Plunging the 

shoulder below the plate surface increases the pressure below the tool and helps 

ensure adequate forging of the material at the rear of the tool. Tilting the tool by 

2–4 degrees has been found to assist this forging process. [2]  

Fig. 1.3 shows a schematic illustration of the FSW tool used in our study. When 

the probe has a normal thread cut, the direction of rotation of the tool must be 

counter-clockwise so that the material does not jump onto the upper surface of 

the workpiece. In many cases, the shoulder part also has an angle. The angle, 

which is inclined in the concave direction from the outer periphery of the 

Fig. 1.2 Microstructure features after FSP 
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shoulder part toward the base of the probe, is expressed as negative or positive. 

When the inclination angle of the tool is set to 0 degrees and the shoulder angle 

is positive, an excellent bead can be obtained. However, when the tool 

inclination angle is inclined several degrees in the traveling direction, a negative 

shoulder angle can obtain a better bead appearance. Some research has reported 

examples in which a shoulder is provided with a spiral groove [3], but, generally, 

this research does not reveal the detailed shape. 

 

 

 

 

1.2 Friction stir processing (FSP) 

FSP uses the same methodology as FSW, but FSP is used to modify 

microstructures and does not join metals. The rotating tool provides continual 

hot working action that plasticizes metal within a narrow zone while 

transporting metal from the leading face of the probe to its trailing edge. The 

processed zone cools without solidification and forms a defect-free 

recrystallized, fine-grained microstructure. Essentially, FSP is explored as a 

thermo-mechanical metal working process that changes the local properties 

without influencing the properties in the remainder of the structure. By 

modifying the technology developed for FSW, FSP can be used to transform a 

Fig. 1.3 Schematic illustration of friction stir welding tool used in our studies 
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heterogeneous microstructure into a more homogenous microstructure. FSP as a 

surface-engineering technology can eliminate casting defects and refine 

microstructures, and thereby improve strength and ductility, increase resistance 

to fatigue and corrosion, enhance formability, and improve other properties of 

the material. FSP also has the ability to thermo-mechanically process selective 

locations on the structure’s surface. 

FSP has recently gathered interest in many different fields of material studies, 

including superplasticity. A study has suggested that superplasticity occurs 

during the friction stirring process. [4] To impart superplasticity, FSP produces 

fine-grained microstructures. In one study, Nishihara et al. reported initial 

results on the FSW of superplastic Zn-22Al eutectoid alloy and demonstrated 

that FSW produces a fine-grained structure within the joint part. [5] 

Zn-22Al is a well-known superplastic material that has been widely used in 

different fields of studies. Zn-22Al can be obtained as sheet for thermal forming 

and is often used in low-volume applications where tooling costs must be kept 

low. It is used for electronic enclosures, cabinets and panels, business machine 

parts, and medical and other laboratory instruments and tools. [6] However, few 

trials of applying FSP on this alloy have been conducted. In our laboratory, 

studies on controlling and improving the mechanical properties of this alloy 

have been conducted. In tensile testing under proper temperature conditions, the 

observed ductility of superplastic metal varies substantially with the strain rate. 

Significant losses in ductility occur as the strain rate is increased or decreased 

from the value at which the ductility is maximized. It is well known that the 

primary factor related to this behavior is the rate of change of the flow stress 

with respect to the strain rate, which is usually measured. The rate is referred to 

as m. Higher values of m correspond to greater superplasticity. [7]  

One of the basic requirements for superplasticity is the material microstructure 

must have very fine grains. [7] It is expected that the grain refinement of Zn-

22Al can be achieved through FSP. Such grain refinement would have great 

significance in superplasticity studies.  

We focus on the effect of FSP on the microstructure of Zn-22Al superplastic 

alloy in Chapter 3. In particular, the effect of varying the different tool process 

parameters of FSP on the grain size of superplastic Zn-22Al is discussed based 

on microstructural observations, hardness tests and superplastic properties. The 

results of the study also open a new channel for discussing possible new 
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applications and the challenges of FSW and FSP, such as applying FSP for 

improvement and development of fine-grained structures for increased 

superplasticity. 

 

 

1.3 Friction stir forming (FSF) 

Due to the fluidity of aluminum alloys during FSW, a new micro-forging 

method was developed and applied to mechanical interlocking. This process is 

referred to as friction stir forming (FSF). Nishihara et al. were the first to report 

FSF. They applied it to micro-forming and producing mechanical joints of 

aluminum alloy and steel. [8-10] The FSF process uses the friction heat and the 

plastic deformation generated between the rotating tool and the material being 

forged. Fig. 1.4, which was first published by Nishihara in 2003, explains the 

principle of FSF. A material plate is put on a die, and friction stirring is 

conducted on top of the material. The material deforms and precisely fills the 

narrow grooves of the die due to high pressure and plastic deformation caused 

by the friction stirring heat, and the shape of the die is reflected on the 

workpiece. FSF can be used for embossing or mechanically interlocking 

dissimilar alloys or even micro-form processing. This technique is now being 

studied in our laboratory.  

Fig. 1.4 Principle of FSF [9] 
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Yamamura et al. used FSF to mechanically interlock thin metallic wires to 

aluminum alloys. [11] Yamamura published an article about the excellent 

fluidity of aluminum alloys during FSP, and fabricated metal matrix composites 

(MMCs) by the local dispersion of aluminum oxide particulates in the 

aluminum alloy. [12] Yamamura et al. also proposed novel FSF methods, such 

as the fabrication of local metallic foam, for property modification of the MMCs 

of 6061 aluminum alloy. They dispersed titanium hydride particles (TiH2) 

locally as a foaming material to produce the local MMCs. As a result, the 

structure of the foam produced in the layers was controlled by the titanium 

hydride particles dispersed in those layers. By monitoring the heat generated 

during FSP, they investigated the possibilities of dispersing the foaming 

material by the heat generated in FSP without additional heat from an electric 

furnace. The result showed the possibility of developing local foaming by the 

heat generated in FSF. [13] 

FSF recently has been applied to material forming. Ohashi et al. used FSF for 

net-shape forming of A5083 aluminum alloy gear racks. [14] They used a 

commercially available gear rack as a die and put A5083 plate on top of the die. 

They applied FSF on the surface of the plate. As the result, the material was 

deformed and filled the die cavity.  

In the present study, we used FSF for mechanical interlocking of dissimilar 

alloys. We experimentally investigated the mechanical interlocking of Zn-22Al 

superplastic alloy to a perforated steel plate and developed a superplastic 

vibration damping composite. Trials of interlocking Zn-22Al superplastic alloy 

to a thin insulated copper wire, as well as to stainless steel strands, to develop a 

new composite alloy are discussed in Chapters 4 to 6. 
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2. BACKGROUND AND LITERATURE REVIEW  

2.1. Superplasticity and grain refinement  

Superplasticity refers to the ability of a polycrystalline material to be pulled out 

in high tensile elongation without the development of necking prior to failure. 

[15] The original work on superplasticity was published by Pearson in 1934. 

[16] Pearson dramatically demonstrated a Bi-Sn sample that had been deformed 

to nearly 2000%. The ability to achieve high tensile ductility in a polycrystalline 

material is of interest from the point of views of scientific advances and the 

potential applications in the materials forming industry. [17] Superplasticity has 

several different variations of microstructural mechanisms and deformation 

conditions. These include micro-grain superplasticity, transformation 

superplasticity and internal stress superplasticity. At this time, only micro-grain 

superplasticity is important to the fabrication of parts. “For micro-grain 

superplasticity, high ductility is observed only under certain conditions, and the 

basic requirements are as follows: very fine grained material (on the order of 10 

µm or finer), a controlled strain rate (usually 0.0001 to 0.1 s
-1

), and a relatively 

high temperature (greater than approximately one-half the absolute melting 

point).” [18]  

Many advanced materials including metal matrix composites, intermetallics and 

ceramics exhibit superplastic behavior. [19] Moreover, some very fine-grained 

materials exhibit superplastic behavior at a very high strain rate (higher than 1 s
-

1
). High strain rate superplasticity is very attractive for commercial applications, 

because one of the current drawbacks in superplastic forming technology is a 

slow forming rate, which is typically ~10
-4 

s
-1

. Superplastic forming offers 

advantages over other fabrication methods. One of the major advantages of this 

process is that it can form large and complex workpieces in only one operation. 

The finished product has excellent precision and a fine surface finish. It also 

does not suffer from springback or residual stresses. Products can also be made 

larger to eliminate assemblies or reduce weight, which is critical in aerospace 

applications. [20] Superplasticity has been utilized for the fabrication of 

complex parts from sheet metal because of its large elongation. [21] A current 

goal in recent studies is the development of finer-grained materials that exhibit 

superplasticity at higher strain rates and lower forming temperatures. 
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Experimental evidence has shown that reducing the grain size increases the 

superplastic strain rate and superplastic elongation, and decreases the 

superplastic temperature. [22] The grain size affects grain boundary sliding 

(GSB), which is considered the main superplastic formation mechanism. [23] 

 

2.1.1  Grain refinement methods 

Recently, severe plastic deformation (SePD) techniques such as equal-channel 

angular pressing (ECAP) or torsion straining (TS) have been used to produce 

bulk materials with ultrafine grains. [24, 25]  

The process of ECAP was first introduced by Segal et al. [26] The basic 

objective at that time was to develop a metal forming process where high strains 

are introduced into metal billets by simple shear. [27] After that, in the 1990s, 

Valiev et al. used ECAP to produce ultra-fine-grained metals with unique 

properties, and the resulting metals had a scientific impact on industrial 

applications. [28, 29] An important limitation in conventional ECAP is that the 

sample must be removed from the die and reinserted, with or without an 

intermediate rotation, in order to achieve large numbers of passes and a high 

imposed strain. These operations are both labor-intensive and time-consuming. 

A procedure that eliminates the need for removing specimens from the die 

between each pass is to using a rotary ECAP die. [30-33] However, a 

disadvantage of this process is that the aspect ratios of the sample are small, so 

the final effects can lead to significant inhomogenities. [34] A physically similar 

approach is the side-extrusion process. [35] A disadvantage of this method is 

that it requires the acquisition of a complex pressing facility. Nakashima et al. 

constructed a die for multiple passes as an alternative procedure. [36]  

The principle behind these techniques is to produce a very large strain in the 

sample. The rearrangement of the dislocations introduced by straining leads to a 

substantial grain refinement down to the submicrometer or even the nanometer 

scale. Materials processed by ECAP have the potential for superplasticity, 

especially at very high strain rates and low temperatures. The validity of this 

proposal has been demonstrated by several recent reports of high strain rate 

superplasticity above 10
-2

 s
-1

 and low temperature superplasticity in aluminum 

and magnesium alloys processed by ECAP. [37-40]  
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Only a few reports are available on applying ECAP to sheet metals to produce 

ultra-fine grained material for industrial applications, where it is necessary for 

the as-pressed samples to be in the form of metallic sheets. [41-45] 

However, another recent processing technique that has gathered interest for 

developing the mechanical properties of materials, especially sheet metals, is 

friction stir processing (FSP), which was introduced earlier. 

FSP is believed to affect the grain size of the stirred material. Attempts to 

modify the structure of materials with FSP methods were carried out on Al 

alloys [46-48], magnesium alloys [49-54], steels [55], and also composites. [56]  

Yong et al. reported the production of an ultra-fine-grained aluminum alloy with 

an average grain size of 2~3 µm by using FSP. [57] They applied single-pass 

FSP at various tool rotational speeds (560~1840 rpm) on 1050 aluminum alloy 

and investigated the influence of tool rotational speed on the microstructure and 

the mechanical properties of the zone. They set the tool travel speed to 155 

mm/min. Their results showed a very fine-grained structure through the stirred 

area for a rotational speed of 560 rpm. The hardness was significantly increased 

by about 37% compared to the base metal. The tensile strength was also 

improved after FSP due to the grain refinement. They concluded that the 

maximum temperature of the processed area is an important parameter for 

controlling the microstructure and the mechanical properties. [58] 

Hayashi et al. (2010) applied FSP on continuously cast AA5083 in the as-

received condition. They reported grain refinement (1.0-3.5 µm) after FSP 

within the stir zone. They reported high elongation of 1200% at a high strain 

rate (10
-1

 s
-1

) at a temperature of 450 °C. [59] 

Haider et al. (2015) investigated the effect of FSP on the microstructure and the 

hardness of a 7000 Al alloy (Al-Zn-Mg-Cu) that was produced via casting with 

the addition of nickel. They performed FSP in a single pass with a rotation 

speed of 1500 rpm and a travel speed of 40 mm/min. A grain size of 18 µm with 

higher hardness was achieved in the stir zone. This grain refinement led to the 

uniform space distribution of Ni dispersed particles in the stir zone. [60] 

Ehab et al. (2010) reported a study on trials of FSP on A5083 aluminum alloy. 

They applied FSP in a single pass with a rotational speed of 430 rpm and a 

travel speed of 90 mm/min. Their FSP treatment achieved a fine grain size of 

1.6 µm and a strain rate sensitivity exponent (m-value) of 0.33 compared to the 
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m-value of 0.018 before treatment. Tensile tests at a temperature of 250 °C 

revealed enhanced ductility and lower forming loads. [61] 

Chengqi et al. reported that FSP was an effective method to enhance the Mg-Zr 

alloying efficiency and save the Zr addition. They used FSP to modify the Zr 

particle size distribution of a commercially available Mg-Zr master alloy and 

studied the subsequent grain refinement ability by trials on Mg-3Nd-0.2Xn-

0.6Zr alloy. [62] Their study provided a more efficient way to achieve more 

Mg-Zr refinement. Their new method applied FSP to as-received Mg-30%Zr 

alloy in order to break up large Zr particles and clusters into smaller particles; 

they concluded that the refining efficiency of Mg-Zr alloy was improved by 

FSP.  

Iwaszko et al. subjected AM60 magnesium alloy to FSP to improve its 

mechanical properties. They showed that FSP leads to a more homogeneous 

microstructure and significant grain refinement. They achieved an average grain 

size of 6-9 µm within the stir zone. They concluded that lower rotational speed 

of the tool resulted in a finer grain size and a higher hardness. They presumed 

that the temperature increases with the higher rotational speed led to a lower 

refinement of material. [54] 

Charit and Mishra used FSP as a grain refinement technique. They applied FSP 

on a commercial 5083 Al alloy. Fine-grained microstructures with an average 

grain size of 3.5-8.5 µm were obtained in their study. They reported a maximum 

ductility of 590% at a strain rate of 3×10
-3 

s
-1

 at 490 °C. They indicated the 

importance of the processing window for obtaining an optimized microstructure 

for optimum superplasticity. [63] 

Saito et al. applied a single pass of FSP (rotational speed: 1540 rpm travel 

speed: 0.5 mm/s) on rolled and annealed 1050 Al alloy and reported that grain 

refining by using FSP depends on the microstructure of the base metal. They 

achieved a grain size of 1-2 µm after FSP for the rolled plate, while the grain 

size of 4-8 µm was obtained for annealed sheets. [64] 

McNelly applied multiple passes of FSP in a step-over method and reported 

significant grain refinement in AA5083 Al–Mg alloy. He used two different 

FSP tools with different probe lengths and conducted FSP with a step-over 

distance of 2 mm to obtain a grain size of 0.5-2.0 µm. He evaluated the 

processed alloy by tensile testing and measured a high elongation of 1200% at a 

high strain rate of 1×10
-1 

s
-1

. [65] 
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Such discoveries in grain refining have enormous practical significance. For 

example, it was reported recently that ultra-fine-grained Zn–Al alloy could be 

applied as a seismic damper for high-rise buildings by attaining high strain rate 

superplasticity at room temperature. [66-70] 

 

2.1.2  Grain refinement of Zn-22Al superplastic alloy 

Zn-22Al, which is a well-known superplastic alloy used in our studies, can be 

obtained as sheet for thermal forming and is often useful in low-volume 

applications where tooling costs must be kept low. Zn-22Al is also used for 

electronic enclosures, cabinets and panels, business machine parts, and medical 

and other laboratory tools. [71] “Zn-22Al superplastic alloy also has excellent 

properties needed for seismic damper, such as high ductility, low work 

hardening and no metal harmful to human health.” [71] Some investigations 

were carried out for nano-sized Zn–Al alloy in order to develop a high-

performance seismic damper capable of replacing conventional dampers, such 

as low-yield-point steel. Using FEM analysis, Tanaka et al. discussed a design 

for appropriate structures as damping devices using superplastic Zn-Al alloy. 

They manufactured a bulk Zn–Al alloy with a nanocrystalline microstructure by 

thermo-mechanical controlling process (TMCP) technology, and compared the 

tensile properties of this alloy with that of low-yield-point steel. [72] 

Only a few attempts have been made to improve the mechanical properties and 

to refine the microstructure of Zn–Al alloys by ECAP. [73-75]  

Cetin et al. investigated the effect of grain size on the deformation behavior of 

Zn-22Al superplastic alloy. They produced a fine-grained structure having a 

grain size of 200 nm by applying the two-step ECAP method. They also applied 

an annealing process to the obtained alloy to achieve microstructures with 

various grain sizes ranging from submicron to micron sizes. The result showed 

400% elongation at a strain rate of 5×10
-2

 s
-1

. They also reported a lower strain 

rate with elongation decreased to 100%~390%, because the grain size increased 

due to annealing. [76] 

In another study, Demirtas et al. reported the effect of natural aging at room 

temperature on the superplasticity of Zn-22Al alloy. They used two-step equal 

channel angular extrusion/pressing (ECAE/P) to produce ultra-fine grained Zn-

22Al having a grain size of 200 nm. They subjected Zn-22Al to long-term aging 
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at room temperature (up to 60 days). Grain sizes of 300 and 350 nm were 

obtained after 60 days of aging; this means that Zn-22Al has good 

microstructural stability at room temperature. The alloy subjected to ECAP 

showed a maximum elongation of 400% at a high strain rate of 5×10
-2

 s
-1

. The 

elongation decreased to 350%-370% with the increase in grain size (300 and 

350 nm). They concluded that examined Zn-22Al can be used in long-term 

applications at room temperature, as in the case of seismic conditions. [77] 

Tanaka et al. reported a study on grain refinement of Zn-22Al in 2003. They 

subjected Zn-22Al to ECAE under different conditions. A grain size of 0.3-0.6 

µm was achieved when 4 to 8 passes of ECAE were performed during alloy 

phase transformation at room temperature. They verified that equiaxed and 

homogeneously distributed grains were obtained by ECAE. [78]  

Nishihara (2004) reported the initial results of the FSW of superplastic Zn-22Al 

eutectoid alloy. He demonstrated that FSW produces a fine-grained structure 

within the joint part. [79] 

However, these studies showed disadvantages. For example, they are time-

consuming and labor-intensive. The sample must be removed from the die and 

reinserted to achieve more passes in ECAE in order to obtain finer grains. In the 

present study, grain refinement of Zn-22Al is expected to be achieved by using 

FSP, which is time-saving, ecological, and financially cheaper, with easier 

experimental procedures; these characteristics could be of great significance in 

superplasticity studies. The effect of FSP on the microstructure of superplastic 

Zn-22Al is discussed in Chapter 3. In particular, the effect of varying the 

different tool process parameters of FSP on the grain size of superplastic Zn-

22Al alloy is discussed based on microstructural observations, hardness test 

results and superplastic properties. The results of the present study also open a 

new channel for discussing possible applications and challenges of FSW and 

FSP, such as applying FSP to the improvement and development of fine-grained 

structures for increased superplasticity. 
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2.2 Composite materials  

Composite materials have got a widely applications in cutting-edge ranges of 

advanced materials as medical devices, sport parts, automotive and especially 

for materials that are needed for aerospace, underwater, and transportation 

applications. Many of modern technologies require composite’s properties that 

cannot be met by the conventional metal alloys, ceramics or polymeric materials. 

[80, 81] For example, aircraft engineers are increasingly searching for structural 

materials that have low densities, are strong, stiff, and abrasion and impact 

resistant, and are not easily corroded. This would rather be a combination of 

characteristics. [82] Material property combinations and ranges have been, and 

are yet being, extended by the development of composite materials. Generally 

speaking, a composite is considered to be any multiphase material that exhibits 

a significant proportion of the properties of each constituent phases such that a 

better combination of properties is achieved. 

In designing composite materials, scientists and engineers have ingeniously 

combined various metals, ceramics, and polymers to produce a new generation 

of materials. Most composites have been created to improve mechanical 

properties such as strength, stiffness, toughness, and high-temperature strength. 

[81] 

Many composite materials are composed of just two phases; one is termed as 

matrix, which is continuous and surrounds the other phase, often called the 

dispersed phase. The role of matrix in composite materials are to give shape to 

the composite, protect the reinforcements, and create toughness for material. 

The aim of reinforcements in composites are to get strength, stiffness and 

improve other mechanical properties. 

The properties of composites are a function of the properties of the constituent 

phases, their relative amounts, and the geometry of the dispersed phase. [81] 

Composites can be classified into different categories based on the type of 

matrix material. For example: metal matrix composites (MMCs) or fiber 

reinforced metals (FRM), fiber reinforced plastics (FRP), fiber reinforced 

ceramics (FRC), fiber reinforced glasses (FRG), intermetallic compound matrix 

composites (IMC), and carbon fiber reinforced carbon (CFRC) composite. [81] 

Based on the characteristic and properties of each different composite, they can 

be used in different field of studies. However, production of composites to give 
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the expected properties is not simple. Many methods have been developed for 

fabrication of composite to meet specific design or manufacturing challenges. 

Selection of the appropriate method for a particular part is important and will 

depend on materials, the part design and end-use or application. 

 

2.2.1 Metal matrix composites (MMCs) 

When in a composite the matrix is metal, it is termed as “metal matrix 

composite” [82]. Some of the advantages of these materials over other matrix 

composites include higher operating temperatures, non-flammability, and 

greater resistance to degradation by organic fluids. Aluminium is one of the 

main and dominant choices of matrix material for majority of the MMCs. 

Titanium alloys have also a wide range of applications in MMCs. Titanium 

alloys have enhanced strength to weight ratios as well as improved strength 

retentions at 400-500 °C than those of aluminium alloys. Titanium MMCs are 

applied in applications where performance is challenged regardless of cost-

efficiency [83, 84] The super alloys, as well as alloys of aluminum, magnesium, 

titanium, and copper, are employed as matrix materials. The reinforcement may 

be in the form of particulates, both continuous and discontinuous fibers, and 

whiskers; concentrations normally range between 10 and 60 vol%. [85] 

Automobile manufacturers have recently begun to use MMCs in their products. 

For example, some engine components have been introduced consisting of an 

aluminium alloy matrix that is reinforced with aluminum oxide and carbon 

fibers; this MMC is light in weight and resists wear and thermal distortion. 

Metal matrix composites are also employed in driveshafts (that have higher 

rotational speeds and reduced vibrational noise levels), extruded stabilizer bars, 

and forged suspension and transmission components. The aerospace industry 

also uses MMCs. Structural applications include advanced aluminum alloy 

metal matrix composites; boron fibers are used as the reinforcement for the 

space shuttle orbiter, and continuous graphite fibers for the Hubble telescope. 

[85]  

 

2.2.2 MMCs manufacturing methods 

As mentioned earlier, MMCs have many advantages over metals or alloys. 
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Depending on the type and intended application of the composite, selection of 

the proper fabrication method is required.  

There are several methods of producing MMCs like stir casting, squeeze casting, 

spray deposition, powder metallurgy, diffusion bonding and vapor deposition. 

Some of those important techniques can be categorize into the two groups of 

liquid-state processes and solid-state processes.  A summary of fabrication 

techniques are provided here. 

 

2.2.2.1 Liquid-state processes  

Casting or liquid infiltration implies infiltration or particulate reinforcement 

preform by a liquid metal. Poor wetting of ceramic reinforcement by the molten 

metal during liquid-phase infiltration results many challenges during MMC 

fabrication. Reactions between the fiber and the molten metal, which break 

down the properties of the fiber, are likely to happen when the infiltration of a 

fiber perform takes place. Applying fiber coatings before infiltration improves 

wetting and restrains interfacial reactions. However, the drawback is that the 

fiber coatings must not be exposed to air prior to infiltration because of the risk 

of surface oxidation of the coating. [86, 87]  

Another liquid infiltration process in which ceramic particles and ingot-grade 

aluminum are mixed and melted to form a MMC is Duralcan process. [87] 

Melted mixture is stirred slightly above the melting temperature (600−700 °C). 

This technique requires particles with size range between 8−12 μm. In foundry-

grade MMCs, high Si aluminum alloys (eg, A356) are used, in order to avoid 

the formation of the brittle compound aluminum carbide Al4C3, which is formed 

from the interfacial reaction between Al and SiC. Al4C3 is extremely 

detrimental and tend to harm the mechanical properties, especially toughness 

and corrosion resistance. Fiber tows are passed through a molten metal bath, 

where individual fibers are wetted by the molten matrix removed off from the 

excess metal, and a continuous fiber reinforced MMC is produced. [87] 

Lanxide’s primex process is another liquid metal infiltration process for 

producing MMCs, which can be utilized with particular reactive metal alloys 

such as Al-Mg that infiltrate ceramic preforms. For an Al- Mg alloy, in a 

nitrogen-intense environment, the process occurs between 750−1000°C, and 

standard infiltration rates are less than 25 cm/h. [87] 
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Squeeze casting or pressure infiltration refers to driving a liquid metal into a 

fibrous or particulate preform. [88] As result of the pressure upon completion of 

solidification, molten metal passes through small aperture in the fibrous preform, 

so that excellent wettability of the reinforcement by the molten metal will not be 

required. The process time in this technique is substantially short. Therefore, the 

reaction between the reinforcement and molten metal in the produced composite 

is minimized. Conventional casting defects such as porosity and shrinkage 

cavities are barely observed in these types of composites [83, 89]. 

 

2.2.2.2 Solid-state processes  

“Deformation processing is a solid state technique in which the composite 

material is deformed and/or densified. Mechanical processing (swaging, 

extrusion, drawing, or rolling) of a ductile two-phases metal−metal composite 

triggers the two phases to co-deform, leading to one of the phases to elongate 

and become fibrous in nature within the other phase. The materials produced are 

occasionally denoted as in-situ composites. The characteristics of the 

preliminary materials define the properties of a deformation processed 

composite. The initial materials are normally a billet of a two-phase alloy that 

has been made by casting or powder metallurgy methods” [83, 90]. 

Roll bonding is another conventional practice to produce a laminated composite. 

The produced composite consists of distinct metals in layered arrangement 

which is called sheet laminated metal-matrix composites [91]. 

“Powder processing techniques are utilized to make particulate or short fiber 

reinforced composites in association with deformation processing. Generally, 

this method includes cold pressing and sintering or hot pressing to manufacture 

primarily particle or whisker-reinforced MMCs.” [92] The matrix and the 

reinforcement powders are mixed together to create a uniform distribution. Cold 

pressing is applied accordingly to construct a so called green body which is 

about 80% dense and can be simply processed. “To eliminate any absorbed 

dampness from the particle surfaces the cold pressed green body is preserved in 

a sealed container and degassed.” [83] The material is hot pressed either 

uniaxially or isostatically and extruded in order to achieve a completely dense 

composite. The stiff particles or fibers trigger the matrix to be deformed 

considerably. Furthermore, dynamic recrystallization at the particle/matrix 
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interface during hot extrusion generates randomly oriented grains near the 

interface, and moderately textured grains far from the interface. [92] 

Sinter-forging is a unique and economical deformation processing technique 

[93]. “In this method a powder mixture of reinforcement and matrix is cold 

compacted, sintered, and forged to practically complete solid. The major benefit 

of this technique is that forging is carried out to deliver a near-net shape 

material, leading to minimize the machining operations and material waste. 

Tensile and fatigue properties of the low cost, sinter-forged composites are 

equivalent to those of materials produced by extrusion.” [83] 

Diffusion bonding is a solid-state processing method for merging similar or 

dissimilar metals. The bonds form as a result of inter-diffusion of atoms 

between in-contact metallic surfaces at high temperature. “As the main 

advantages, this technique is able to process a broad range of metal matrices and 

to control fiber orientation and volume fraction.” [83] However, long processing 

times, high processing temperatures and pressures that leads to a costly process, 

and a restriction on producing complex profiles are the demerits and drawbacks 

of this method. Almost all forms of diffusion bonding processes simultaneously 

comprise application of pressure and elevated temperature. In this method, 

“matrix alloy foil and fiber arrays (composite wire) or monolayer laminate are 

pressed in a prearranged order. Vacuum hot pressing is critical phase in the 

diffusion bonding processes for metal matrix composites. As an alternative of 

uni-axial pressing, hot iso-static pressing (HIP), may also be applied in which 

the composite inside the container is consolidated via the gas pressure against a 

can. The HIP facilitate applying high pressures at high temperatures with 

inconsistent geometries.” [83, 94] 

With knowledge of various types of composites, as well as an understanding of 

the dependence of their behaviors on the characteristics and properties of the 

constituent phases, it would be possible to design materials with property 

combinations that are better than those found in the metal alloys, ceramics, and 

polymeric materials. [82] 

 

2.2.3 Superplastic metal matrix composites 

As indicated, composites are strengthened by particles or fibers which in many 

cases make them have a low ductility. It produces problems in forming process 
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and limits their widespread applications such as preventing mass production 

through press or rolling methods, resulting in high costs. Therefore, 

improvement ductility of composites and producing fine-grained MMCs has 

been desirable for many structural applications. For commercial application, 

development of manufacturing technology and forming operations of the 

composites possessing high ductility is required. [95] Therefore, there has been 

a growing interest in the development of fine-grained microstructures for 

superplastic forming of different alloys matrix composites. 

Some studies have been performed to develop superplastic ceramic reinforced 

aluminum composites with high ductility. Superplastic composites have been 

processed by foils, casting, hot rolling or the powder metallurgy method. 

Kojima and Ishikawa used hot rolling technique to produce a superplastic 

aluminum sheet clad with metal matrix composites. [96] They fabricated a clad 

sheet by the hot rolling of an aluminum alloy sheet and a TiN-particle-

reinforced aluminum composite sheet which were fabricated by powder 

metallurgy and thermos-mechanical processing. Fabricated clad sheet indicated 

an elongation of 257% at a strain rate of 8.3×10
-3

. [96] Their method have the 

advantage of improving the superplastic properties of the assembly by refining 

the microstructure of the composite throw the thermo-mechanical process 

following the powder metallurgy. However, the processing method was 

complicated with many parameters to control.  

Nishimura et al. published a study on manufacturing the Zn-22Al superplastic 

matrix composite by using powder metallurgy. [97] They used bondable Zn-

22Al alloy powders and SiC fibers to develop a compacting method for 

fabricating metal matrix composites. They applied heat treatment to control the 

composite properties. They manufactured metal matrix composites by the 

vacuum hot press method. The maximum applied pressure was 50 kN and the 

maximum heating temperature was 600 °C. A cylindrical mold (⌀ 70, 70 mm × 

50 mm) was used in their experiments. Because the reinforcing fiber was 

supplied with SiC continuous fiber in 500 bundles, it could be cut to an 

appropriate length according to the size of the mold. Cut fibers and superplastic 

powder were placed alternately and set under the appropriate conditions with a 

hot press. The pressure was set to avoid damaging the fiber, and the retention 

time was set to the minimum value obtained from various experiments. The 
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FRM molded under the above conditions was then divided into those subjected 

to heat treatment (360 °C× 1 h → rapid cooling) to induce superplasticity and 

those not subjected to heat treatment (referred to as non-heat treatment). 

The method of Nishimura et al. required control of the fabricating temperature, 

the amount of applied pressure, and also the duration time. Consequently, their 

method is not efficient enough because it is too time-consuming, complicated 

and not eco-friendly.  

Few studies have examined grain refining and development of superplastic 

characteristics in aluminum composites, because superplastic forming of 

aluminum alloys especially have been demonstrated in some aluminum based 

composites. [98-100] Mabuchi and Imai published a study on producing a 

superplastic composite reinforced with Si3N4 by powder metallurgy. [101] They 

used the powder metallurgy method and produced a homogeneous dispersion of 

the reinforcement (Si3N4) and the fine-grained structure in an aluminum matrix 

composite. They reported large elongation of 300% at a high strain rate (4×10
-2

). 

It was reported that 2124 aluminum composite containing 20% SiC whisker 

exhibited about 300% elongation to failure [102] Mahoney and Gosh fabricated 

superplastic 7064 aluminum alloy reinforced with 10% SiC particles.  [103-105]  

A SiC reinforced 2124 aluminum composite which was fabricated by the 

powder metallurgy method, showed a large elongation of about 300% at a high 

strain rate. [102] Hot extrusion method has also been noted as a method for 

processing superplastic aluminum alloy composite without any 

thermomechanical treatment for grain refinement. [106]  

However, each of the superplastic composites process methods like foiling, 

casting or powder metallurgy, have some problems and disadvantages.  

Fabrication process of composite with superplasticity is complex. Additional 

thermo- mechanical processing (TMP) is needed for mixing processes. TMP is a 

complicated method containing warm rolling, which leads to high cost. [95, 

107]. Range of deformation is slow and it is not relatively suitable to apply for 

superplasticity. Moreover, “range of deforming temperature is above the solidus 

line of matrix; liquid-and-solid coexistence causes voids, which degrade 

mechanical properties of the products.” [95] 

 

 

. 
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2.2.4 SPF/DB for manufacturing metal matrix composites   

Superplastic forming /diffusion bonding (SPF/DB) is relatively a new method 

for fabricating composite sheets and selectively reinforced composites. [108, 

109] SPF and SPF concurrent with diffusion bonding (SPF/DB) of metals have 

been used in different industries such as the electronic, transportation, 

architecture, medical and mainly and especially in aerospace industry.  

The main characteristics of the diffusion bonding process are very similar to 

those of SPF [110]. The similarity of the technological parameters for both 

technologies makes it possible to combine SPF and DB and thus highly 

complex structures are superplastically formed and diffusion bonded within the 

same heat-cycle [110]. Superplastic forming and diffusion bonding processes 

operate similarly to hot forming processes with a few distinctions. They still 

rely on the fundamental principle of heating the metal to increase its 

malleability. Superplastic forming requires exceptional amount of heat for the 

metal to reach its superplastic state. Once certain materials reach close to their 

phase transformation temperature, the material is so malleable that superplastic 

forming processes can use gas pressure to form the part. This allows operators 

increased control to form more complex parts than possible with hot forming. 

Diffusion bonding processes form two or more sheets of metal into one part. It 

is accomplished by applying gas pressure between the sheets and around shapes 

once the metal has reached the super plastic state. Diffusion bonding processes 

have a variety of applications since they can form complex shapes. 

Materials for SPF/DB processes should have good superplastic properties 

including elongation, strain rate sensitivity and cold ductility. In addition to the 

superplastic properties, the material to be formed must be suitable for diffusion 

bonding. “Diffusion bonding refers to the solid-state joining of the surfaces of 

similar or dissimilar metals by applying heat and pressure for a time duration to 

cause co-mingling of the atoms at the joint interface.” [111] These properties 

make it possible to fabricate components from superplastic materials. 

Significant cost saving in SPF/DB results from the shorter time required in 

forming and lower costs of the processes and metals used. [112] 

High strength materials such as titanium have the most manufacturing 

applications in many industries like offshore and aerospace; therefore, the 

structure formed by the SPF/DB process provides higher rigidity and strength-
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to-weight ratio than conventional riveting assemblies, due to a large reduction in 

the number of components and higher structural efficiency. [112] 

Generally titanium (Ti-6Al-4V alloy) and aluminum alloys (7475 alloy) which 

are resistant to cavitation with very fine grain size usually less than 20 µm are 

used as superplastic matrices. Hefti Larry carried out superplastic forming (SPF) 

of ordinary Ti-6Al-4V alloy at 900 to 920 °C using powders having an average 

particle diameter of 8 µm, and developed a technique for SPF at 775 °C. They 

also clarified that diffusion bonding can be performed at this relevantly low 

temperature with the same time and pressure as for conventional alloys. This 

microcrystalline grain Ti-6Al-4V was also capable of bonding with the 

conventional Ti-6Al-4V. They showed application examples of aerospace 

products using fine grain Ti-6Al-4V through joint research with VSMPO and 

Boeing. [113]  

Velicki introduced a cost efficient method for making a SPF/DB hollow core 

fan blade. [111] A hollow core fan blade for a gas turbine engine, having a 

continuous leading edge, was fabricated using a four-sheet superplastic 

forming/diffusion bonding process which resulted in a cost-efficient and 

lightweight, yet strong, structure. The rotor blade was comprised of a face sheet 

which had a 180 degree bend therein so that the two face sheet ends were 

aligned. To fabricate the blade, a core sheet assembly was inserted inside the 

prepared face sheet; thereby a titanium pack assembly having a plurality of 

pressure-tight cells was formed. The titanium pack was inserted into a cavity 

within a die, after which the rotor blade, having predetermined design 

characteristics, was superplastically formed by heating the die and selectively 

pressurizing the plurality of cells. [111] 

Zhihao et al. fabricated the multilayer structure of Ti2AlNb based alloy based on 

the superplastic forming/diffusion bonding (SPF/DB). [114] They investigated 

properties of superplasticity and diffusion bonding of Ti-22Al-27Nb alloy. In 

their study the uni-axial tensile experiment showed that the tensile elongation 

reached up to 236% at the temperature of 970 °C with the strain rate of 3
-4

 s
-1

. 

Based on the superplasticity, the finite element analysis of structural design was 

carried out and the results showed that the honeycomb structure was flexible.  

Diffusion bonding experiment was carried out at the temperature of 950 and 

970 °C. Combining the microstructure of bonding interface with shear strength 

of different joints, the diffusion bonding parameter for present alloy was: 
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970 °C/ 10 MPa/ 2h. The thickness distribution of the final structure was 

uniform and the mechanical properties after SPF/DB reduced. The compressive 

strength of this structure behavior was about 7.7 MPa. [114]  

Hirobashi et al. tried joining experiments by SPF/DB method with three kinds 

of superplastic aluminum alloys as the target and examined the possibility of 

diffusion bonding by carrying out shear test. In their study ultra-duralumin type 

A7475 and corrosion resistant aluminum alloy A5083 reached practical level 

even in low vacuum or argon gas. However, Zn-22Al did not have a high 

bonding strength. [115]  

Nagano and Wakai publish a study on the possibility of using SPF/DB as a 

manufacturing technique in ceramics industries. [116] As recent developments 

of superplastic ceramics have brought various possibilities for manufacturing 

techniques in ceramic industry, they showed the possibility that the similar 

developments can be anticipated throw SPF/DB also in ceramic technology. 

Their study gave an overview on fundamentals and characteristics of SPF/DB 

method, and made a comparison between techniques for metals and that for 

ceramics. The diffusion bonding of ZrO2/Al22O23 composites, mullite/ZrO2 

composite, and Al2O3/TiN composite was described as examples. The 

fabrication of functionally gradient material was demonstrated as an application 

of SPF/DB for ceramics. [116]  

As indicated above, development of superplastic materials has provided new 

opportunities for designing and producing complex components and structures 

using superplastic forming methods. Superplastic forming methods can be used 

alone or in combination with diffusion bonding as an attractive technology for 

manufacturing of components and structures that cannot otherwise be produced. 

As mentioned earlier, the materials that can presently be used in SPF/DB 

processes are limited to uniform grain-size metals that do not form an inhibiting 

surface oxide, thus, titanium alloys are the most favorite alloys for SPF/DB and 

it would be highly desirable to be able to form composite structures from 

aluminum and other aluminum alloys by SPF/DB technology.  

Comparing to materials that exhibit uniform fine grains and superplasticity, Zn-

22Al which is of the most commonly used materials for studying superplastic 

behavior, reaches its superplastic temperature at a relevantly low temperature 

between 200 and 300 °C and would be an excellent material for SPF/DB 

processes. However due to its low strength the structural applications of this 
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alloy are limited. Only a few studies have been published regarding fabrication 

of Zn-Al alloys to produce applicable superplastic composites. 

Azujima successfully developed a composite damping steel plate laminated with 

steel sheets. [117] He introduced a production method, characteristics and 

optimum design for low carbon steel sheet and Zn-22Al alloy.  

Kaneko et al. reinforced Zn-22Al with SiC whisker throw high-pressure casting 

and hot extrusion methods, and observed the whisker breakage situation and 

investigated mechanical properties of the produced assembly.  Although during 

the time of hot extrusion of the composite material the deformation resistance 

decreases, they could confirm and clarify that the whiskers can be uniformly 

distributed. Breakage by extrusion processing was reduced, and it could be 

oriented in one direction. They showed that elastic coefficient and the tensile 

strength of the extruded composite material were improved. [118]  

Kim et al. produced a composite in which whiskers are three-dimensionally and 

randomly oriented in Zn-22Al alloy by combining high-pressure casting and hot 

extrusion methods. They applied eutectoid transformation process to form fine 

grain structures, and investigated the tensile properties and high temperature 

deformation behavior of the produced assembly under different strain rates in a 

temperature rate of 220~300 °C. They found out that the composite was 

influenced by the length and orientation of whiskers. However, even under 

conditions in which the matrix material exhibited superplasticity, the composite 

did not show superplasticity and broke at 100% or less elongation. [119]  

Uno et al. prototyped a cylinder head gasket of composite material using a Zn-

22Al based superplastic alloy and applied the composite as a material for 

sealing parts. [120] The prototype gasket for small diesel engines has a structure 

in which a Zn-22Al superplastic material is thermally crimped on both surfaces 

of a wire mesh or a fractured composite steel plate as a core material. They 

applied heat treatment after molding. As a result of various characteristic tests, 

the composite material using Zn-22Al based superplastic alloy was able to 

reduce creep deformation under high temperature and high pressure by using a 

composite material while maintaining its merits. As a result, they concluded that 

the developed composite can be used as a gasket material. [120]  
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2.3  Friction stir processing and its applications 

2.3.1  Friction stir processing for fabrication of composites 

As mentioned earlier, friction stir processing (FSP) is a new solid-state 

technique that uses the principles of friction stir welding. Friction stir 

processing results in a very fine and equinox grain structure in the processed 

regions. This grain structure causes higher mechanical strength and ductility. 

The microstructure in the processed region evolves through a continuous 

dynamic recrystallization process [121, 122]. FSP research has reported on 

refining grain, improving mechanical properties and developing superplasticity 

characteristics. [123] FSP has also been applied to formability improvement, 

surface treatment, and surface-modified powder processing. [124] Furthermore, 

material with grain refinement produced by this process exhibits superplastic 

properties. [125] Initially, FSP was used to modify the microstructure of cast 

aluminum alloy. Mahoney et al. [126] emphasized that FSP can be selectively 

applied to a location within a conventional aluminum alloy sample to tailor its 

microstructure and to achieve increased superplasticity. Mahoney and Lynch 

reported practical applications of FSP, including the application of FSP to Al-, 

Cu-, Fe-, and Ni-based alloys to improve their material properties. Some of the 

demonstrated beneficial effects of FSP include the following: doubling of the 

strength of cast Ni–Al bronze, a five-fold increase in the ductility of Al alloy 

A356, increased fatigue life of fusion welds, increased corrosion resistance of a 

Cu–Mn alloy, and bending of 25-mm-thick Al alloy 2519 plate to an angle of 

85° at room temperature without surface cracking. [127]  

FSP has been recently used to fabricate bulk and surface composites. The 

method of composite material formation using FSP was first reported by Mishra 

in 2003. Mishra used SiC powder as a reinforcing agent and 5083 aluminum 

alloy as a base material. The SiC powder was mixed with a small amount of 

methanol and attached to the surface of the aluminum alloy to form a SiC 

particle layer on the surface of the alloy. After that, FSP treatment was 

performed to disperse the SiC particles in the aluminum alloy and compositing 

was successful. [128] 

Production of a surface layer composite by using FSP was reported by Lee et al., 

who made a groove in AA61 magnesium alloy and put SiO2 nanoparticles in it. 

They restored the surface of the groove by performing FSP on the surface. FSP 
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was performed again (multi-pass FSP) to disperse SiO2 particles by AZ61 to 

form a composite material layer. They reported that the prototype composite 

material exhibited a high elongation of 420% and superplasticity when 

subjected to a tensile test at 350°C. [129] 

Lim et al. reported that complex layers were formed on A7075 aluminum alloy 

by using multi-wall carbon nanotubes (MWCNTs). [130] They made grooves in 

A7075 and inserted MWCNTs into the grooves. 6111 aluminum alloy was 

overlaid on top and FSP was performed to form a composite material layer. 

Dixit and colleagues also dispersed NiTi powder in A1100 in the same way to 

form a surface composite layer. [131] 

However, when fabricating a composite material by using FSP, the reinforcing 

particles are not uniformly dispersed. It is thought that this is due to the non-

uniform plastic flow of FSP. Therefore, Shafiei et al. performed FSP in several 

passes, called “multi-pass FSP”, in order to uniformly form the layer of a 

composite material. They dispersed Al2O3 into A6082 by using a tool without a 

probe and then repeated FSP up to 4 passes by using a tool with a probe. As a 

result, they found that by increasing the number of passes, the reinforcing 

particles were uniformly dispersed in stir zone (SZ) and the hardness was 

increased. At the same time, they reported that, by using nano-sized Al2O3 and 

the pinning effect, they could regulate the regrowth of the aluminum alloy 

structure refined by dynamic recrystallization during the FSP process and obtain 

crystal grains of 300 nm or less. [132] 

Asadi et al. analyzed the effect of the number of passes of multi-pass FSP on 

the particle dispersion, which strengthens the surface layer of a composite. They 

also studied the effect of multi-pass FSP on the grain size of SZ. They dispersed 

Al2O3 and SiC powder in AZ91 magnesium alloy and applied FSP up to 8 

passes and evaluated the results. Al2O3 and SiC were uniformly dispersed in 8 

passes, and grains were reported to be refined to 1.3 μm for 50 μm Al2O3 and 

800 nm for SiC. [133] 

Many studies have reported on the use of FSP techniques for the fabrication and 

strengthening of composite materials by dispersing reinforcing particles. Using 

this technique, Hangai et al. produced porous aluminum precursors by 

dispersing TiH2 in aluminum. [134] 
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2.3.2  Development of functional composites by using FSP 

Manufacturing methods of various functional composites and foaming materials 

have been developed and studied, as described earlier. In current manufacturing 

studies, it is necessary to use a large heat source and an expensive matrix. 

Therefore, FSP is attracting great interest as an energy-saving technology in 

composite manufacturing, material modification, and formation of composite 

materials. Beside the benefits of FSP as a manufacturing method, it can also be 

considered as a novel forming technique. As indicated, FSP was introduced by 

Nishihara as a forming method for the first time as friction stir forming (FSF). 

[9] Considering the cost of reinforcement particles in the manufacture of 

composite materials by FSP, and the fact that dispersing particles within the 

whole material is not necessarily required, Yamamura et al. reported that FSP is 

an effective reforming process to impart functions to only necessary parts. 

Focusing on local functions, they strengthened necessary parts by actually 

forming a composite material locally. They proposed a method of locally 

forming a metal foam. They also proposed a local reforming method of 

aluminum alloy by using FSF. [135] FSP, which controls material 

characteristics, has also attracted attention as a manufacturing method for 

composite structures. The previous section focused on these studies and 

characterized the features. 

Metal wires have been used in a wide range of fields due to their excellent 

strength and conductivity of heat or electricity. Metal wires are also used as a 

reinforcement of composite materials in various matrix composites. Fiber 

reinforced material (FRM) using thin metal fibers (wires) has been developed 

for metal reinforcement. FRM has gathered attention because of its beneficial 

properties, such as heat resistance, abrasion resistance and specific strength. 

Morooka conducted a powder rolling method to produce fiber reinforced 

composite material not only at a lower temperature in comparison with the 

molten metal infiltration method but also in a shorter time in comparison with 

the hot pressing method. [136] He used stainless steel wire and piano wire as 

the reinforcing fiber and pure aluminum powder as the matrix. Then, he 

simultaneously rolled powder and steel wire and succeeded in manufacturing 

steel wire reinforced aluminum. However, regardless of the excellent properties 

of FRM, a few problems and challenges remain. One problem that makes it 
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difficult to produce FRMS is the brittle compound that sometimes occurs at the 

interface between the fiber and the metal matrix.  

Many FSP studies have investigated the preparation of composite materials to 

increase strength, but studies are also underway to bring new functions to 

materials. Yamamura et al. produced a prototype of a new functional composite 

material by embedding copper wire, piano wire and optical fiber in an 

aluminum alloy by using FSF technology developed at Kokushikan University. 

[11] They cut a slit in aluminum alloy A6061 and put different wires inside the 

slit. They applied FSP on the surface of the plate. The softened material flowed 

and precisely filled the slit while wire with the aluminum alloy were 

mechanically interlocked.  

However, only a few number of studies have fabricated superplastic alloys. 

Additionally, no studies have reported fabrication of functional Zn-22Al 

superplastic alloy using friction stirring process. 

In the present study, we focus on fabrication of Zn-22Al superplastic alloy and 

produce a multi-functional superplastic alloy by using FSP and FSF techniques. 

The novel idea of producing a superplastic damping-vibration composite by 

FSP, which also has an effect on improving the mechanical properties of 

material, is discussed in Chapter 4.  

Fabrication of Zn-22Al alloy by using FSF and production of a multi-functional 

superplastic alloy capable of transmitting data or energy is discussed in Chapter 

5.  

Finally, we discuss FSF as a novel method to mechanically interlock stainless 

steel strands with Zn-22Al alloy and produce a superplastic matrix composite. 

This is presented in Chapter 6. 

 

2.4  Differences between conventional research and this research 

Many studies have been published regarding grain refinement and fabrication of 

different alloys and composites. There are numerous methods for fabricating 

composite components. As discussed earlier, ECAP is one of the most popular 

methods of treating alloys to obtain fine grains and has been introduced as one 

production method for superplastic MMCs. However, the amount of time and 

high expense have been disadvantages. FSP as a new processing technique has 

recently gathered interest for fabricating alloys. Using friction stir processing 
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(FSP) for fabrication of alloys is quite recent. FSP as a direct solid-state 

processing technique attains microstructural modification. This technique has 

low cost and eco-friendly advantages since there is no harmful gas or radiation 

and noises because the heat generated during FSP comes from friction and 

plastic deformation. By optimizing the FSP tool design and parameters, 

microstructures and mechanical properties of the processed zone can be 

controlled. While it is hard to reach an optionally accustomed processed depth 

using conventional metal working procedures, the depth of the processed zone 

can be optionally managed by changing the length of the tool probe. FSP makes 

it possible to improve the properties of material partially and can create a 

partially functional material. Moreover, FSP is of great interest because it has 

the potential of refining the grain size of material and thus can promote 

superplastic flow at a high strain rate. This means a more complex part can be 

fabricated through superplastic forming processes.  

Selection of a method and technique for a particular part, depends on the 

materials, the part design and final use or intended application, therefore, new 

methods may need to be developed to meet specific design or manufacturing 

challenges.  

Zn-22Al alloy, a most commonly used material for superplasticity studies, with 

excellent damping properties, reaches its superplastic temperature at relevantly 

low temperature between 200 and 300 °C. These characteristic of Zn-22Al 

makes it an excellent material for superplastic forming processes combined with 

diffusion bonding. However, Zn-22 Al is highly strain rate sensitive and easily 

deforms when subjected to a constant temperature and constant stress. Because 

of that reason, it has only a few applications in the structural industry. Therefore, 

there is a need to defeat this weak points by improving the mechanical 

properties of Zn-22Al alloy or by producing and developing its composite 

alloys. However, as indicated above only a few studies have been published on 

the development of superplastic composite alloys based on Zn-22Al. In present 

study FSP is applied to Zn-22Al in a novel method and it is demonstrated that 

by controlling the process parameters of FSP tool, the superplastic phenomena 

temperature of Zn-22Al can be reached, therefore, by combining FSP and 

SPF/DB, new functional composites can be produced which would be difficult 

to produce by other conventional techniques. It is demonstrated that FSP can 

provide innovative functions for the superplastic alloy, also improve the 
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mechanical properties of the manufactured superplastic composite while still 

keeping the superplastic properties of the alloy. This can suggest new 

applications of this fabricated superplastic composite and have an impact in 

opening new possibilities in engineering fields.  

For more clarity and better understanding, reports of related studies are listed in 

Tables 2-1 to 2-2. Some disadvantages and differences are shown by comparing 

our studies and the other studies.  
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Alloy or 

composition 

Processing method 

 

 

Grain size Superplasticity Reference Difference or 

disadvantage of the 

study compared to 

our study 

Testing 

temperature (°C) 

Strain rate 

(s
-1

) 

Maximum 

elongation 

(%)  

Zn-22Al ECAP, 8 passes 0.4-0.8 µm 

 

150 

200 

3.3×10
-3 

3.3×10
-2 

940 

1970 

Furukawa et al. 

(1998) [137] 

Labor-intensive and  

time-consuming 

Zn-22Al ECAP, 12 passes 0.6 µm 

 

260 1.0
 

>2380 Lee & Langdon 

(2001) [138] 

Labor-intensive and  

time-consuming 

Zn-22Al ECAP, 2 passes 200 nm  5×10
-2 

400 M.E. Cetin et al. 

(2016) [76] 

Labor-intensive and  

time-consuming 

Zn-22Al  ECAE/P, 2 passes 200 nm Room temperature 5×10
-2 

400 M. Demirtas et al. 

(2016) [77] 

Labor-intensive and  

time-consuming 

Zn-22Al ECAE  0.35-0.6 µm Room temperature 

to 100 

  T. Tanaka et al. 

(2003) [78] 

Labor-intensive and  

time-consuming 

AM60 FSP, single pass 6-9 µm    J. Iwaszko et al. 

(2016) [54] 

Non-threaded tool 

A1050 FSP, single pass 2-3 µm Room temperature  41 Y.J. Kwon et al. 

(1993) [57] 

Non-threaded tool 

A1050 FSP, single pass 3-4 µm Room temperature  140 Y.J. Kwon et al. 

(2004) [58] 

Non-threaded tool 

Table 2.1 Reports of superplasticity and grain refinement (No. 1) 
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Alloy or 

composition 

Processing method 

 

Grain size Superplasticity Reference Difference or 

disadvantage of the 

study compared to 

our study 

Testing 

temperature (°C) 

Strain rate 

(s
-1

) 

Maximum 

elongation 

(%) 

Mg-Zr FSP, step-over multi 

passes 

77-362 µm    C. Wang et al. 

(2014) [62] 

Grain refiner is used, 

non-threaded tool 

probe 

AA5083 FSP, multi-passes 1.0-3.5 µm 450 1×10
-1 

1200 J.T. Hayashi et 

al. (2010) [59] 

Overlapped 

multi-passes, non- 

threaded tool 

A7075 FSP  730-510 1×10
-1 

1000 Mishra and 

Mahoney (2001) 

[139] 

 

Al-Zn-Mg-Cu 

+5%nickel 

FSP, single pass 18 µm  
 

 H. T. Naeem et 

al. (2015) [60] 

No angle in tool 

shoulder 

A5083 FSP 1.6 µm 250   E.A. Al-Danaf et 

al. (2010) [61] 

 

A7075 FSP + rapid cooling 100-500 nm    J. Q. Su et al. 

(2006) [140] 

 

Table 2.1 Reports of superplasticity and grain refinement (No. 2) 
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Alloy or 

composition 

Processing method 

 

Grain size Superplasticity Reference Difference or 

disadvantage of the 

study compared to our 

study 

Testing 

temperature (°C) 

Strain rate 

(s
-1

) 

Maximum 

elongation 

(%) 

A5083 FSP 6.5 µm 530 3×10
-3

 590 Charit and 

Mishra (2004) 

[63] 

 

A1050 FSP, single pass 1-2 µm    N. Saito et al. 

(2001) [64] 

Non-threaded tool  

A5083 FSP, 3 step-over 

passes 

0.5-2 µm 450 1×10
-1

 1200 T.R. McNelly 

(2010) [65] 

Two different tools are 

used for overlapping 

FSP 

Table 2.1 Reports of superplasticity and grain refinement (No. 3) 

3
4
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Alloy Processing method Reinforcement Reference Difference or disadvantage of 

the study compared to our 

study 

A6063, A6061 FSP, hardening of work 

surface or inside the material 

Al2O3, WC, SiC whisker Nishihara & Yamamura 

(2007) [12] 

Local, non-flexible, 

non-homogenous 

microstructure 

A6061 FSF, production of a locally 

continuous fiber Al composite 

Thin metallic wire, Piano 

wire 

K. Yamamura et al. 

(2011) [11] 

Over-aging of Al and material 

softening during FSF process 

A6061 FSP, local foaming of Al 

alloy 

TiH2 K. Yamamura et al. 

(2010) [141] 

Heat treatment needed, 

over-aging and material 

softening 

A6061 Powder metallurgy, producing 

superplastic aluminum 

composite 

Si3N4 Mabuchi and Imai 

(1993) [142] 

Time-consuming, lack of 

superplastic characteristics for 

superplastic forming 

A6082 FSP, 4 overlapped 

multi-passes, 

composite enhancement using 

nano-particles 

Al2O3 A. Shafiei-Zharghani  

et al. (2009) [91] 

Multi-passes and surface 

machining needed 

Al alloys Hot rolling/ Powder 

metallurgy 

TiN Kojima and Ishikawa 

(2006) [96] 

Elongation of 257% with a 

strain rate of 8.3×10
-3

, 

complicated, time consuming 

A2124 Powder metallurgy SiC Nieh (1984) 

[102] 

High strain rate, refining 

grains throw TMP  

Many parameters to control  

Table 2.2 Reports on production of superplastic or multi-functional composites (No. 1) 

3
5
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Alloy Processing method Reference Achieved improvements, 

advantages or disadvantages 

Ti-6Al-4V SPF/DB 
Hefti (2010) 

[113] 

SPF/DB at low temperature, 

merits in aerospace 

applications 

Titanium alloys SPF/DB 
Velicki (1995) 

[111] 

Cost efficient method, light 

weight, strong structure 

 

Ti2AlNb SPF/DB 
Zhihao (2016) 

[114] 

236% elongation,  

strain rate of 3
-4

 s
-1 

uniform thickness 

Al alloys (A7475, A5083, 

   Zn-22Al) 
SPF/DB 

Hirobashi et al. (1995) 

[115] 

A7475, A5083 reached fine 

particle levels,  

Zn-22Al did not have high 

bonding strength 

Ceramics (ZrO2/Al2O3,  

        Mullite/ZrO2, 

     Al2O3/TiN 

SPF/DB 
Nagano and Wakai (1992) 

[116] 

Investigated possibilities of 

applying SFP/DB for ceramics 

 

3
6
 

Table 2.2 Reports on production of superplastic or multi-functional composites (No. 2)  
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Alloy Processing method Reinforcement Reference Achieved improvements, 

advantages or disadvantages 

Zn-22Al 
Pressure welding/ 

Laminated rolling 
Low carbon steel  

Azujima et al. (1991) 

[117] 

Improved strength, 

Decreased ductility 

Zn-22Al 
High pressure casting/ hot 

extrusion 
SiC 

Kaneko et al. (1991) 

[118] 

Improved tensile strength, 

Deformation resistance 

decreases during hot 

extrusion 

Zn-22Al 
High pressure casting/ hot 

extrusion 
SiC 

Kim et al. (1991) 

[119] 

Composite is influenced by 

length and orientation of SiC,  

Composite lost 

superplasticity, elongation 

less than 100% 

Zn-22Al Molding/ Heat treatments Wire mesh/ Steel plate 
Uno et al. (1996) 

[120] 

Composite was able to reduce 

creep deformation under high 

temperature and pressure, 

Composite can be used as a 

gasket material 

3
7
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3. GRAIN REFINEMENT OF Zn–22Al SUPERPLASTIC 

ALLOY USING FRICTION STIR PROCESSING 

3.1 Introduction 

In present chapter, experiments of FSP on superplastic Zn-22Al alloy is 

discussed. Especially, we demonstrate that friction stir processing can be used to 

increase the fineness of the grain structures of Zn–22Al superplastic alloy. In 

addition, the superplastic behaviour of friction stir processed Zn-22Al alloy at 

150°C–350°C and the effect of FSP on strength anisotropy have been 

researched. The results of microstructural observations, hardness tests, and 

average grain size measurements are presented. 

FSW has generated interest because of its association with friction stir 

processing (FSP), a new technique that employs FSW tools. FSP is currently 

being explored as a thermomechanical processing tool that can be used to 

transform a heterogeneous microstructure into a more homogenous 

microstructure. Mahoney emphasized that FSP can be selectively applied to a 

location within a conventional aluminium alloy sample to tailor its 

microstructure and achieve increased superplasticity. [143] Mahoney and Lynch  

have reported some practical applications of FSP, including the application of 

FSP to Al-, Cu-, Fe-, and Ni-based alloys to improve their material properties. 

Some of the demonstrated beneficial effects of FSP include the doubling of the 

strength of cast Ni–Al–bronze, the five-fold increase in the ductility of Al alloy 

A356, the increased fatigue life of fusion welds, the increased corrosion 

resistance of a Cu–Mn alloy, and the bending of a 25-mm-thick Al alloy 2519 

plate to an angle of 85° at room temperature without surface cracking. [144] 

In view of the above, superplasticity is associated with FSW and FSP. 

Superplasticity is the capability of certain metals to undergo extensive, neck-

free, tensile deformation prior to fracture. Superplastic metals generally exhibit 

a high value of the strain rate sensitivity exponent, m > 0.33, during tensile 

deformation under proper conditions of temperature, which is characterized by 

the constitutive equation: 

mk          (3.1)                                                                                     

where  is the true flow stress, k is a constant, and  ̇ is the true strain rate. [145] 

For a superplastic metal, there is generally a maximum in the observed ductility 
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at a specific strain rate, with significant losses in ductility as the strain rate is 

increased or decreased relative to the maximum. [146] These characteristics of a 

superplastic metal suggest that control of the process parameters for FSW or 

FSP is important. 

Furthermore, FSP is believed to affect the grain size of the stirred material. 

Nishihara has reported initial results on the FSW of superplastic Zn–22Al 

eutectoid alloy, which demonstrate that FSW produces a fine grain structure 

within the joint part. [147] 

Zn–22Al is a well-known superplastic material that has been widely used in 

different fields of studies. Zn–22Al can be obtained as sheet for thermal forming 

and is often useful in low-volume applications where tooling costs must be kept 

low. It is also used for electronic enclosures, cabinets and panels, business 

machine parts, and medical and other laboratory instruments and tools. [71] Zn-

22Al has excellent properties needed for a seismic damper, such as high 

ductility and low work hardening. Tanaka investigated nano-sized Zn-Al alloy 

in order to develop a high-performance seismic damper capable of replacing 

conventional dampers. They produced a nano-crystalline microstructure by 

thermo-mechanical controlling process (TMCP) technology. They developed a 

maintenance-free seismic damper and put it into actual use in a building. [148] 

In other hand, superplastic material with ultra-fined grains exhibit the high 

strain-rate and a low temperature superplasticity. Current goal in recent studies 

is the development of finer-grain materials that exhibit superplasticity at lower 

forming temperatures. There are different method for grain refining and 

improving the mechanical properties of materials which were discussed in 

section 2. However, few trials of FSP on Zn-22Al alloy have been conducted. 

Studies on controlling and improving the mechanical properties of this alloy 

have been conducted in our laboratory. For a superplastic metal that is tensile 

tested under proper temperature conditions, the observed ductility varies 

substantially with the strain rate. There are significant losses in the ductility as 

the strain rate is increased or decreased from the value at which the ductility is 

maximized. It is well known that the primary factor related to this behaviour is 

the rate of change of the flow stress with respect to the strain rate, which is 

usually measured and reported as m-value (strain rate sensitivity exponent). 

Higher values of m correspond to greater superplasticity. [146]  
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As is well known, one of the basic requirements for superplasticity is having a 

very fine grain. [146] It is expected that the grain refinement of Zn–22Al can be 

achieved using FSP, which could be of great significance in superplasticity 

studies.  

The focus of this study is the effect of FSP on the microstructure of superplastic 

Zn–22Al. In particular, the effect of varying different tool process parameters of 

FSP on the grain size of superplastic Zn–22Al is discussed based on 

microstructural observation and hardness test results. The results of the present 

study also open a new channel for discussing different possible new applications 

and challenges of FSW and FSP, such as applying FSP to the improvement and 

development of fine grain structures for increased superplasticity or other 

purposes. 

According to Hall-Petch relation [149, 150], strengthening materials by 

changing their average grain size would be possible. Grain boundaries impede 

dislocation movement. The number of dislocations within a grain have an effect 

on how easily dislocations can traverse grain boundaries and travel from grain 

to grain. So, dislocation movement and yield strength can be influenced by 

changing the grain size. In general metallic materials, the yield stress y is 

related to the grain size d through the Hall–Petch equation as [149, 150] 

 

         
        (3.2) 

 

where 0 is the friction stress and ky is a positive constant of yielding associated 

with the stress required to extend dislocation activity into adjacent unyielded 

grains. This relationship demonstrates that the yield stress increases with 

decreasing grain size. In the absence of appreciable work hardening, the 

hardness HV of the material is proportional to the yield stress as HV = 3y [151, 

152] (Ashby and Jones, 1980). Eq. 1 can therefore be rewritten in terms of the 

hardness as [152]  

 

         
        (3.3) 

 

where H0 and kH are constants associated with the hardness measurements. This 

study also discusses the relationship between the grain size and the hardness. 
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3.2 Experimental procedure 

Experiments were performed on 2-mm-thick superplastic Zn–22Al eutectoid 

alloy. Fig. 3.1 shows the starting microstructure of the as-received fine-grained 

Zn–22Al with a grain size of 0.7 µm. Zn–22Al is a two-phase alloy consisting 

of Zn- and Al-rich grains. Table 3.1 gives the chemical composition of the 

material.  

 

Table 3.1 Chemical composition of Zn–22Al [mass%] 

 

 

 

Fig. 3.1 Starting microstructure of as-received Zn–22Al 

 

The FSP system is shown in Fig. 3.2(a). The main unit of the device consists of 

a vertical milling machine along with jigs, the workpiece, and a backing plate 

that secures these components in the desired locations. As shown in Fig. 3.2(b), 

the FSP tool consists of three different parts, the shank, chip, and chip cap. Fig. 

3.2(c) shows the chip with its shoulder and probe labelled. The shoulder of the 

chip, which has a diameter of 15 mm and an angle of –5°, is made of Inconel 

625 which is heat resistance, and a high-speed steel forming tap (M6 × 1) with a 

height of 1.5 mm was used as the probe of the chip to improve the stirring 

performance. It should be mention that there are many studies regarding the tool 

geometric effect on the process quality and how tool shape affects different 

properties of the material during the process [153-157] 

Cu Al Mg Ti Zn 

0.56 21.7 0.010 0.024 Bal. 
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When the tool is inserted into the material during the process, it produces plastic 

flow of the material in the circumferential direction due to the rotation of the 

tool. Moreover, a threaded probe under clockwise rotation causes the material to 

be drawn down by the threads along the probe surface. [157-159] The material 

may circulate multiple times around the tool before being deposited behind the 

tool. This phenomenon promotes material stirring and therefore grain 

refinement, void closure and oxide breakdown. [160, 161] FSP trials were 

conducted at various rotation and travel speeds. Table 3.2 gives the process 

parameters of the FSP tool. 

 

 

 

 

 

Fig. 3.2 (a) Experimental setup. (b) FSP tool parts. (c) Chip of the tool 
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Table 3.2 Process parameters of the FSP tool 

Rotational speed 

[rpm] 

Travel speed 

[mm/min] 

Plunge depth 

[mm] 

Tilt angle 

[°] 

320–1240 100–1200 1.7 3 

 

 

3.3 Results and discussions 

3.3.1  Microstructural observations after friction stir processing 

Fig. 3.3 and Fig. 3.4 show microphotographs of cross sections of the specimen 

after FSP at different travel speeds (rotational speed = 880 rpm) and rotational 

speeds (travel speed = 600 mm/min), respectively. The cross sections are 

perpendicular to the direction of processing and were etched with sodium 

hydroxide. The labels AS and RS in the figures indicate the advancing and 

retreating sides of the moving tool, respectively, and the direction of the tool 

rotation was counter clockwise. 

It can be confirmed that the structure of the base metal was affected by FSP. Fig. 

3.3 indicates that the affected area and the stir zone became smaller and 

narrower as the travel speed increased. Fig. 3.4 shows that the affected area 

spread as the rotational speed increased. The heat input for each parameter 

could be responsible for these results. Tang et al. have determined that at small 

values of the revolutionary pitch, which is defined as the ratio of the travel 

speed to the rotational speed, the heat input increases, allowing the temperature 

to increase. The revolutionary pitch decreases with decreasing travel speed and 

increasing rotational speed. [162] Therefore, spreading of the affected zone 

shown in Fig. 3.3 and Fig. 3.4 could have been caused by an increase in the heat 

input. 

Microstructural observations within the stir zone were conducted at different 

sets of process parameters using a scanning electron microscope (SEM). The 

microstructures observed at different travel and rotational speeds are shown in 

Fig. 3.5 and Fig. 3.6, respectively. These images confirm that FSP drastically 

changed the structure of the base metal. In Fig. 3.5, although FSP changed the 

grain structure of the base metal, only a slight decreasing tendency in the grain 

size was observed as the travel speed increased. When the travel speed was 

increased beyond a certain limit, further increases in the travel speed had less of 
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an effect on the grain size. Fig. 3.6 shows that at low rotational speeds, FSP had 

a negligible effect on the refinement of the structures of the alloy, whereas the 

grain size decreased as the rotational speed increased. Hardness and grain size 

measurements were conducted as described in the following section to confirm 

these results. 

 

 

 

Fig. 3.3 Macrophotographs of cross sections of the specimen after FSP at a 

rotational speed of 880 rpm and travel speeds of (a) 100 mm/min, (b) 200 

mm/min, (c) 400 mm/min, (d) 600 mm/min, (e) 800 mm/min, and (f) 1200 

mm/min 
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Fig. 3.4 Macrophotographs of cross sections of the specimen after FSP at a 

travel speed of 600 mm/min and rotational speeds of (a) 315 rpm, (b) 440 rpm, 

(c) 620 rpm, (d) 880 rpm, and (e) 1240 rpm 

 

 

Fig. 3.5 SEM secondary electron images showing the stir zone obtained at a 

rotation speed of 880 rpm and travel speeds of (a) 400 mm/min, (b) 600 

mm/min, and (c) 800 mm/min, (d) 1000 mm/min , (e) 1200 mm/min  
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Fig. 3.6 SEM secondary electron images showing the stir zone obtained at a 

travel speed of 600 mm/min and rotational speeds of (a) 315 rpm, (b) 440 rpm, 

(c) 620 rpm, (d) 880 rpm (e) 1240 rpm 

 

 

3.3.2  Hardness and average grain size measurements 

The hardness of the stir zone was measured for each parameter. Fig. 3.7 shows 

the effect of different travel speeds on the hardness of the stir zone. The 

hardness within the stir zone after FSP was greater than that (107HV) of the 

base metal before the process under all considered sets of process parameters. 

However, the hardness results shown in Fig. 3.7 also indicate that the hardness 

does not change significantly with increasing travel speed.  

Fig. 3.8 shows the relationship between the rotational speed and the hardness. 

The hardness of the alloy after FSP was greater than the initial hardness. 

Additionally, higher rotational speeds resulted in increased hardness. The reason 

for this hardening may be the occurrence of grain refinement during FSP. 

Fig. 3.9 shows the average grain size in the stir zone after FSP at different travel 

speeds. Comparing these values to the average grain size of the alloy before the 

process, which was 0.7 μm, finer grains were obtained after FSP under all 

considered travel speeds. Additionally, a slight decreasing tendency in the grain 
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size was observed as the travel speed of the tool increased up to 1200 mm/min, 

after which the grain size began to increase again with further increases in the 

travel speed. Fig. 3.10 shows the effect of the rotational speed on the average 

grain size. The grain size decreased as the rotational speed increased. 

Additionally, low rotational speeds had less of an effect on grain refinement, 

whereas higher rotational speeds resulted in lower grain sizes. 

Comparing the hardness and grain size results reveals that hardness and grain 

size are inversely proportional to one another; that is, the hardness increases as 

the grain size decreases. 

There could be many different reasons that the variation in the process 

parameters affects and refines the microstructure of the material. Stirring action 

during FSP is one of the main reasons for the obtained results. Because the 

probe part of the FSP tool is responsible for stirring the material, its shape and 

size are important. The rolled tap used as the probe part in this study had a 

strong beneficial effect on the stirring. The variation in the heat input with 

changes in the rotational and travel speed could be another reason. According to 

Frigaard, the friction heat created during FSP is directly related to the rotational 

speed [163]; the heat input increases as the rotational speed increases. Therefore, 

the revolutionary pitch plays an important role in the process in that a finer 

revolutionary pitch results in a greater frictional heat input, which changes the 

grain structure. Furthermore, Zn–22Al is a strain rate-dependent material, which 

makes it more complicated with regard to process parameters and revolutionary 

pitch. This study could provide accurate estimates of the appropriate process 

parameters to use during the FSP of superplastic alloys. In future work, a more 

detailed investigation of the tool size and shape would also help to provide a 

better understanding of how different FSP parameters affect the microstructure 

of the stirred material. 
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Fig. 3.7 Effect of the travel speed on the hardness of the stir zone 

Fig. 3.8 Effect of the rotational speed on the hardness of the stir zone 

Fig. 3.9 Effect of the travel speed on the average grain size 
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Fig. 3.10 Effect of the rotational speed on the average grain size 

 

 

3.3.3  Development of fine-grained Zn–22Al plate 

To develop a fine-grained Zn–22Al plate, four passes of FSP were conducted in 

the numerical sequence indicated in Fig. 3.11, with the space between the 

centers of each pair of consecutive passes set to 7.5 mm (half of the shoulder 

diameter). Fig. 3.11 shows a photograph of the actual friction stir-processed Zn–

22Al sheet. 

 

 

 

 

Fig. 3.11 Friction stir-processed Zn–22Al sheet after four passes (rotational 

speed: 880 rpm, travel speed: 600 mm/min, plunge depth: 1.7 mm with a 

counter clockwise rotation) 
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Fig. 3.12 shows a cross-sectional macrophotograph of the Zn–22Al sample after 

FSP. The cross section was taken perpendicular to the direction of movement of 

the tool. Different areas of the processed material are labelled (a)–(d). The 

microstructures of the unaffected zone, the heat affected zone (HAZ), the 

thermo-mechanically affected zone (TMAZ), and the stir zone are shown in Fig. 

3.13. Microphotographs were obtained after the specimens had been etched with 

sodium hydroxide. FSP significantly changed the structure of the base metal. 

Notably finer grain structures were observed within the stir zone after FSP. The 

grain structure was affected in the stir zone and was finer that the grains of the 

base metal.  

 

 

 

Fig. 3.12 Cross-sectional macrophotograph after FSP showing the locations of 

(a) the unaffected zone, (b) the HAZ, (c) the TMAZ, and (d) the stir zone 

 

Fig. 3.13 SEM secondary electron images of (a) the unaffected zone, (b) the 

HAZ, (c) the TMAZ, (d) the stir zone 
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Fig. 3.14 shows the hardness distribution at different distances from the surface 

of the FSP cross section. The stir zone was considerably harder than the base 

metal and reached a maximum of approximately 160 HV. The hardness 

increased toward the stir zone, which supports the conclusion that 

microstructures within the stir zone are finer than those in the base metal. 

 

 

 

 

Fig. 3.14 Hardness distribution in FSP cross section. 

 

 

Fig. 3.15 shows the average grain size distribution 1.0 mm under the surface of 

the cross section. The stir zone was found to have a considerably finer grain 

than the base metal. The average grain size of 0.7 μm for the base metal was 

reduced to 0.3 μm within the stir zone. As shown in Figs. 3.14 and 3.15, the 

hardness increases as the grain size decreases. In the present study, the 

relationship between the grain size and the hardness in different parts of the 

processed area (base metal toward the stir zone) are shown in Fig. 3.16. The 

hardness is directly proportional to the grain size, and the Hall–Petch relation of 

the hardness was found to hold in friction stir-processed Zn–22Al. For Zn–22Al, 
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this relation, the constants in which were calculated using the method of least 

squares, is given as 

 

              .    (3)  

 

 

3.3.4  Tensile properties and superplastic characteristics  

Tensile specimens were taken parallel to the direction of FSP for carrying out 

the tensile test. Fig 3.17 shows the effect of cross-head speed on tensile strength 

of Zn-22Al superplastic alloy at different angles to the rolling directions. It can 

be confirmed that different rolling directions cause difference in tensile strength. 

Fig. 3.16 Hall–Petch relation for friction stir 

processed Zn–22Al and experimental data for 

the hardness plotted against the inverse square 

root of the grain size d. 

Fig. 3.15 Average grain size distribution in FSP cross section 
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It can be observed that FSP significantly decreases the effect of rolling direction 

on the strength of Zn-22Al alloy. Moreover, strength was increased due to the 

finer grain structure caused by FSP (Fig. 3.18)  

 

To investigate the superplastic behavior of friction stir processed Zn-22Al in 

high temperatures, an electric furnace using ceramics fiber heater was 

developed and attached to the tensile testing machine to provide a 

superplasticity tensile testing system. (Fig. 3.19) 

A diameter of 0.65mm silica-glass K thermocouple was used to measure heat 

Fig. 3.19 Superplasticity testing system 

Fig. 3.18 Effect of cross head 

speed on tensile strength in 

friction stir processed Zn-22Al. 

(RD: rolling direction) 

Fig. 3.17 Effect of cross head 

speed on tensile strength in as-

received Zn-22Al. (RD: rolling 

direction) 
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during the tests. 

Tensile test samples were taken parallel to direction of FSP. Tensile tests were 

performed at five different temperatures and seven different cross-head speeds. 

Effect of strain rate on tensile strength at different temperatures before and after 

FSP is shown in Fig. 3.20 and 3.21.  

Comparing the results, a slight difference in curve of the graph for as-received 

and friction stir processed Zn-22Al can be confirmed. Tensile strength decreases 

as the temperature goes higher and it starts to increase again as the temperature 

reaches 350 °C in both processed and un-processed alloys.  

 

 

 

Fig. 3.22 and 3.23 show the effect of strain rate on strain rate sensitivity 

exponent (m-value) for as-received and friction stir processed Zn-22Al alloy. m-

value increases as the temperature goes higher. The highest m-value is obtained 

at 250 °C. A high m-value at 300 °C can still be observed but it decreases at 

350 °C. Comparing Fig. 3.22 with Fig. 3.23, it can be confirmed that higher m-

values in friction stir processed Zn-22Al alloy are achieved. Material grains 

have been refined after the FSP, and this could be the reason of the higher m-

values after FSP comparing to the results for as-received alloy. Fig. 3.24 shows 

the tensile test photo examples at five different temperatures for as-received 

Fig. 3.20 Effect of strain rate on 

stress in as-received Zn-22Al  

Fig. 3.21 Effect of cross head 

speed on tensile strength in 

friction stir processed Zn-22Al  
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alloy. Increase in elongation can be observed as the temperature goes higher till 

250 and 300 °C, and elongation was decreased at 350 °C. 

Fig. 3.25 shows the photos of friction stir processed Zn-22Al subjected to 

tensile tests (Conditions and parameters are same as in Fig. 3.24 as-received 

alloy). Although partially a higher superplasticity can be observed, and a higher 

m-value is obtained, still a heterogeneous growth in friction stir processed 

samples can be seen compared to the samples of base metal. The reason could 

be that the grains of the material are still heterogeneous after FSP. This 

condition could be improved through applying multi-passes of FSP without 

shifting the tool, which would obviously have the disadvantage of being time 

consuming.  

Fig. 3.22 Effect of strain rate on m-

value in as-received Zn-22Al.  

Fig. 3.23 Effect of cross head 

speed on m-value in friction stir 

processed Zn-22Al.  

Fig. 3.24 Elongation in as-

received Zn-22Al 

Fig. 3.25 Elongation in friction 

stir processed Zn-22Al 
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3.4 Conclusions 

Improvement of the mechanical and superplastic properties of Zn-22Al alloy 

was demonstrated to be possible. Microstructural changes in superplastic Zn–

22Al alloy caused by FSP were investigated in this study. In particular, the 

change in the average grain size and superplastic behaviour of Zn-22Al at 

temperatures 150~350 °C was experimentally determined, and the following 

results were obtained.  

1. Grain refinement of the Zn–22Al alloy by FSP was confirmed to be 

possible. 

2. Hardness of Zn–22Al increased toward the stir zone after FSP as a result 

of grain refinement. 

3. Average grain size of 0.7 μm for the base metal was reduced by FSP to 

0.3 µm within the stir zone.  

4. Relationship between the hardness and the grain size can be accurately 

expressed by the Hall–Petch relation. 

5. A small decreasing tendency in the grain size with increasing tool travel 

speed was observed, but when the travel speed was increased beyond a 

certain limiting value, further increases had little effect on grain 

refinement.  

6. Higher rotational speeds resulted in finer grain size, whereas low 

rotational speeds had a negligible effect on the grain size.  

7. Tensile strength increases after FSP. Additionally, in friction stir 

processed Zn–22Al, a high strain rate sensitivity exponent m of 0.59 was 

obtained on the high strain rate side at 250 °C. 

8. Comparing the tensile testing results before and after FSP at 200 °C, it 

was confirmed that the flow characteristic curve clearly shifted to the high 

strain rate region after FSP. 
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4. PRODUCTION OF A SUPERPLASTIC VIBRATION-

DAMPING STEEL SHEET COMPOSITE USING 

FRICTION STIR FORMING  

4.1 Introduction 

This chapter proposes a novel method of manufacturing composite vibration-

damping steel sheet with Zn-22Al superplastic alloy using friction stir forming 

(FSF). As it was discussed earlier, there is a need for improving mechanical 

properties and also compositing Zn-22Al alloy. In present study, we attempted 

to mechanically interlock Zn-22Al superplastic alloy to thin steel sheet and 

develop a vibration-damping composite alloy.  

Recently, it has been shown that superplastic flow plays an important role in 

FSW, facilitated by deformation-induced dynamic recrystallization [164, 165]. 

The rotating tool stirs the contiguous metals together into the weld zone. The 

weld zone is the result of solid-state, superplastic processing involving dynamic 

recrystallization [166]. FSW has especially been generating interest because of 

its association with friction stir processing (FSP), a new technique that employs 

FSW tooling. FSP is being explored as a thermomechanical processing tool to 

transform a heterogeneous microstructure into a more homogenous 

microstructure. Mahoney et al. reported that FSP can be selectively applied to a 

location within a conventional aluminum alloy to tailor the microstructure for 

superplasticity. [143] Considering the excellent fluidity of aluminum alloy in 

FSW and FSP, recently a new micro-forging method has been developed and 

has been applied to mechanical interlocking. This process is referred to as 

friction stir forming (FSF). The FSF process uses the friction heat and the 

plastic deformation generated between a rotating tool and the material being 

forged. This technique has being studied in our laboratory. [9-11, 164]  

By controlling the process parameters of FSF tool, Zn-22Al can reach its 

highest superplastic condition during the process which raises the possibility of 

occurring SPF/DB during friction process. Therefore, in a unique way by 

combining FSF and superplastic characteristic of Zn-22Al, a vibration-damping 

composite alloy with improved mechanical properties could be developed. 
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Table 4.1 Chemical composition of Zn-22Al [mass%] 

4.2 Experimental procedure  

Experiments are performed on 2 mm thick Zn-22Al superplastic alloy. Table 4.1 

shows the chemical composition of the material. 

 

 

 

 

The FSF system and FSF tool are same as our previous study which was 

presented in previous chapter. [167] Shoulder part of the FSF tool with a 

diameter of 15mm, is made of Inconel 625, while a high-speed steel forming tap 

(M6×1) is used as the probe part of the tool. A 0.5 mm thick perforated steel 

sheet is inserted between two sheets of Zn-22Al superplastic alloy. FSF is 

applied to the upper layer of Zn-22Al. FSF causes the upper layer to soften and 

flow into the hole of the steel plate. It will be demonstrated that by controlling 

FSF tool parameters, Zn-22Al can reach its superplastic temperature during the 

process which leads to joining of the two layers of Zn-22Al alloy, as well as 

interlocking the steel sheet in the middle. (Fig. 4.1) FSF parameters are shown 

in Table 4.2. 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

Table 4.2 Process parameters of FSF tool during the process 

Rotation speed 

 [rpm] 

Travel speed 

 [mm/min] 

Plunge depth 

[mm] 

Tilt angle 

[°] 

440–880 25–200 1.98 3 

Cu Al Mg Ti Zn 

0.52 21.1 0.010 0.034 Bal. 
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4.3 Results and discussions  

4.3.1 Microstructure observation 

Fig. 4.2 and 4.3 show macro-photos of the cross section. The cross sections are 

perpendicular to the direction of processing and are etched with sodium 

hydroxide (black parts show steel sheet). Advancing Side (AS) and Retreating 

Side (RS) are same for all figures (direction of the tool rotation is counter-

clockwise). As mentioned earlier in Table 4.2, Experiments are performed in 

various travel speeds and rotation speeds. Flow of material into the holes of 

steel sheet increases as the revolutionary pitch (travel speed/ rotation speed) 

decreases. Small revolutionary pitch also allows the temperature to increase. 

[168] But it can be recognized that an extremely low revolutionary pitch might 

cause excessive stirring and over-softening which leads to a decreased material 

flow. Fig. 4.2 is an example of a not proper process parameter with unjoined 

part between two layers of Zn-22Al. After considering temperature 

measurement experiments and observing different microstructures of various 

process parameters; it was concluded that the rotation speed of 440 rpm with a 

travel speed of 25 mm/min and a plunge depth of 1.98 mm are the best process 

parameters for this experiment as the two sheets of Zn-22Al get joined to each 

other (Fig. 4.3). It will be discribed later that SPF/DB and pressure welding are 

considered to be the two main reasons of the joining process of Zn-22Al sheets.  

Fig. 4.1 Schematic illustration showing experimental method  
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Fig. 4.4 illustrates the base metal microstructures (starting workpiece 

microstructures for Zn-22Al as-received). Fig. 4.5 shows the microstructures of 

the stir zone. Micro-photos were obtained after etching the specimens with 

sodium hydroxide. FSF has significantly changed the structure of the base metal. 

Notably finer grain structures were obtained after FSF process within the stir 

zone. Average grain diameter of base metal (1.0 μm) was reduced to 0.6 μm 

within the stir zone due to FSF. Fig. 4.6 shows the thermo-mechanically 

affected zone (TMAZ) and Fig. 4.7 shows that the unjoined part between two 

layers of Zn-22Al has been disappeared. 

It was concluded that the process parameters (rotation speed and travel speed) 

must be perfectly appropriate to create the proper amount of heat for a good 

plastic flow of material and occurrence of the superplastic phenomena of Zn-

22Al. As it has been reported that superplasticity occurs during FSP beside the 

dynamic recrystallization [119, 120] and because the probe part of the tool does 

not touch the lower Zn-22Al alloy sheet, the reason that the bottom layer gets 

Fig. 4.3 Macro-photo of cross-section after FSF for a rotation 

speed of 440 rpm and a travel speed of 25 mm/min 

RS 

A 

B C 

AS 

5 mm 

Fig. 4.2 Macro-photo of cross-section after FSF for a rotation 

speed of 620 rpm and a travel speed of 25 mm/min 

5 mm 
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joined to the upper layer could be superplastic forming/diffusion bonding 

(SPF/DB). Therefore, control of temperature by controlling the process 

parameters would be highly important, although very difficult in FSF processes. 

 

 

4.3.2 EDS analysis and temperature measurements  

Using energy-dispersive spectroscopy (EDS), line analysis were conducted to 

analyze the interface between Zn-22Al sheets. It can be confirmed that line 

analysis where the interface was expected to be disappeared shows a continuous 

result, therefore, it was concluded that the interface has been completely 

disappeared.  

The thin gap between steel sheet and Zn-22Al along with EDS results shown in 

Fig. 4.9, indicate that there have been no metallurgical joining between two 

alloys. 

A new discovery during electron microscope analysis was that EDS line 

analysis results showed an unexpected peak of Al in the interface between steel 

and Zn-22Al alloy (Fig. 4.9, red line). EDS mapping analysis was also carried 

out to confirm and explain the appearance of aluminum (Fig.4.10). It was found 

out that there is a thin layer of aluminum formed in the interface between steel 

20 μm 

Fig. 4.5 SEM Backscattered 

image showing stir zone (A) 

Fig. 4.6 SEM Backscattered image 

showing boundary between TMAZ 

and base metal (B) 

20 μm 

Fig. 4.7 SEM secondary electron 

image showing unjoined part has 

been disappeared (C)  

5 μm 

Fig. 4.4 SEM backscattered image 
showing microstructure of Zn-

22Al as-received 

20 μm 
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and Zn-22Al alloy (Fig. 4.10 left bottom). Since the tool does not touch the steel 

layer, it was concluded that an oxide layer forms in the surface of Zn-22Al. 

Despite the fact that the relatively low temperature reached during FSF process 

will restrict intermetallic compound formation and reaction between Fe and Al 

atoms, there could be a possibility that through flowing of the softened material 

and also existence of oxygen, Al atoms have reacted with oxygen and formed an 

alumina layer. However, more detailed studies are needed to support this 

statement. 

Temperature was measured in different points shown in Fig. 4.10 (K 

thermocouple with a diameter of 0.1 mm was used in this experiment). 

Temperature in point B of Fig. 4.10 (the temperature exactly under the probe) 

was 300C at the maximum. The temperature in point A is the temperature for 

the top of the bottom layer of Zn-22Al superplastic alloy which was about 

270 °C at the maximum. This temperature is close to the temperature of having 

the highest m-value (strain rate sensitivity index) and superplasticity for this 

alloy. [122] The outstanding characteristic of Zn-22Al to reach its highest 

superplasticity at a relevant low temperature, makes the occurrence of SPF/DB 

in area “A” very possible. By applying proper rotation and travel speed, 

accurate temperature of superplastic phenomena of Zn-22Al can be reached, 

therefore, it can be concluded that SPF/DB could be the possible reason that 

sheets of Zn-22Al alloy are joined together. it should be noted that the 

suggested method would only be possible if both upper and bottom sheets are 

same Zn-22Al superplastic alloys, since the superplastic characteristic of Zn-

22Al alloy would let us to apply this method for producing composites which 

will not be possible by conventional methods. Applying the same technique for 

dissimilar alloys would probably not be possible and would need additional 

studies and experiments. 

Temperature at point C exactly above the steel sheet was 280 C at the 

maximum. Temperatures at points D and E decrease as we move toward the 

advancing side (AS) and retreating side (RS) (180 C for point D and 170 C for 

point E).  
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Fig. 4.10 Temperature was measured in A~D points during the FSF 

process with rotation speed of   440 rpm, travel speed of 25 mm/min, 

with a counter clockwise tool rotation 

Fig. 4.8 Line analysis carried out by 

SEM on an etched specimen after 

FSF, confirms how un-joined part 

has been disappeared  

Distanc
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n
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Fig. 4.9 SEM line analysis 

between Zn-22Al and steel sheet 

on a polished specimen, showing 

gap between two sheets 

Zn 

Fe 

Al 
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n
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Distance  

Fig. 4.10 Map analysis of interface area between steel and Zn-22Al sheet, 

showing built up of a thin aluminium layer (white layer in the left bottom 

photo) 
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4.3.3 Developing superplastic damping plate  

To develop a superplastic vibration damping steel sheet composite, FSF was 

carried out in six passes each overlapped two times at 5.0 mm apart (Fig. 4.11). 

Fig. 4.12 shows the macrostructure of the cross-section after six passes. By 

overlapping passes while performing the FSF, unjoined parts are eliminated. 

Developed superplastic vibration-damping steel sheet composite is shown in Fig. 

4.13. 

 

 

Damping capacity of the developed material was measured experimentally 

according to JIS G 0602 (test method for vibration-damping property in 

laminated damping steel sheets of constrained type). Damping capacity is the 

ability of a material to absorb energy by converting mechanical energy into heat. 

A material with a good damping capacity is able to absorb mechanical 

vibrations or damp them out quickly, which is an important property in 

applications such as crankshafts and machinery bases. Damping can be 

expressed through different parameters such as damping ratio or the loss factor. 

The loss factor was calculated from the obtained displacement data 

(displacement of vibration was measured using a non-contact displacement 

meter sensor). The loss factors of Zn-22Al superplastic alloy, aluminum and 

steel sheet were measured as well. The results are shown in Table 4.3. It can be 

confirmed that the loss factor of superplastic vibration-damping steel sheet 

composite is the highest; therefore, it could be concluded that the developed 

Fig. 4.11 Appearance of friction stir formed Zn-22Al 

with steel sheet after six passes each overlapped two 

times with a rotation speed of 440rpm and a travel 

speed of 25mm/min 
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composite is a high quality vibration-damping sheet with improved mechanical 

properties and a high damping capacity. 

 

 

 

 

 

 

 

 

 

Table 4.3 Obtained loss factor values for different materials 

 
Steel 

sheet 

Aluminum 

(6061) 
Zn-22Al 

Superplastic 

vibration-damping 

sheet 

Loss factor 0.11 0.12 0.19 0.32 

 

 

Fig. 4.13 Developed superplastic vibration- 
damping steel sheet composite 

20 mm 

Fig. 4.12 Macrostructure of cross section after 6 
passes of FSF each overlapped two times 
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4.4 Conclusions 

A novel method of manufacturing superplastic alloy by combining FSF and 

superplastic phenomena of Zn-22Al was proposed and following results were 

obtained:  

1. It was demonstrated that by controlling the process parameters of FSP tool, 

Zn-22Al can reached its highest superplastic temperature, and as a result; 

successful join of Zn-22Al sheets and interlocking steel sheet between, 

would become possible.  

2. It was demonstrated that FSF improves the mechanical properties of the 

manufactured superplastic composite while still keeping the superplastic and 

damping properties of the alloy. This can suggest new applications of this 

fabricated superplastic composite and have an impact in opening new 

possibilities in industrial application. 

3. It was confirmed that the damping ability of superplastic vibration-damping 

steel sheet composite was 1.7 times bigger than the damping ability of Zn-

22Al, a well-known damping alloy. 
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5. FRICTION STIR FORMING FOR MECHANICAL 

INTERLOCKING OF INSULATED COPPER WIRE 

AND Zn-22Al SUPERPLASTIC ALLOY  

5.1 Introduction 

In present chapter, a novel method of friction stir forming (FSF) was conducted 

for mechanical interlocking of Zn-22Al superplastic alloy and thin copper wire 

insulated by polyimide. The potential development of a composite material 

capable of transmitting electrical energy or electric signals was studied 

experimentally, and it was concluded that FSF can successfully interlock 

insulated copper wire with Zn-22Al superplastic alloy. Same phenomena of the 

possibility of occurrence of SPF/DB during the process as it was described in 

previous chapter which combines with pressure welding to join Zn-22Al sheets 

is suggested. Trials of FSF were carried out on a modified vertical milling 

machine. The results are discussed in terms of microstructure observations, 

hardness distributions, and temperature measurements. 

Due to the fluidity of aluminum alloys in FSW, a new micro-forging method 

has been developed and applied to mechanical interlocking. This process is 

referred to as friction stir forming (FSF). The FSF process uses the friction heat 

and the plastic deformation generated between a rotating tool and the material 

being forged.  

Present study experimentally investigated the mechanical interlocking of Zn-

22Al superplastic alloy to a thin insulated copper wire and the development of a 

new composite alloy. Zn-22Al can be obtained as sheet for thermal forming and 

is often useful in low-volume applications where tooling costs must be kept low. 

Zn-22Al is also used for electronic enclosures, cabinets and panels, business 

machine parts, and medical and other laboratory tools [71]. Using friction stir 

technique for interlocking insulated copper wire, a multi-functional composite 

material was developed. The insulated airtight interlock structure expands the 

potential of the composite material in both mechanical and electrical 

engineering applications.  

The developed composite material is expected to have various uses, such as 

transmitting electrical energy or sending electric signals, and could even be 

applied in hermetic seal technologies. Different types of hermetic seals typically 

include air-resistant containers made of different materials for different 
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purposes. Hermetic sealing has various uses, such as implantable medical 

devices, optical devices, electrical or electronic parts, integrated circuits (ICs), 

and MEMS applications [169-171]. In the past, many studies have made 

proposals regarding fabrication of a hermetic seal [172-175]. However, 

transmitting electrical or optical signals in or out of a package that has been 

hermetically sealed has been a difficult challenge for many companies in the 

electronics industry, since electrical current and light are required to enter and 

exit the hermetic package. 

By using the FSF technique, it is expected that insulated copper wire can 

mechanically and hermetically be joined to Zn-22Al superplastic alloy with the 

capability of sending electricity or any other needed signals. This also shows the 

potential of a micro-forming application of FSF. 

Furthermore, the knowledge of the processed zone temperature in FSW is of 

great interest because it determines the microstructural evolution and 

mechanical properties of the processed zone. The relation between temperature 

and quality of the processed zone has been reported in several past studies [176-

178]. So far, however, only a few investigations have shown the set point 

temperature of the control system necessary to obtain a high-quality process, 

especially for superplastic materials. Some studies have suggested that 

superplasticity occurs during FSW [179]. Therefore, in the present study, 

temperature measurements were carried out to give the readers an indication of 

the actual temperatures during the FSF process.  

 

 

5.2 Experimental procedure 

The FSF system and FSF tool are the same ones used in our previous studies 

which were described in previous chapters. [180] FSF system is shown in Fig. 

5.1. The shoulder part of the FSF tool with a diameter of 15 mm and an angle of 

-5° is made of Inconel 625 because of its heat resistance, and a high-speed steel 

forming tap (M6×1) with a height of 1.5 mm is used as the probe part of the tool 

to improve the stirring performance. Experiments are performed on 2 mm thick 

Zn-22Al eutectoid superplastic alloy. The initial microstructure of the 

superplastic alloy is shown in Fig. 5.2. Table 5.1 shows the chemical 

composition of the material (same material used in previous experiments). 
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Fig. 5.2 Initial microstructure of the  

as-received Zn-22Al alloy 

Fig. 5.1 Experimental setup for FSF experiments 
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The workpiece temperature during FSF was also measured by using an array of 

type K thermocouples (0.1 mm in diameter) inserted directly into the workpiece 

at various distances from the process centre and 2 mm under the surface. Fig. 

5.3 shows the arrangement of thermocouples in a workpiece used in the 

experiments. 

Cu Al Mg Ti Zn 

0.52 21.1 0.010 0.034 Bal. 

Rotation speed 

[rpm] 

Travel speed 

[mm/min] 

Plunge depth 

[mm] 

Tilt angle 

[°] 

315–880 25–400 1.7 3 

Table 5.2 Process parameters of FSF tool 

Fig. 5.3 Schematic illustration of the locations 

of thermocouples in the workpiece 

Table 5.1 Chemical composition of Zn-22Al 

[mass%] 
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As shown in Fig. 5.4, a guide slit is cut into Zn-22Al plate by machining, and a 

thin copper wire of diameter 0.5 mm, insulated by polyimide is put into the 

guide slit. The depth of the guide slit is 0.6 mm and the width is 0.7 mm. 

Another Zn-22Al plate with the same thickness is placed on top of the first plate. 

Then, FSF is applied to the upper Zn-22Al sheet. To perform FSF, a rotating 

tool with a profiled probe is plunged into and fed along the line of the guide slit. 

The tool rotation is counter clockwise and the plunge depth is set to 1.7 mm. 

The rotating tool is traversed at a 3° forward angle through the slit line. As the 

tool moves, friction stirring occurs and the workpiece flows into the guide slit as 

a result of plastic flow. This flow joins the two sheets of Zn-22Al alloy and 

mechanically interlocks the copper wire in the middle. Choosing the proper FSF 

parameters plays an important role for achieving the desired results. Table 5.2 

shows the process parameters of the FSF tool during the process.  

Fig. 5.4 (a) Insulated copper wire of diameter 0.5 mm is put into a slit on a Zn-22Al 

alloy plate, and another plate of Zn-22Al alloy is placed on top. (b) Rotating tool is 

plunged into and fed along the slit line to perform FSF 
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5.3 Results and discussions  

5.3.1 Interlocking of insulated copper wire 

Fig. 5.5 shows cross-sectional photos of the mechanical interlock formed 

between the wire and the Zn-22Al alloy. The cross sections are perpendicular to 

the direction of processing and are etched with sodium hydroxide.  

It can be confirmed that the Zn-22Al superplastic alloy flows and completely 

fills the slit. The flow of the material increases as the revolutionary pitch (travel 

speed/rotation speed) decreases. A small revolutionary pitch also allows the 

temperature to increase [181]. 

 

 

It is also confirmed from Fig. 5.5 (a) that the interface between the two layers of 

Zn-22Al alloy has disappeared. Figure 5.5 (b) is an example of a non-

appropriate process parameter with an unjoined interface between the two layers 

of Zn-22Al.  

It is known that the processed material undergoes severe plastic deformation 

during friction stirring [182, 183]. Considering that probe part of the tool does 

not touch the bottom layer, the most realistic explanation of the joining of the 

top and bottom layers of Zn-22Al alloy, as discussed in previous studies,  is the 

pressure welding during FSF or possibly superplastic forming and diffusion 

bonding (SPF/DB) [184]. Previous studies have shown that superplasticity 

Fig. 5.5 Cross-sectional photos of mechanically interlocked insulated copper 

wire formed by FSF for different process parameters: (a) rotation speed of 440 

rpm, travel speed of 50 mm/min (b) rotation speed of 880, travel speed of 100 

mm/min. (AS: advancing side, RS retreating side)  
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occurs during FSW [134], but a more detailed study of superplasticity is 

required for proving SPF/DB in this study. A future challenge is to examine 

detailed data for proving SPF/DB. 

SPF/DB technology of sheet materials is an advanced method of sandwich 

structure manufacturing that is widely used in aerospace and ship building 

industries. Titanium-based alloys are one of the promising candidates for 

applications in advanced aerospace programs because of their high-temperature 

strength, good fatigue life, and excellent corrosion resistance [185-189]. 

SPF/DB technology of titanium alloy is a well-established process for the 

manufacture of aircraft parts because of its advantages of weight and cost 

savings [190]. However, SPF/DB has some disadvantages, such as high energy 

consumption, tooling damage, and expensive dies and equipment. As mentioned 

before, the present study shows us the possibility of using the FSF technique to 

overcome some of the disadvantages by lowering the cost of the process and 

creating a fine-grain structure in the stir zone area to improve the quality of 

SPF/DB. 

 

 

5.3.2 Microstructure observations after FSF 

Fig. 5.6 shows the microstructure of the cross section. It is confirmed that FSF 

significantly changes the structure of the base metal. Microstructures of the base 

metal, heat-affected zone (HAZ), thermo-mechanically affected zone (TMAZ), 

and stir zone are shown in Fig. 5.7. Notably finer grain structures after the FSF 

process are obtained within the stir zone. 

Microstructure observations of the interface between two sheets of Zn-22Al 

alloy in different locations were carried out. The observed locations are 

indicated in Fig. 5.8. It can be confirmed from Fig. 5.9 that the interface 

becomes thinner and disappears in area (a), which is closer to the probe and the 

stirring part. 
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Fig. 5.7 SEM secondary electron images of cross section after FSF for a 

rotation speed of 440 rpm and a travel speed of 50 mm/min: (a) base 

metal, (b) heat-affected zone, (c) thermo-mechanically affected zone, and 

(d) stir zone 

Fig. 5.6 Macro-photo of cross section after FSF for a rotation speed of 

440 rpm and a travel speed of 50 mm/min 
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5.3.3 EDS analysis 

 

Fig. 5.10 Line analysis carried out on an etched specimen after FSF: (a) 

micro photo after FSF where interface is thought to have disappeared. The 

line just below the interface indicates the location of the EDS analysis,    (b) 

the continuous line analysis  

Fig. 5.9 SEM secondary electron images: (a) 2 mm under surface 1.5 mm away 

from the probe centre line with no unjoined interface, (b) 2 mm under surface 3 

mm away from probe centre line where interface has disappeared, and (c) 2 

mm under surface 7.5 mm away from the probe centre line where the interface 

between the two sheets can be observed 

 Fig. 5.8 Macro-photos of cross section after FSF for a rotation 

speed of 440 rpm and a travel speed of 50 mm/min with specified 

locations where the microstructural photos were taken 

(b) 

(a) 
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A line analysis by energy-dispersive spectroscopy (EDS) was conducted in the 

interface area where the two sheets of Zn-22Al alloy meet. The EDS line 

analysis is continuous where the interface is considered to have disappeared. 

This continuous profile along with the microstructure observations strengthens 

the possibility of disappearance of the interface. Figure 5.10 shows the EDS 

results.  

 

 

5.3.4 Temperature measurements 

 

Increasing the temperature by lowering the revolutionary pitch results in a better 

plastic flow, but raising the temperature too high can melt the polyimide that 

coats the wire. The temperature also affects the microstructures of the processed 

zone and, more importantly, the proper temperature results in joining of the Zn-

22Al sheets. For these reasons, the temperature during the process is one of the 

important parameters in developing the composite. The temperature was 

measured in different points, as shown in Fig. 5.11.  

Fig. 5.12 shows the temperature distribution after the FSF for different travel 

speeds. When the rotation speed is set to 440 rpm (“0” is the centre of the tool). 

The temperature clearly increases with decreasing travel speed of the tool. The 

maximum temperature at point C (the temperature above the copper wire where 

the interface is considered to have disappeared) was 262C for travel speed of 

50 mm/min. This temperature is close to the temperature having the highest m-

value (strain rate sensitivity index) and superplasticity for Zn-22Al alloy [167]. 

This result suggests that SPF/DB occurs in this area. As indicated earlier in 

previous chapter, a more detailed study of the superplastic mechanism is needed 

to prove that suggestion. Temperatures at points A and E decrease toward the 

advancing side (AS) and the retreating side (RS). These points are far from the 

stirring and forming area, and the lack of heat and amount of tool force are 

considered to be the reason for the interface still appearing in these areas. 
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Fig. 5.11 Macro-photo of cross section indicating points (A–E) 

where temperature was measured during the FSF process with 

rotation speed of 440 rpm, travel speed of 15–400 mm/min, and 

counterclockwise tool rotation. Depth of the measured points is 2 

mm from the surface on the interface between the upper and bottom 

sheets of Zn-22Al 

Fig. 5.12 Temperature distribution after FSF 

for different travel speeds of the FSF tool 
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5.3.5 Measurement of insulation resistance 

A circuit tester was used to check whether the polyimide coating of the wire 

was broken or short-circuited and whether any insulation was broken. An 

analog insulation resistance tester using DC 1000 V of electricity was applied to 

the copper wire to measure the amount of insulation voltage. 

The insulation resistance tester can measure up to 1000 V. It was judged that the 

insulation resistance inside the metal is infinite if the insulation voltage becomes 

1000 V. Therefore, it is thought that the transmission of energy or electric 

signals is possible. The results for different process parameters are shown in 

Table 5.3.  

Polyimide tube (inner diameter: 0.5mm, thickness: 0.06mm) with a heat-

resistance temperature of 400C was used in the experiments. The temperature 

varies depending on the process parameters and rotation pitches. The heat input 

increases for smaller rotation pitches. Therefore, at certain process parameters, 

polyimide is more likely to be destroyed. Polyimide fracture is also seen in the 

very low heat-input parameter when the travel speed of the tool is too high (for 

a rotation speed of 315 rpm). The material flow is poor when the temperature is 

too low, and both the material and the polyimide would be considered to have 

heterogeneous deformation. Therefore, polyimide would become thinner in 

some parts and fracture. As a result, no insulation would exist between the 

copper and the alloy. 

Rotation speed  

Travel speed 

315 

[rpm] 

440 

[rpm] 

620 

[rpm] 

880 

[rpm] 

 25 [mm/min] ○ ○ × × 

 50 [mm/min] ○ ○ ○ ○ 

100 [mm/min] ○ ○ ○ ○ 

200 [mm/min] ○ ○ ○ ○ 

400 [mm/min] × ○ ○ ○ 

Table 5.3 Effect of process parameters on insulation resistance 

(Successful parameters: , unsuccessful parameters: ×) 

) 
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5.3.6 Hardness and grain size measurements 

To find and evaluate the effect of the FSF process on the material and its 

microstructures, hardness tests and grain size measurements were conducted. 

Fig. 5.13 shows the hardness distribution for different distances from the surface 

of the FSF cross section. The measurements were taken at 1.5 mm intervals 

extending horizontally. A difference can be seen in the vertical direction: the 

area close to the surface tends to be harder. Also, areas under the probe are 

harder than areas under the shoulder. It is confirmed that FSF has a high effect 

on hardening the material through the stir zone. The stir zone (maximum 

hardness about 132 HV) is considerably harder than the base metal (average 

hardness 107 HV). This can be attributed to the grain refinement due to stirring. 

Fig. 5.14 shows the average grain size distribution at 0.5 mm under the surface 

of the cross section. It is confirmed that the stir zone has a considerably finer 

grain size compared to that of the base metal. The average grain size of 0.7 μm 

for the base metal was reduced to 0.4 μm within the stir zone. As shown in Fig. 

5.13 and Fig. 5.14, the grain size is related to hardness: that is, the hardness 

increases as the grain size decreases.  

 In general metallic materials, yield stress (σy) is related to grain size (d) 

through the Hall-Petch equation [149, 150]: 

 

         
      (5.1)  

where    is the friction stress and    is a positive constant of yielding 

associated with the stress required to extend dislocation activity into adjacent 

unyielded grains. This relation demonstrates that yield stress increases with 

decreasing grain size. In the absence of appreciable work hardening, the 

hardness HV of the material is proportional to the yield stress through the 

expression HV=3  . Eq. (1) is therefore reformulated in terms of hardness by 

the following relation [152]: 

 

         
      (5.2)  

 

where    and    are the appropriate constants associated with the hardness 

measurements. 
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In the present study, hardness increases toward the stir zone and supports the 

fact that microstructures within the stir zone are finer than those in the base 

metal. The relation between grain size and hardness in different parts of the 

processed area (base metal toward stir zone) is shown in Fig. 5.15. The hardness 

is directly proportional to the grain size, and the Hall-Petch relation of hardness 

could be found in the friction stir formed Zn-22Al. The relation calculated by 

the least squares method is expressed in the following equation: 

 

HV= 40+ 58 d
-1/2

          (5.3) 

 

where d is the grain size in micrometres. 
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Fig. 5.14 Average grain size distribution in FSF cross section 

Fig. 5.13 Hardness distribution of cross section after FSF showing 

that that the hardness increases in the stir area after FSF 
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The hardness within and around the copper wire was measured as well. 

Locations of the measurements are shown in Fig. 5.16 and the results are shown 

in Table 5.4. It is confirmed that the hardness above the wire, which is 

considered to be the TMAZ part of the FSF process, is harder than the bottom 

part. The average hardness of the wire is 91 HV after FSF, as compared with 

103 HV before the process. Since copper has a somewhat low recrystallization 

temperature (140 C) [191], it is concluded that the effects of heat annealed the 

copper wire from its previous state.  

 

 

 

 

Fig. 5.15 Hall-Petch relation for friction stir formed Zn-22Al as 

a function of 𝑑     

 

Fig. 5.16 Measurement positions of hardness 

distribution in the copper wire 

200 µm 
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Position Hardness [HV] Position Hardness [HV] 

a 114 i 99 

b 101 j 94 

c 114 k 95 

d 108 l 82 

e 94 m 86 

f 102 n 90 

g 99 o 95 

h 95 p 84 

  q 98 

 

5.4 Conclusions 

The results of mechanical interlocking of insulated copper wire with Zn-22Al 

superplastic alloy by the FSF technique were investigated. The following results 

were obtained. 

1. It was confirmed that FSF can be used to form mechanical interlocks between 

Zn-22Al superplastic alloy and thin insulated copper wire. 

2. With proper process parameters of the FSF tool, the temperature of the 

process can be controlled so that the Zn-22Al alloy can reach its highest 

superplastic condition. As the result, two sheets of Zn-22Al can be joined to 

each other. This shows the great possibility of superplastic forming and 

diffusion bonding between two sheets. 

3. It was concluded that FSF can improve the mechanical properties of 

superplastic alloys due to grain refinement and hardening effects within the 

processed zone. The maximum hardness of the stir zone was 132 HV after 

FSF, as compared with 107 HV before treatment. 

4. The relation between hardness and grain size was expressed by the Hall-Petch 

relation. 

5. FSF offers a high possibility of developing new composite materials for 

transmitting electricity, electric signals or energy. 

 Table 5.4 Hardness distribution in insulated copper wire after FSF 
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6. FRICTION STIR FORMING FOR MECHANICAL 

INTERLOCKING OF Zn-22Al SUPERPLASTIC 

ALLOY WITH STAINLESS STEEL STRANDS 

6.1 Introduction 

In this chapter, a novel method of mechanical interlocking of ultra-thin stainless 

steel strands with Zn-22Al superplastic alloy which was conducted by using 

friction stir forming (FSF) is introduced.  

Fiber reinforced materials (FRM) has gathered intention because of their 

outstanding properties like specific strength, heat resistance and wear resistance. 

However, regardless of the mentioned excellent properties, there are a few 

problems like occurring brittle compound at the interface between the fiber and 

the metal matrix which makes it difficult to produce FRMs. Moreover, 

fabrication of aluminum alloys and superplastic matrix composite has recently 

gathered interests. Nishimura et al. published a study on manufacturing Zn-22Al 

superplastic matrix composite using powder metallurgy. [97] They developed a 

compacting method for fabricating metal matrix composite using bondable Zn-

22Al alloy powders and SiC fibers. They applied heat treatment for controlling 

properties of the composite. In their method, requirements of controlling of 

fabricating temperature and amount of applied pressure, also duration time were 

needed, which make their method not efficient enough as it is too time 

consuming, complicated and not so ECO friendly. 

Considering mentioned challenges in this field, we applied FSF as a novel 

method to mechanically interlock stainless steel strands with Zn-22Al alloy and 

produce a superplastic matrix composite. The trade name of the stainless steel 

fibers, manufactured by “Nakayama companies” with their original technology 

is “NASLON”. Stainless steel fiber, as its name would suggest, uses stainless 

steel as its base, and is a type of metallic fiber. Accordingly, it has completely 

different properties from conventional organic fibers. Stainless steel fiber's 

greatest characteristic is that it possesses the same level of workability as fiber 

while having metallic properties. It can be used for electrostatic applications 

such as sewing thread for sewing, reinforcement material of FRP · FRM, 

packing material, heating element, static elimination brush etc. 

In present study the potential for development of a multi-functional composite 

material is studied experimentally. By using FSF technique, it can be expected 
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that stainless steel strands can mechanically get joined to Zn-22Al alloys, and be 

capable of improving the mechanical properties of the alloy. Moreover, stainless 

steel strands can be expected to affect the flexibility of the produced composite. 

The results are discussed in terms of microstructure observations, hardness 

distributions and tensile tests. 

 

6.2 Experimental Procedure 

The FSF system and FSF tool are same as in previous chapters. Experiments are 

performed on 2 mm thick Zn-22Al as-received alloy. Fig. 6.1 (a) illustrates 

mechanical interlocking of the stainless steel strands using FSF. As it is shown 

in Fig. 6.1 (b), a guide slit is cut into the plate by machining and strands 

(diameter 12µm×100) are put into the guide slit (mechanical properties of the 

stainless strand is given at table 6.1). Depth of the guide slit is 1.7mm and the 

width of it is 0.5mm. Then, the FSF is applied to the sheet. To perform FSF, a 

rotating tool with a profiled probe, is plunged and fed along the line of the slit 

(Tool rotation is counterclockwise and the plunge depth is set to 1.4mm). The 

rotating tool is traversed at a 3°forward angle through the slit line. As the tool 

moves, friction stirring occurs and the work-piece flows into the guide slit as a 

result of plastic flow. This leads to mechanically interlocking the strands in the 

middle. Process parameters of FSF tool are shown in table 6.2. 

 

Fig. 6.1 (a) stainless steel strands (12µm×100) are placed into a slit on an Al 

alloy, (b) Rotating tool is plunged and the moves toward the slit line to 

perform FSF 

Stainless steel 

strands 
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6.3 Results and discussions  

6.3.1 Interlocking of Stainless steel strands and Zn-22Al alloy 

Fig. 6.2 shows cross sectional photos showing mechanical interlock formed 

between strands and Zn-22Al. Cross section is perpendicular to the direction of 

processing and is etched with sodium hydroxide. It can be confirmed that the 

material has flowed and completely filled the slit. It can be confirmed from Fig. 

6.3 that Zn-22Al has flowed and precisely filled the slit and spaces between 

strands. It should be noted that tool probe passes exactly above the strands 

therefore, strands are embedded exactly under the stir zone. Since the 

temperature during friction stir process is relatively low, it would be unlikely to 

observe any reaction between strands and Zn-22Al alloy or obtain any 

intermetallic layers between the alloys Fig. 6.4 shows how FSF process affected 

Material Basis weight 

[g/m] 

Tensile strength 

[N] 

Elongation 

[%] 

SUS304 0.11 18 1.0 

Rotation speed 

[rpm] 

Travel speed  

[mm/min] 

Plunge depth 

[mm] 

Tilt angle 

[°] 

880 100 1.4 3 

Table 6.2 Process parameters of FSF tool during the process 

100 µm 

Table 6.1 Mechanical properties of the stainless steel strand [192] 

Fig. 6.2 (a) Cross-sectional photo of mechanically interlocked strands formed 

by FSF for Zn-22Al (b) micro photo of interlocked strands after FSF 

(a) 

(b) 

100 µm 

5 mm 
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the base metal. It can be confirmed that notably finer grain structures has been 

obtained within the stir zone. Fig. 6.4. (c) shows the TMAZ part of the process.  

 

Fig. 6.3 SEM image of interlocked strands showing that material has 

precisely filled the slit and space between strands 

Fig. 6.4 (a) macro photo of cross section after FSF process with microstructures 

after FSF process showing (b) unaffected zone (base metal) (c) TMAZ (thermo-

mechanically affected zone) (d) stir zone 

(b) (c) 

(d) 

(a) 
b c d 

5 mm 

50 µm 

50 µm 

100 µm 
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6.3.2 Pull out test 

Strength of the interlock was investigated 

by pulling out tests. K. Yamamura 

previously showed that the strength of the 

interlock between piano wire and 

aluminum alloy by using FSF techniques, 

is strongly dependent on contact surface 

area [11]. To test this hypothesis in this 

study, pull-out tests were carried out with 

various embedded wire lengths (h) using the experimental setup shown in Fig. 

6.5. Strands broke at all embedded lengths. A representative test result (load-

Fig. 6.5 Schematic of 

experimental setup for pull out 

test. 

Fig. 6.7 Effect of embedded length 

on maximum load in pull-out test 

Fig. 6.6 Representative load-displacement graph 

for friction stir formed Zn-22Al alloy   
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displacement curve) is shown in Fig. 6.6. From Fig. 6.7 it can be recognize that 

there is no noticeable changes in maximum load for different embedded lengths. 

It can be confirmed that the maximum load of strands after the process close to 

the strength of strands before applying FSF. 

 

6.3.3 Hardness test 

Fig. 6.8 shows the hardness distribution for different distances under the surface 

of the FSF cross-section. The measurements have been taken at 2.0 mm 

intervals extending horizontally. It can be confirmed that FSF has a high effect 

on hardening the material through the stir zone. Stir zone is considerably harder 

than the base metal. As discussed earlier, this can be attributed to the grain 

refinement of Zn-22Al due to stirring. However, for some other aluminum 

alloys softening is apparent in the areas under the shoulder; this softening is due 

to heat-induced over-aging [11] and it been reported that this condition can be 

improved through aging treatment [193]. Fig. 6.8 (b) shows the hardness 

distribution within the stir zone. It can be confirmed that hardness increases 

toward the surface of the processed area.  

Fig. 6.8 Hardness distribution of cross-section after FSF 

(a) different distances from center extending horizontally  

(b) different distances from the surface within the stir zone  

(a) 

(b) 
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6.3.4 Tensile tests 

Number of slits and strands were increased to investigate the effect of strands 

number on the mechanical properties of the material. Tensile tests were carried 

out to evaluate the results. Different number of strands (1 to 5 times of the 

original 12µm×100) were put into one slit and FSF was applied on top of the 

slit. Fig. 6.9 shows the macro photo after cross-section. The relation between 

number of strands and maximum stress is shown in Fig. 6.10. An increasing 

tendency of strength could be confirmed until the number of strands were 

increased to two times of the original number, and then strength started to 

decrease as the number of strands reached five times of the original number. 

Increasing strands number in an excess amount, causes a not sufficient material 

flow; Empty spaces between strands and material could remain as a result, 

therefore, affecting strength of material when subjected to tensile tests.  

Slit numbers in which the strands are embedded are changed from 0 to 5, and 

the influence was examined by a tensile test after 1 pass of FSF. Relation 

between the number of embedded strands in multiple slits and the tensile 

strength is shown in Fig. 6.11. Comparing to the base metal tensile strength 

increases after applying FSF. This can be linked to the grain refinement after 

applying friction stir process. As the number of slits increases, the tensile 

100 µm 

100 µm 

100 µm 

Fig. 6.9 Increasing the number of embedded strands in one slit: (a) 

12 µm×100, (b) 2 times of (a), (c) 3 times of (a), (d) 5 times of (a) 

(a) (b) 

(c) (d) 

100 µm 
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strength tends to increase as well. However, a sudden drop in strength was 

observe in 5 slit specimens. This could be attributed to lack of material flow into 

the side slits after applying only 1 pass of FSF (same phenomenon as happened 

after increasing strands number which was indicated above). Material could not 

completely flow into the slits on the advancing side (AS) and retreating side 

(RS) side. As can be seen in Fig. 6.12 (a), the material flow is insufficient due to 

the heat deficiency when getting away from the center of the tool, therefore 

material cannot fully flow into the slit. In other hand it can be confirmed from 

Fig. 6.12 (b) that material can precisely fill the slit when strands are placed 

exactly under the probe part of the tool.  

 

Fig 6.12 (a) lack of material flow in slit 5.0 mm away from the center 

of tool (b) slit under the center of tool has been filled completely 

(a) (b) 

Fig. 6.11 Effect of slit numbers on maximum stress 

Fig. 6.10 Effect of strands number on maximum stress 

100 µm 100 µm 
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According to the microstructural observation using SEM, although a difference 

in how the plasticized material behave and flow in AS and RS was observed; 

when the number of slits increased to 5, a lack of material flow was confirmed 

in both AS and RS (in slits 5 mm away from the center) and slits were not fully 

filled in both sides. As it is shown in Fig. 6.13, SEM images were taken after 

tensile test for base metal, friction stir processed alloy without any strands and 

friction stir formed alloy with interlocked strands. Dimples can be observed for 

all the taken samples. It can be confirmed from Fig. 6.13 (c) that crack occurs in 

the slit which strands were embedded and as it can be confirmed in Fig. 6.14, 

some strands tended to remain unharmed and not break after the tensile test. 

This can bring a possibility of using strands to produce a flexible joint assembly.  

(b) (a) (c) 

Fig 6.13 SEM images after tensile test showing (a) base metal (b) friction 

stir processed alloy (c) friction stir formed alloy with strands 

Fig 6.14 Non-broken strands still remaining after tensile test 
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6.3.5  Developing an interlocked bulk superplastic composite 

FSF was carried out in several passes by offsetting tool, to develop a 

superplastic composite plate interlocked by stainless steel strands. As shown in 

Fig. 6.16, slits are cut into a Zn-22Al plate by machining and strands (diameter 

12µm×100) are put into the slits in the intervals of 5mm. Depth of the guide 

slit is 0.8 mm and the width of it is 0.5mm. Then, another Zn-22Al plate is place 

on top and the FSF is applied to the upper sheet.  strands were placed in slits 

0° and 45° angles to the direction of the processing and multi-passes of FSF 

were carried out.  

Fig. 6.17 shows macro photos of cross section after friction stir lap welding of 

Zn-22Al alloys without any interlocked strands (a) and with interlocked strands 

(b). Hara had previously succeeded in producing a bulk superplastic material 

[194]. He reported about the improvement of mechanical properties after 

friction stir lap welding of Zn-22Al and how process parameters affect 

properties of the assembly. 

To evaluate the properties of the developed plate, tensile tests were carried out.  

Fig 6.17 (a) Macro photo of cross-section of a friction stir lap welded Zn-

22Al as-received alloy (b) macro photo of friction stir lap welded Zn-22Al 

with interlocked strands 

(a) 

(b) 

5 mm 

Fig. 6.16 Schematic illustration showing 

stainless steel strands position in alloy 

5 mm 
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Fig. 6.18 shows how the interlocked strands in different directions affect tensile 

strength. Embedding strands in a 0°direction resulted in a higher strength 

while strength decreased for 45°strands. Fig. 6.19 is a SEM image of a tensile 

sample fracture surface for a friction stir formed Zn-22Al with interlocked 

strands. Observation of the strands position after tensile tests revealed that in 

45°embedded strands, empty spaces remain in slits due to lack of material 

flow that results in a inhomogeneous grain structure which leads to a dropped 

strength. Excessive number of slits in a single plate inhibits sufficient material 

flow to fill the slits, which makes the final produced composite vulnerable to 

stress. However, as it can be seen in figure 6.20, fine dimples could be 

confirmed after SEM observation. Future works could challenge to solve the 

mentioned problems by decreasing the number of slits along with decreasing the 

tool offset distance, also considering apply of overlapped multi-passes of FSF. 

Fig. 6.18 Tensile test results after friction stir 

lap welding with and without strands 

Fig. 6.19 SEM image after tensile test for a 45°embedded 

strands sample in a friction stir formed Zn-22Al.  
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Conclusions  

It was confirmed that FSF can be used as a novel method to form mechanical 

interlocks between Zn-22Al superplastic alloy and ultra-thin stainless steel 

strands and develop a multi-functional composite alloy. Moreover, results of 

mechanical interlocking of an insulated copper wire with Zn-22Al superplastic 

alloy were investigated by using the FSF technique and the following results 

were obtained. 

1. Material hardening was observed in the stirring part as a result of grain 

refinement due to the stirring process during FSF.  

2. Strands tended to break when pulled and not get pulled-out when subjected 

to pull-out tests. It was confirmed that maximum load of the strands in 

developed assembly is not dependent on the embedded length of the 

interlocked strands.  

3. Tensile strength increases after applying FSF while elongation was 

decreased. Grain refinement of grain structure due to FSF could be linked to 

the mentioned result. Higher elongations can be expected in high 

temperature testing condition.  

4. An increasing tendency of strength could be confirmed by increasing the 

number of strands in one slit. However, putting strands in multiple slits 

resulted in insufficient material flow. It was suggested that the insufficient 

flow of material can be improved by increasing the heat-input during the 

FSF process by changing the process parameter of the tool or applying FSF 

in multi-passes, which can be raised as future challenges for present 

experiment. 

Fig. 6.20 SEM image after tensile test showing fine dimples 
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7. CONCLUSIONS  

7.1  A brief summary 

In the present study, friction stir processing (FSP) was presented as a technique 

to improve the mechanical properties of Zn-22Al superplastic alloy. The effect 

of FSP on the superplastic behavior of Zn-22Al was discussed in Chapter 1. 

FSP as a forming technique, referred to as “friction stir forming” (FSF), was 

used on Zn-22Al to produce multi-functional superplastic alloys. 

In chapter 2, an analytical overview of the literature published on the topic was 

produced. In chapter 2 we reported our critical review of the relevant literature 

and addressed gaps in those literatures. We introduced methods that how our 

research attempts to address those gaps. 

In Chapter 3, the effect of FSP on the microstructure of Zn-22Al superplastic 

alloy was proposed. In particular, the effect of varying the different tool process 

parameters of FSP on the grain size of superplastic Zn-22Al was discussed. 

Based on microstructural observations and hardness tests, it was concluded that 

grain refinement of Zn-22Al alloy by FSP is possible; therefore, mechanical and 

superplastic properties can be improved. 

As discussed in Chapter 3, a grain size of 0.3 µm was achieved within the stir 

zone. Hardness of Zn-22Al increased toward the stir zone after FSP as a result 

of grain refinement. Tensile tests after FSP revealed the processed alloy has a 

greater m-value and superplasticity can be obtained at a higher strain rate of 

1×10
-1

.  

FSF as a forming technique was used as a novel method to produce multi-

functional composite alloys.  

In Chapter 4, a superplastic vibration damping composite was developed by 

using FSF. Temperature measurements during FSF showed that, by changing 

the process parameters of the FSF tool, the temperature can be controlled. 

Therefore, by controlling the process parameters and the temperature, Zn-22Al 

can reach its highest superplastic condition during the FSF process. The 

possibility of diffusion bonding by superplastic forming during FSF was raised 

and it was demonstrated that FSF can successfully interlock perforated steel 

sheet between layers of Zn-22Al and develop a superplastic damping fiber. The 
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damping ability of superplastic vibration-damping steel sheet composite was 1.7 

times larger than the damping ability of Zn-22Al, a well-known damping alloy. 

In Chapter 5, the same FSF technique was used to produce a multi-functional 

superplastic composite capable of transmitting data or energy by mechanically 

interlocking an insulated copper wire to Zn-22Al alloys. The FSF technique was 

also used to develop a new superplastic composite. We noted the potential 

scientific impact of the friction stir based technique in future studies by other 

scientists investigating mechanical and airtight interlocks.  

Chapter 6 scientifically demonstrated a novel method for producing MMCs by 

mechanically interlocking stainless steel strands and Zn-22Al alloy and for 

developing a multi-functional composite alloy. This chapter described the 

possibility of using FSF as a novel method for joining dissimilar alloys to 

develop a new composite. Moreover, stainless steel strands can be expected to 

affect the flexibility of the produced composite. It was confirmed that the 

maximum pull-out load of the developed assembly is not dependent on the 

embedded length of the interlocked strands. Stainless steel strands tend to break 

under tensile tests instead of getting pulled out. An increasing tendency of 

strength could be confirmed by increasing the number of strands in one slit. 

However, putting strands in multiple slits resulted in insufficient material flow. 

 

7.2  Recommendations for future research 

The results of this study opened a channel for discussing possible new 

applications of FSP, such as applying FSP for improvement of mechanical 

properties of Zn-22Al superplastic alloy and development of fine-grained 

structures for increasing superplasticity. Moreover, FSP was introduced as a 

novel method of creating innovative functions for Zn-22Al superplastic alloy. 

Producing multi-functional superplastic materials was studied experimentally 

through FSF. These achievements demonstrate that this research is important 

for researchers and practitioners. By combining FSP and superplastic 

phenomena of Zn-22Al alloy, new method of producing superplastic 

composites with improved mechanical and superplastic properties were 

introduced. 

A particular finding in this research was grain refinement of superplastic alloy 

by using friction stir processing. This finding can be beneficial for different 
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fields of studies. However, a few problems were discovered during 

experiments. An inhomogeneous microstructure after applying FSP to the 

alloy was one of the problems in our study. Overlapping passes of FSF to 

develop a processed plate have an effect on reducing inhomogeneous 

structures. Other studies have mentioned that applying FSF in multi-passes has 

an advantage over only a single pass of FSP and can result in a more 

homogeneous structure. Therefore, applying FSP in multi-passes can be of 

interest in future research to produce even more fine-grained structures in Zn-

22Al alloys. 

The finding in our research that was not anticipated was that joining sheets of 

Zn-22Al alloy was possibly due to SPF/DB. Chapter 4 included discussions on 

producing superplastic damping fiber by using FSF, and joining two sheets of 

Zn-22Al to each other as the FSP tool moves along the upper sheet without 

touching the sheet at the bottom. Temperature measurements were carried out 

and it was found out that at specific process parameters during FSP, the 

temperature can get close to the recrystallization temperature of Zn-22Al alloy 

and therefore SPF/DB occurs and the upper and the lower sheets are joined 

together. More detailed study is needed to prove this idea. Future attempts are 

expected to focus on the study of the grain boundaries of Zn-22Al for different 

process parameters of FSP. This can result in desirable findings that can have a 

beneficial effect in superplastic forming industries.  

Limitations include temperature measurements during friction stirring 

processes. Although temperature is an important factor during the friction 

stirring process, only a few studies have reported on temperature 

measurements of the workpiece and the FSW tool during the friction stirring 

process. [129] In the present study, the temperatures of specific points in the 

workpiece were measured. K type thermocouples were inserted directly into 

different parts of the workpiece to measure the exact temperature when the 

tool passed that specified point. However, the difficulty of measuring 

temperature in a more continuous manner still remains. Measuring the 

temperature of different parts of a workpiece and the rotating tool constantly 

throughout the process can be a huge benefit to researchers and manufacturers.  

Finally, the results of this research provide recommendations for practitioners 

in the field of material processing. For example, FSF which was originally 

introduced by Nishihara as a new forming method, was applied to superplastic 
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alloys for the first time for manufacturing functional composites, so our study 

suggests new strategies to explore such findings in the future.  

As was discussed and demonstrated in Chapters 4 to 7, FSF has the possibility 

of creating a composite alloy capable of transmitting energy, electricity, and 

also information. FSF also enables us to produce MMCs in a non-labor-

intensive and non-time-consuming way and also in a more eco-friendly 

manner. Thus, by interlocking steel strands with superplastic alloy, materials 

with capability of greater flexibility can be manufactured. 

Although the present study focused on Zn-22Al as a superplastic alloy, the 

novel research strategies in other studies can be used for different alloys in the 

future. Titanium and its alloys are great candidates for future studies, because 

they are highly used in aerospace and biomechanical industries. FSF can be 

used for interlocking strands, insulated copper wires or optical fibers in 

titanium alloys to produce multi-functional alloys.  
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