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ABSTRACT 

Friction stir processing (FSP) is an energy efficient solid-state material processing technique 

for microstructure modification of commercial high-strength Al alloys. Many variant techniques 

were developed in recent years that enabled light-weight and high-strength structure fabrication. 

Identifying relationship among process conditions, microstructures, and mechanical properties is 

of critical importance to facilitate the practical implementation of these new techniques. The 

research in the dissertation focusses on developing two main techniques of the FSP: a) friction stir 

back extrusion (FSBE) of 6063 aluminum alloy for tube making and b) FSP of 7075 aluminum 

alloy from powder feedstock. FSBE fabricated Al 6063 alloy tubes with refined grains in the inner 

walls and less orientation asymmetry, which is beneficial to the thin-walled light-wight structure 

building. The local concentrated precipitation and the grain-size gradient throughout the wall 

thickness illustrated the non-uniform straining applied by the current FSBE design. Such non-

uniformity can be utilized for a selective microstructural modification in the extrusion process. 

FSP from premixed powder realized complete in-situ Al3Ni formation in Al 7075-Al3Ni composite. 

Nano-scale Ni additive in the start material produced fine-sized Al3Ni, which generated more 

effective hardness enhancement than the micron-scale Al3Ni reinforcement by the Orowan 

strengthening effect. The Ni addition also introduced precipitation kinetics change in Al 7075 alloy 

including Cu depletion from Al matrix and promoted T- Al2Mg3Zn3 precipitation. The current FSP 

set up on powder enabled fabrication of large-scale consolidated composite with homogenous 

microstructure. The FSP on Al 7075 powder produced fully consolidated, highly recrystallized 

grain structure comparable to the solid pieces after FSP. The microhardness was mainly governed 

by the resultant morphology and content of the strengthening intermetallics. However, the 

excessive Fe-rich intermetallics (Al7Cu2Fe and Al23Fe4Cu) were introduced possibly by the tool’s 

wearing. The Fe-rich inclusion as well as the other possible residue features in powder triggered 

further grain refinement and reduction of main strengthening η'/η phases in the post heat treatment. 

The hardness reduction of the material from powder in the post heat treatment indicated the 

necessity of modifying material preparation and the post-process for the perfection of this FSP 

techniques.  
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Chapter One. Introduction 

1.1. Background: Friction Stir Processing (FSP) of Aluminum Alloy 

Aluminum alloys are of the main structural materials in automotive and aerospace industry 

(Figure 1.1) because of their high strength-to-weight ratio, ductility, toughness, machinability, and 

other performances like corrosion resistance [1]. The strengthening of the aluminum alloy is an 

extensively studied topic since the strength is usually the top consideration in structural design [1, 

2]. The strength enhancement is achieved by either modifying microstructure of the existing alloys 

or developing new materials with compositional change. The friction stir processing, in which 

non-consumable tools apply intensive fictional heat and plastic deformation into the workpiece, 

enables both microstructure modification and compositional changes. Therefore, the friction stir 

processing has been recognized as an attractive strengthening technique, and it is expected to offer 

several advantages: a) energy-efficient solid-state process with no melting and solidification 

defects (e.g., hot cracks, segregation, etc.), b) grain structure modification with severe plastic 

deformation and thermal input, and c) capability of making aluminum-based composite by 

introducing additives in the process.  

Friction stir processing (FSP) is derived from the friction stir welding (FSW), a solid-state 

joining technique invented at The Welding Institute (TWI) in 1991 [3]. The idea is inserting a non-

consumable rotating tool into the workpieces and soften the material with localized frictional heat. 

Welding beam is created upon the plastic deformation in the track of tool’s motion. The FSW 

effectively addressed the issue of hot cracking in conventionally welded high-strength aerospace 

aluminum alloys, because the joint is produced at solid state with refined grains. Mishra et al. then 

developed FSP [4, 5] to produce superplasticity in aluminum alloy with ultrafine grain and high-

volume fraction of grain boundaries by the friction stir effect. In the case, the rotating tool produces 

the friction stir effect on a single piece of material for localized microstructural modification. 

Enhancement of multiple properties, such as grain refinement, homogenization and material 

densification, can be achieved in a single step [6, 7]. Furthermore, the microstructure and the shape 

of the processed region can be accurately controlled by varying the process parameters and tool 

design [8]. 
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FSP mainly produced equiaxed grain structures due to the dynamic recrystallization in its 

unique thermal-plastic process. Micrometric grains are usually obtained [5, 7, 9, 10], and even the 

production of nanostructured aluminum grains in size of 20 - 100 nm is also possible by conducting 

rapid cooling in FSP [11, 12].  The grain refinement results in both yield strength (YS) and 

hardness increment following the Hall-Petch relationship [9, 10, 13-17]. The refined grain 

structure also introduces the superplasticity into the aluminum alloys, as Mishra [4] reported the 

superplasticity of the FSPed Al 7075 alloy at high strain rate tensile test due to the fine grains and 

high-volume fraction of high-angle grain boundaries (HAGB). The grain structure can be 

controlled by changing tool design and process parameters, cooling/heating conditions, etc. 

Modified microstructure with superplasticity can be obtained both along [18, 19] and transverse 

[8, 20] to the tool’s translating direction. 

Impressive studies also expand the potential of FSP by combining its principle with the 

geometrical and dynamical designs of other material processing techniques (Figure 1.2). Those 

inspiring variant techniques are developed and known as friction stir forming (FSF) [21-23], 

friction stir rolling (FSR) [24], friction stir extrusion (FSE) [25-31] and friction stir deposition 

(FSD) [32-34]. Many detailed technique issues like process design, end-product microstructure 

and properties in those novel techniques are not fully studied. The dissertation focused on the study 

of the technique named friction stir backward extrusion (FSBE). 

The friction stir extrusion (FSE) combine the FSP principle with the hot extrusion process to 

produce rod, wire, and tubular structures. The rotating part that can created frictional heat and 

severe plastic deformation is integrated into the extrusion tool set. FSE produces refined and 

homogenized grain structure in one step. Both wire and tube structure can be extruded by 

appropriate tooling design. Conventional extrusion of aluminum alloys, on the other hand, usually 

requires post heat treatment or other homogenization process. Another advantage of the FSE is the 

significant extrusion load reduction (over 90%) with respect to hot extrusion because of the 

localized heating and softening nature at the extrusion exit in FSE tools [35, 36]. Feng et al [25] 

proved FSE as an energy-efficient technique for aluminum recycling by extruding aluminum alloy 

wires using wasted aluminum alloy chips and powders. The improvements of mechanical and 

electrical performances due to refined microstructure were confirmed. The FSE can characterized 

into two deviation based on the extrusion direction. One of the technique is called friction stir 
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direct extrusion (FSDE) [29, 36], because the material is extruded out along the same direction as 

the tools plunging direction. The other is called friction stir backward extrusion (FSBE) where the 

extrudate move in the reverse way to the tools plunging [26, 37]. Tang et al [37] produced defect-

free Al 2195 alloy wire using machined Al alloy chips as raw material. The final product contains 

fully recrystallized grains. Tahmasbi et al [38] demonstrated better surface finish for Al wire 

extrusion can be obtained with higher rotation rate and lower plunging load. Preliminary studies 

on the tube extrusion with a 5~10 μm grain refinement from >100 μm origin grain structure [26-

28]. Nazari Tiji et al [36] made thin-walled AZ31 magnesium alloy tubes with a direct extrusion 

setup, both grain refinement and relatively high extrusion ratio (~18.8) are accomplished. It is 

noticed that the studies on extruding Al alloy tubes using FSE techniques is still limited. 

FSP can also fabricate fully dense material using powder, waste turnings and chips, and cast 

blocks as starting material [8, 37, 39, 40]. It is because its intensive thermal-plastic deformation 

can homogenize the microstructure and eliminate defects like porosity, cracks, particle segregation 

and coarse dendrite grains [6, 39, 41]. Thus, the FSP can turn into a powerful tool of making 

aluminum-based composite materials. Al-based metal matrix composites is another important way 

for obtaining high performance structural material. The idea is to blend reinforcing material 

(known as ‘additive’) into the Al alloy (known as ‘matrix’). Enhancement of strength, Young’s 

modulus, wear, fatigue resistance and thermal stability can be obtained. Because the reinforcement 

results in Al grain size refinement as well as multiple strengthening effects by dislocation-

reinforcement interactions. Various additives like transition metal [42-46], ceramics [47-51], 

carbon material [52-55] can be applied in FSP. There are two methods of introducing additives in 

FSP composite making: a) placing additives into the pre-machined holes/slots of a solid Al matrix 

and b) mixing additive into Al/Al alloys powder as feedstock for FSP. The pre-mixed powder 

gives better chance of more uniform particle distribution but also the risk of porosity [56]. Such 

risk can be mitigated with appropriate process (sufficient temperature and pressure input). The 

reinforcement can be created either ex-situ or by in-situ reaction between additive and Al. In-situ 

reinforcement formation is more favorable because of its better metallurgical bonding and thermal 

stability [57-60]. FSP possess several advantages compared with conventional casting composite 

techniques: a) available of more strength enhancement using high volume fraction of fine sized 

additives which is hard for melting Al process [47, 49, 61-64], and b) able to fabricate large 
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dimension of composite by repeating tracks of FSP [8, 44]. Al3Ni phase has been proved as a good 

candidate for Al reinforcement because of its high strength both at room and high temperature, 

good interfacial bonding with Al matrix [43, 44, 46, 65-68]. Al - Al3Ni composites with strength 

improvement was fabricated by FSP route by several preliminary studies [43, 44, 69]. Al - Al3Ni 

composite fabrication with nano-size Al3Ni particles by FSP of mixed powder feedstock awaits 

more research although it should provide promising performance. 

1.2. Research Goal and Objectives 

It is of great importance to provide knowledge on FSP’s effect on material microstructure and 

mechanical properties. The knowledge needs renewal as the process design is modified. The 

overarching goal of this research is to provide such understanding on two modified FSP techniques 

for the strengthening of the aluminum alloys. One is friction stir backward extrusion (FSBE) 

making Al alloy tubes. The other is multi-track FSP of the compressed powder feedstock for grain 

refined Al alloy and Al - Al3Ni composite. 

Figure 1.3 shows the overall structure of this research composed by the following 3 topics: 

a) Provide understanding of the microstructural evolution of Al 6063 alloys tubes fabricated 

by friction stir backward extrusion (FSBE). 

b) Demonstrate the feasibility in-situ Al3Ni reinforcement formation in fabricating Al 7075- 

Al3Ni composite by using mixed Al 7075 powder and Ni nano powder. 

c) Provide understanding of the microstructural evolution and strength differences between 

FSP fabricated Al 7075 alloy from powder and wrought Al 7075 alloy. 

1.3. Thesis Organization 

Chapter 2 presents the microstructural and mechanical properties evolution of the Al 6063 alloy 

tubes processed by friction stir back extrusion (FSBE). Chapter 3 introduces the fabrication of in-

situ fine-sized Al3Ni reinforcement in Al 7075 alloy composite using the multi-track FSP 

technique. The particle strengthening effect and phase change are discussed. FSP fabricated 

material from powder exhibited hardness reduction with respect to solid Al 7075 alloy after the T6 
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aging heat treatment. A comparative study of powder and solid Al 7075 start material in FSP was 

conducted to interpret such hardness change in chapter 4.  Chapter 5 summarizes the conclusions 

and possible future works.  
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Appendix. Figures and Tables 

 

Figure 1.1 A) Automotive parts and B) aircraft frame structures as representative of aluminum 

alloy structures used in industry [70, 71]. 
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Figure 1.2 Schematic drawings of A) FSP [72] and variant technique of B) friction stir extrusion 

(FSE) [25]. 
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Figure 1.3 Diagram of the overall structure of the research in this dissertation.  
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Chapter Two. Mechanical Property Characterization and 

Microstructure Evolution of 6063 Aluminum Alloy Tubes Processed 

with Friction Stir Backward Extrusion 
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2.1. Disclosure 

The chapter contains a published journal article titled: “Microstructure evolution and 

mechanical property characterization of 6063 aluminum alloy tubes processed with friction stir 

back extrusion” [73]. Suhong Zhang contributed to the writing of the manuscript and 

implementation of FSBE, metallography, hardness measurement and analysis of the 

characterization results. Alan Fredrick helped with FSBE trials. Yiyu Wang performed EBSD test 

on the material. Paul McGinn contributed to characterization of Al 7075 alloy processed by FSBE 

(recorded in supplementary material with the article). Zhili Feng, Wei Tang and Anming Hu 

supervised the project. 

2.2. Abstract 

Friction stir extrusion (FSE) is a novel technique for light-weight metal extrusion. The 

frictional heat and severe plastic deformation of the process generate the equiaxed refined grain 

structure because of dynamic recrystallization. Previous studies proved that the fabrications of the 

tube and wire structures are feasible. Limited studies on FSE hinder the industrialization of the 

process. This research is to build up the understanding of the microstructure evolution in the 

friction stir back extrusion (FSBE). 6063 aluminum alloy tubes are extruded. The process force 

and temperature are recorded during the processes. Microstructure of the extruded tubes is 

characterized using optical microscope, electron back scattered diffraction (EBSD). The 

experiment realized a grain size reduction from 58.2 μm to 20.2 μm of the friction-stir-processed 

inner wall. The FSBE process also created a non-uniform distribution of Mg2Si and β-AlFeSi 

precipitation in the material. Microhardness of the processed material was reduced from 100 HV 

to 60~75 HV due to the precipitation formation affected by the process thermal cycle. 

2.3. Introduction 

The metal extrusion process has been widely used for light-weight alloys for more than 80 

years. It provides most of the semi-finished bar, wire and tube structures for various applications 

[74]. The friction stir extrusion (FSE), on the other hand, is emerging extrusion technique derived 

from the friction stir welding (FSW), which is first patented for aluminum alloy joining [75]. They 
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share common ideas, which is using frictional heating to soften and plasticize the material. The 

frictional heat and severe plastic deformation produce qui-axed refined grains in the structure by 

dynamic recrystallization, which made the friction stir extrusion an attractive process to improve 

the extrusion microstructure and properties. Feng et al [25] proved FSE as an energy-efficient 

technique for aluminum recycling by extruding aluminum alloy wires using wasted aluminum 

alloy chips and powders. The improvements of mechanical and electrical performances due to 

refined microstructure were confirmed. The grain refined tube structure is of great interest as well 

because of its potential in aerospace and automotive industries. Several preliminary studies [26-

28] on friction stir extrusion of tube structures were conducted with a primary tool setup: a rotating 

tool drill into solid material billets placed in the die to make reversely growing tube extrusions. 

They realized a 5~10 μm grain refinement from >100 μm origin grain structure. Whalen et al.  [29] 

made thin-walled AZ31 magnesium alloy tubes with a direct extrusion setup, both grain refinement 

and relatively high extrusion ratio are accomplished. It also reported that product properties depend 

on process condition, tool design and materials. Non-ideal coarse grains can be created with too 

much heat input [28]. The technique of the friction stir extrusion is still premature for industrial 

applications due to limited understanding of the process mechanism. As for wire extrusion, finite 

element models of the wire extrusion from both material flow and heat transfer aspects are built 

[30, 31, 76] because the earlier start of wire extrusion provided more accumulation of process 

conditions. While the tube extrusion is in even more pre-mature stage, current studies of the tube 

extrusion microstructure were mainly conducted with the tool setup proposed in the preliminary 

research [26-28]. Increasing of the tool design and knowledge on process conditions are beneficial 

to the industrialization of the friction stir tube extrusion process. 

In this research, a new tools setup of friction stir back extrusion was developed for tube 

extrusion. Aluminum 6063 alloy tubes with thinner wall were extruded by plunging tools into 

hollowed billet and enlarged their inner diameter. Grain refinement from 58.2 μm to 20.2 μm of 

the tubes’ inner wall was observed. While hardness reduction and a non-uniform distribution of 

secondary phases of the extruded tubes were also obtained. The phenomena were tried to be 

explained by microstructural characterization and analysis. 
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2.3. Experimental 

2.3.1. Experimental Setup of the Friction Stir Backward Extrusion (FSBE) 

The essential features of the FSBE process are schematically shown in the Figure. 2.1A The 

tools set consist of two parts: friction stir tool made from MP159 superalloy, and the die made 

from 17-4 PH steel. The rotating tool is plunged into a hollow aluminum billet. It softens the billet 

material with frictional heat and force material to flow through the die while applying severe 

plastic deformation on the billet inner wall. For this experiment, AA6063-T6 aluminum alloy was 

used. The initial hollow aluminum billets had a 21.34 mm outer diameter (OD), 16 mm inner 

diameter (ID). The inner diameter of the extruded tube was the same as outer diameter of the tool’s 

working part which had a length of 25.4 mm and maximum diameter of 16.76 mm. The billet was 

deformed into a tube with thinner wall and extruded out of the die in a way opposite to tool’s 

plunging direction. The die was made of two halves to form a circular hole for tube extrusion. This 

setup makes it easy to remove the extruded tubes after the experiment and allowed embedding 

thermocouples to measure the temperature during the extrusion process.  

K-type thermocouple wires were embedded in the channels and attached to the end of the 

channel near the inner surface of the die hole to measure the process temperature. The channels 

were 2.54 mm in diameter 1.25 mm depth. Temperature data were collected from positions at 7.62 

mm, 22.86 mm, 50.8 mm, 76.2 mm (0.3’’, 0.9’’, 2.0’’, 3.0’’) beneath the top surface of the die. At 

each depth, the distance away from the billet outer wall is 1.5 mm for the left side and 1 mm for 

the right one.  

The tools are designed to connected with the ISTIR PDS friction stir welding machine built 

by MTS Systems Ltd., which can generate 88.96 kN (20,000 lbf) plunge force and 180.78 N∙m 

(1600 lbf∙in) rotation torque at maximum. The tool rotated at 500 RPM with plunging rate of 63.5 

mm/min in the first 31.75 mm plunge and 76.2 mm/min in the later 86 mm to make sure the tool’s 

working part completely exit from the bottom of extruded tube. 
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2.3.2. Microhardness Tests and Microstructure Characterization 

The hardness test and microstructure characterization of the extruded tubes are performed on 

2 different cross-sectional views. One of the views is perpendicular to the tube axis (denote as ‘CS’ 

in Figure. 2.4A) and the other is along the tube axis (denote as ‘AS’ in Figure. 2.4A). Mapping 

tests of microhardness was conducted both on CS and AS in a direction from outer diameter (OD) 

to inner diameter (ID) using LECO LM100 AT microhardness tester. Vickers hardness tester with 

10 grams load is used to apply an array pattern on 2 cross sections. The distance between the 

indentation is 75 μm along x and y directions. The cross-sectional surfaces were grinded and 

polished properly for optical and electron microscope tests. After appropriate polishing and etching 

with Keller’s reagent, optical images were taken to reveal the grain structure before and after the 

extrusion using Nikon MA700 Eclipse metallurgy microscope. Electron backscatter diffraction 

(EBSD) tests were performed using JEOL JSM-6500F scanning electron microscope on the 

materials before and after the extrusion to collect more information about grain orientation, strain 

and secondary phases distribution. 1 μm step scan operating at 30 kV is used. 

2.4. Result and discussion 

2.4.1. Temperature and Process Condition 

Three trials were performed in the same condition mentioned in section 2. The initial hollowed 

billets were 82.55 mm (3.25’’) long with 21.34 mm (0.84’’) OD and 16 mm (0.63’’) ID. The 

extruded tubes were 95.25 mm (3.75’’) long with 21.34 mm (0.84’’) OD and 16.75 mm (0.66’’) 

ID. The extrusion ratio of the tube is about 1.15. Some aluminum is extruded out of the hole from 

the bottom side and become a 6.35 mm long part with 20.32 mm (0.8’’) OD at the end of the tube. 

Both actual extruded torque and the process load plotted as a function of tool position are displayed 

in Figure 2.2. After the initial spikes, the plunge force and torque stabilized at 1200N and 110 N∙m, 

respectively. 

The process temperature data were collected at a rate of 5 Hz with a dedicated temperature 

acquisition system. The motion and force data were collected by the friction stir welder. The 

relationship of the temperature with respect to tool’s position is plotted in the Figure 2.3. Closer 

measuring points that are 1 mm to hole reach peaks ~50 °C higher than the further points (1.5 mm) 
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at the same depth. The maximum temperature that material ever experienced is 550.7 ℃ acquired 

at 22.86 mm and 50.8 mm depth, which is over solubilization temperature (521 ℃) but below the 

melting point (616~654 °C) of the 6063 [77]. The material was at the peak temperature for ~20 

sec and naturally cooled down to room temperature. 

2.4.2. Optical Microscope Imaging (OM) 

The optical microscope images of the etched material surfaces are shown in Figures 2.4 and 

2.5. Figure 2.4 shows the grain structure of a billet before FSBE process. grain size and 

morphology are similar on AS and CS sections. Most of the grains are in size of 50 - 120 μm. The 

grain sizes from OM images is characterized by measuring and calculating the average grain 

diameter from the AS view using ImageJ software [78]. The average grain diameter of the original 

billets is 53.72 μm. 

Figure 2.5 shows the grain structure of the extrudate at different locations. Figure 2.5A-C are 

the AS view at 1) outer diameter zone (ODZ) 2) half wall thickness zone to ID (denote as ‘HWTZ’) 

and 3) inner diameter zone (IDZ). Figure 2.5D - F are the CS view at corresponding locations of 

Figure 2.5A-C. The extruded tube structure shows high continuity without obvious porosity. The 

average grain diameter of the extrudate from AS view are 103.96 μm, 45.51 μm and 18.70 μm at 

zones 1) ODZ 2) HWTZ and 3) IDZ. It depicts that the grain growth at ODZ and grain refinement 

at IDZ with a relative smooth transition of grain diameter from OD to ID. The ID grain size and 

morphology is similar to the recrystallized grain structure in the friction stir weld nugget zone 

reported by Sato et al [10]. More detailed analysis is performed using EBSD images because of 

the need of a more distinct grain structure. 

 

2.4.3. Electron Back Scattering Diffraction (EBSD) 

Figure 2.6 displays EBSD pattern of both the original billets. Data like grain diameter and 

phase fractions are collected using OIM analysis 7 software from EDAX Inc. 3 phases are detected 

in the EBSD scan of 6063 alloy: α-aluminum phase, Mg2Si precipitation and β-AlFeSi 

precipitation [79, 80]. Figure 2.6A is the orientation map based on the [001] inverse pole figure 
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(IPF) of the 3 phases from AS view, where most of the aluminum grains in the displayed zone 

oriented to direction [001], and the precipitation particles have orientation distinct from the 

aluminum. Inverse pole figure (IPF) indicate the local crystal direction (expressed as the Euler 

angle in the maps) that aligned to normal direction of the maps. Figure 2.6B shows the phase map 

with grain boundaries of the same area. The precipitate particles distributed both in grain and along 

the grain boundaries. 3.4% and 1.1% volume fractions of Mg2Si (orange color particles in Figure 

2.6B) and β-AlFeSi (blue color particles in Figure 2.6B) are calculated from Figure 2.6. Low angle 

boundaries (2°-15°) and high angle grain boundaries that above 15° (denoted as LAGB and HAGB) 

are plotted out with green and black lines in Figure 2.6B. LAGB are considered as sub-grain 

structure and the average grain diameter are calculated by the software using HAGB to identify 

the grains. The average grain diameter is 59.18 μm with a 27.33 μm standard deviation. 

Figure 2.7.A - C display the orientation maps based on [001] inverse pole figures at IDZ, 

HWTZ and ODZ from the AS view. Figure 2.7D - F are the phase maps with grain boundaries of 

the same zones. The orientation map of IDZ (Figure 2.7A) indicate a texture varied between 

directions [111] and [101]. The grain numbers in other zones are not enough for texture analysis 

currently. The parameter used to characterize the grain elongation direction: average grain angle 

[81] are 12.1°, 11.7° and 13.2° at the IDZ, HWTZ and ODZ zones respectively. Small average 

grain angle indicates that the grains’ major axis preferably aligns to the images’ horizonal direction 

which is also the tubes’ circumferential direction. Because material undergo shear strain along the 

circumferential direction (denoted as ‘CD’ in Figure 2.9) as well as compressive strain along the 

radial direction (denoted as ‘RD’ in Figure 2.7 - 9). All the strain creates grain elongation along 

the CD and axial direction (denoted as ‘AD’ in Figure 2.7).  

No severe elongated grain which was commonly seen in other FSBE studies [26, 27, 82] was 

witnessed in all regions. Globular-shaped grains are dominant in the extrudate microstructure. The 

average grain diameters are 20.6 μm, 58.5 μm and 89.1 μm at IDZ, HWTZ and ODZ, which depicts 

the same tendency of the grain size in the OM images. The tube ID grain refinement can be 

attributed to the dynamic recovery (DRV) and dynamic recrystallization (DRX). During the plastic 

deformation under high enough temperature (>0.4tm, tm: melting point), dislocations distributed 

inside the grain will be permanently annihilated or rearranged to form low angle grain boundaries 

(LAGB) by dislocation glide, climb, cross-slip. Globular-shaped sub-grain structure are formed 
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with LAGB separation of the grain [83, 84]. As the deformation continuous, sub-grains will 

become individual smaller grains via possibly 2 mechanism: continuous dynamic recrystallization 

(CDRX) and geometric dynamic recrystallization (GDRX) [85, 86]. In CDRX, the sub-grain will 

rotate to maintain the lattice consistency and the LAGBs continuously turn into HAGBs as the 

misorientation exceed the critical angle. Globular refined grains are generated by this mechanism. 

In GDRX, deformation make the initial grain fragments by forcing HAGBs to serrate at LAGBs. 

Separate small grains with identical orientation along the material flow line are generated by this 

mechanism. Discontinuous dynamic recrystallization (DDRX) is not likely to happen in aluminum 

and its alloys because of the high mobility of dislocations induced by high stacking fault energy 

[87]. The transition of the grain diameter may be due to varying deformation history in different 

area. As the rotating tool expanding the tubes inner wall. Shear deformation was introduced to the 

material and the amount of which reduced from ID to OD, on the other hand, radial compressive 

deformation forces the tubes to extend along the axial direction (AD). In IDZ displayed in Figure 

2.7, strain input was large enough to produce refined grains by CDRX (typical grains are 

highlighted in the circle A), while there are still grains in initial size with sub-grains inside via 

DRV process in IDZ (highlighted in the circle B). Large fractions of LAGBs (0.209 from AS view 

and 0.237 from CS view) and sub-grains in IDZ indicates that grain refinement in this area is 

incomplete.  

Moreover, IDZ in Figure 2.9 displays serrated elongated grains with LAGBs inside right to 

the CD (highlighted in the circle C). Circle D highlights small grains that may generated from 

GDRX. It may indicate the presence of GRDX mechanism. In HWTZ only grains in comparable 

size with original material and LAGB by DRV present because of the insufficient strain input in 

the area. ODZ experienced a grain growth (89.1 μm) compared with initial microstructure. While 

the material undergoes an elevated temperature, least shear deformation was applied to this zone, 

and the constraint from die wall to the tubes’ OD make the material less movable along the axial 

direction. Similar condition is created in the dead material zone in conventional extrusion where 

the same coarse grain structure is produced [88, 89]. Compared with current FSBE studies and 

other state of art friction stir processes [7, 25-27, 29]. Grain refinement in the FSBE process is 

limited because of the insufficient deformation induced to the material. Further grain refinement 
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may be achieved by using larger diameter tool or other modifications to create more plastic 

deformation. 

Figure 2.8 displays misorientation distribution at IDZ from AS view with 1) the grain average 

misorientation (GAM) and 2) kernel average misorientation (KAM) maps. The grain average 

misorientation is the average misorientation angle within individual grains which can be used as a 

measurement of LAGB and dislocation density in grains. The kernel average misorientation 

represent for the misorientation angle of one measure point with respect to a set of neighboring 

points, which is used for evaluating local misorientation [90, 91]. Area with higher misorientation 

are darker colored. The precipitate concentration of the extrudate becomes non-uniform compared 

with original material. In the IDZ from AS view (Figure 2.8) two ‘belt-like’ precipitation 

concentrated zone along the axial direction (AD) (denoted as PCZ) are seen. This may result from 

inhomogeneous material flow along the circumferential direction (CD). As mentioned above, both 

material circumferential and axial deformation varies from tubes’ ID to OD in the FSBE process. 

Banded structure due to layered material flow likely to form in such an inhomogeneous strain 

distribution in friction stir process and conventional extrusion [92-95]. As displayed in Figure 2.8 

and calculated by OIM analysis software, KAM and GAM between 1-15° in PCZs have fractions 

of 0.319 and 0.342, which is higher than that of area of IDZ other than PCZs (0.275 for KAM and 

0.291 for GAM). Precipitation in Figure 2.8 (black dots) distribute along grain boundary and KAM 

rich region. Because higher density of misorientation (blue color in Figure 2.8A and B) indicate 

higher density of dislocation and LAGB (red lines in Figure 2.8A and B), which provide more 

nucleation sites for Mg2Si precipitation [96]. 

Figure 2.9A - F are the [001] inverse pole figures and phase-boundaries maps at IDZ, HWTZ 

and ODZ from the CS view. No significant texture can be seen from the orientation map of IDZ 

from CS view (Figure 2.9A). The precipitation fractions in volume calculated from all the 

measured CS images are 9.6% and 3.1% for Mg2Si and AlFeSi, which are much higher than that 

of AS view (Figure 2.7, 2.3% for Mg2Si and 0.96% AlFeSi). This again demonstrate a non-uniform 

precipitate distribution in the extrudate. Because the CS and AS section are at different axial 

location of the tube, the density of precipitation of 2 section are not necessarily the same. Noted 

that the 6063-aluminum alloy has 0.45-0.9 wt% Mg and 0.2-0.6 wt% Si, respectively [97]. The 

alloy can have 1.92% Mg2Si in volume at maximum assuming all the Mg and Si turn into 
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precipitation form. From temperature measurement shown in Figure 2.3A. The peak temperature 

(550 °C) exceeded the solubilization point (521 °C) and maintained for 20 seconds. Original 

precipitation (at least most of them) may dissolved into the solid solution during FSBE process 

[98]. Precipitation in the processed material formed in the slow cooling. In addition, there are 

inevitable instability in current process due to assembly tolerance and machine vibration. Non-

uniform plastic deformation was applied to the material. Therefore, non-uniform distribution of 

the secondary phases would be formed.  

2.4.4. Effect of Plastic Strain Rate on Grain Size  

Both recrystallization and recovery happened to Al alloys in the thermal-mechanical process. The 

grain size is altered by temperature, strain and strain rate. The relationship can be expressed in the 

equations below [73, 99]: 

𝑙𝑜𝑔 (
𝑑

𝐷0
) =  𝑎 + 𝑏𝑙𝑜𝑔(𝑍)                                                (2.1) 

𝑍 =  𝜀̇𝑒𝑥𝑝 (
𝑄

𝑅𝑇
)                                                    (2.2) 

Where d and D0 are the grain size before and after thermal-mechanical process, the average grain 

size of the start material 59.2 μm is used as D0. a and b are material-related parameters estimated 

as -0.259 and -0.113 from the previous studies [10, 73, 100]. Z is the Zener-Hollomon parameter 

as a function of strain rate 𝜀̇ and temperature T. Fast heat transfer in the ~2 mm tubes side wall 

caused limited temperature gradient from ID to OD. It is reasonable to assume much less grain 

size change caused by temperature than the straining variation at different locations. The identical 

temperature of 550 ℃ throughout the wall thickness is then used for the estimation. Q and R is the 

activation energy for the dislocation mobilization (180.2 kJ/mol) [10, 73, 101] and gas constant. 

Figure 2.10 shows the calculated equivalent strain rate as a function of material location along the 

wall thickness direction. The equivalent strain rate at IDZ, HMTZ and ODZ were estimated as 1.7, 

2.6×10-3 and 5.1×10-6 S-1 from the average grain size. The blue line is the linear regression of the 

strain rate change in the wall thickness. The sufficient plastic deformation at the ID resulted in 

grain refinement by DRX. While the low plastic straining with the elevated temperature at OD 
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resulted in grain growth due to the stationary die fixture. The PCZs in the EBSD imaging at IDZ 

(Figure 2.8) depicted localized concentration of plastic strain. Therefore, strain rate didn’t reduce 

monotonically following the linear trend from ID to OD. 

2.4.4. Microhardness Mapping 

The result of microhardness tests is shown in Figure 2.11. The measurement of the original 

billet gets an average microhardness of HV 90-95, which is T6 aging condition. The hardness of 

the extruded tube is in a range of 60-75, which equals to T4-T5 aging condition [102]. The material 

hardness agrees with the result of the friction stir process with similar thermal cycles [10, 101].  

It is well known in the previous research that grain size has little effect on 6063 aluminum 

alloy hardness [9, 103]. The precipitate distribution strongly affect the material hardness in the 

friction stir process of aluminum alloy [79, 104]. Previous research states that quench sensitivity, 

which is the effect of the cooling rate from solubilization temperature affect strengthen 

precipitation formation and then the material hardness [100, 105, 106]. Meta-equilibrium β''-Mg2Si 

and β'-Mg2Si precipitations are the main strengthen phases in 6063 alloy, because their coherent 

and semi-coherent structure can better hinder motion of dislocations, While the equilibrium β-

Mg2Si phase with non-coherent interface with base material contribute little to the hardness and 

strength. Therefore, it requires fast-enough quenching (~10 °C/sec) of the aluminum solid solution 

before artificial aging treatment. 20 °C/sec cooling rate during the critical temperature range of 

300 - 410 °C to avoid equilibrium β phase formation [107, 108]. 

In the FSBE process, material undergoes a short period of solubilization and then slowly 

cooled down to room temperature. The average cooling rate of the tube is about 3.7 °C/sec. A low 

cooling rate gives opportunities of equilibrium β phase formation and reduce the hardness. Figure 

2.7 and 2.9 show the sign of Mg2Si particles growth next to the AlFeSi precipitates, which 

confirmed that β phase particle is prior to nucleate on the AlFeSi dispersoids in the critical 

temperature range [100]. Rapid growth of β-Mg2Si phase leads to low Mg and Si concentration of 

the solid solution and reduces concentration of main strengthen phases β''-Mg2Si and β'-Mg2Si.  
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2.5. Conclusion 

A new FSBE process is setup and trialed for 6063 alloy tubes extrusion. A small amount of 

plastic deformation was induced to the material because of the conservative tool design, which 

leads to small extrusion ratio (~1.15) and limited grain refinement (~20.2 μm at ID). Furthermore, 

grain growth at OD and non-uniform distributed precipitation are found because of unideal tool’s 

setup and process condition. Low cooling rate after the process caused undesired β-Mg2Si phase 

formation and material hardness reduction. Improved cooling condition and more aggressive tool 

design may be needed to make extrusion with better properties. This research provided reference 

for improving tool design and material performance control.  
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Appendix. Figures and Tables 

 

Figure 2.1 A) A schematic drawing of the tools for FSBE process, thermocouple wires (TC 

wires) are welded to the end of the channels notched on the die part surface. The aluminum tube 

(orange part) extrusion direction is denoted as orange arrow ‘TED’. Actual photos of B) die half 

embedded with TC wires and C) the other die half with an extruded tube. 
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Figure 2.2 Plunging force and torque of the FSBE process as a function of tool’s motion. 
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Figure 2.3 A) the temperature data from different position as functions of tool’s motion in the 

process, where T1-8 represent for temperature at positions 1-8. B) displays numbering of the 

temperature measuring position, those 8 positions are placed in 4 depths (1,2 at 7.62 mm, 3,4 at 

22.86 mm, 5,6 at 50.8 mm, 7,8 at 76.2 mm). Positions 1,3,5,7 were 1 mm away to tubes’ OD and 

position 2,4,6,8 are 1.5 mm far from tubes’ OD. 
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Figure 2.4 OM images of original billets before FSBE process, A) schematic of cross-sectional 

views of the material, etched grain structure of B) AS view, C) CS view. Typical grains are 

highlighted with red dash lines. 
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Figure 2.5 OM images of the extruded tubes on AS view at positions: (A) ODZ (B) HWTZ, (C) 

IDZ, and on CS view at positions: (D) ODZ, (E) HWTZ, (F) IDZ, the direction from OD to ID is 

from left to right in image A-C and from up to down in image D-F. Typical grains are 

highlighted with red dash lines. 
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Figure 2.6 EBSD image of the original billet A) orientation map colored by [001] inverse pole 

figure (IPF) B) phase distribution and grain boundaries. Right legends list the color code of IPFs 

and phase-boundary maps. 
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Figure 2.7 EBSD images of extruded tube on AS section: [001] inverse pole figure (IPF) image 

of different zones on A) IDZ, B) HWTZ, C) ODZ and phase maps of different zones on D) IDZ, 

E) HWTZ, F) ODZ. Circle A highlights a recrystallized grain; circle B highlights a grain with 

LAGB from DRV. The directions are noted in the (C): AD: axial direction, RD: radial direction. 

The RD arrow point at the direction from OD to ID. 
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Figure 2.8 Misorientation image at IDZ from the AS view: A) grain average boundaries (GAM). 

B) kernel average misorientation (KAM) of the material. two precipitation concentrated zones 

(PCZ) are highlighted with black dashed lines. 
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Figure 2.9 EBSD images of extruded tube on CS section: orientation maps based on [001] 

inverse pole figure (IPF) images at A) IDZ, B) HWTZ, C) ODZ zone and phase maps at D) IDZ, 

E) HWTZ, F) ODZ. Circle C highlights an elongated grain that undergoes serrating of GDRX. 

Circle D highlights small grains may come from GDRX. The directions are noted in the (C): AD: 

axial direction, RD: radial direction. The RD arrow point at the direction from OD to ID. 
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Figure 2.10 Equivalent strain rate calculated from the average grain size at IDZ, HWTZ, ODZ 

(red dots) with the linear regression (blue line) showing the trend of the strain rate change.  
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Figure 2.11 A) Microhardness value along the radial distance of the cross-sections. B) 

Histogram of the average grain size (red bar) and the standard deviation (error bar) from AS 

view calculated by EBSD analysis software at different positions. OM: original material; IDZ, 

HWTZ and ODZ of the extrudate.  
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Chapter Three. Nickel and Intermetallic Particulate Reinforced 

Composite of 7075 Aluminum Alloy Fabricated by Friction Stir 

Processing 
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3.1. Disclosure 

The chapter contains a manuscript submitted for publication that titled: “In-situ Formation of Al-

Ni Intermetallic Particulates and Property Improvement in 7075 Aluminum Alloy by Friction Stir 

Processing using Ni nano powders”. Suhong Zhang conducted design and implementation of the 

FSP experiment and characterization with the support from Alan Frederic. Yiyu Wang and Yuan 

Li contributed to specimen preparation as well as SEM, hardness measurement and XRD tests. 

Yanli Wang made the start materials for FSP by hot compression. Lawrence Allard Jr. provided 

TEM results and professional suggestions on the analysis. Zhili Feng supervised the project. The 

manuscript is revised by Zhili Feng, Seungha Shin and Anming Hu. 

3.2. Abstract 

Al-Ni composite material was fabricated by friction stir process (FSP) using Al 7075 alloy 

powder mixed with 10 wt% Ni nano powder as feedstock (denoted as ‘10Ni’). The hot-compressed 

pure Al 7075 (denoted as ‘7075p’) is fabricated with the same process for comparative study. 

Scanning electron microscopy (SEM), and X-ray diffraction (XRD) indicate the in-situ 

transformation of most Ni addition to Al3Ni particles in the matrix solely by the FSP. The 

composite ‘10Ni’ presents Vickers hardness of 109.6 HV and 145.2 HV in as-processed (AP) and 

T6 aged conditions, which achieves 19.0 % and 14.6 % hardness increment than that of ‘7075p’. 

‘10Ni’ shows tendency of promoting T-Al2Mg3Zn3 and inhibiting η-MgZn2 precipitation with 

respect to ‘7075p’ in XRD tests with ramping temperature (50 - 500 °C). The Orowan 

strengthening effect of the Al3Ni reinforcement is evaluated for the ‘10Ni’ material. This work 

displays the potential of FSP as a facile and effective tool to process the materials for surface 

enhancement. 

3.3. Introduction 

7xxx series Al alloys (Al-Zn-Mg-Cu)  are widely used in automotive and aerospace structures 

due to its high strength, strength-to-weight ratio, fracture toughness, and corrosion resistance [109, 

110]. As for the Al 7075 alloy, the high strength is mainly attributed to the nano-scale metastable 

η and η′-MgZn2 precipitation and their precursory Guinier-Preston (GP) zones. A maximum yield 
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strength above 500 MPa can be achieved in top aged T6 temper. However, strength enhancement 

by improving thermal-mechanical process on the current alloy composition has a limitation. While 

escalating usage of strong light-weight structures call for materials beyond such limitation. 

Furthermore, those precipitation suffers coarsening and dissolution at temperatures above 300 °C, 

which results in the degradation of the mechanical properties in service especially at elevated work 

temperatures such as automotive engine parts [111-113].  

One of the main approaches to address the above challenges is making Al-based metal matrix 

composites (MMCs) [114-116]. Thermally-stable additive materials (ceramic, carbon allotropes 

and refractory metals) are introduced into Al and its alloys for the improvement of mechanical 

properties at both room and high temperatures. Ni is one of the attractive candidates of the 

reinforcements, because Ni possess a high mechanical strength and corrosion resistance even at 

high temperatures above 350 °C [117, 118]. Ni addition in the Al matrix below 25 % of molar 

fraction exists in the form of thermally-stable Al3Ni intermetallic phase [46, 119]. Al3Ni can form 

an eutectic structure with Al that is stable at temperatures above 500°C [120]. Al3Ni significantly 

strengthens the Al matrix more than pure Ni phase given the same amount of Ni addition because 

of its higher hardness (Al3Ni: 841 HV and pure Ni: 80-100 HV) and relatively lower density (Al3Ni: 

4 g/cm3 and pure Ni: 8.9 g/cm3) [43, 121, 122]. Al-Al3Ni composites have been fabricated using 

casting [67, 117, 123] and powder metallurgy technique [124, 125]. Tiwary et al. [123] produced 

Al cast alloy with 3.5 at% Ni addition and achieved 400 MPa of yield strength at room temperature 

and 150 MPa at 300 °C. Also, Yang et al. [126] reported 90.3 MPa of yield strength at 350 °C for 

Al-Cu-Mg cast alloy with 1.83 at% Ni. However, casting and mechanical alloying process requires 

high energy consumption, sophisticated process and may result in undesired microstructures like 

cast dendrite, and sintering porosity [66, 127-129]. 

Friction stir process (FSP) has been proved as a competitive technique for fabricating Al-

based composites [7, 130, 131]. In FSP, a non-consumable rotating tool is plunged into workpiece 

and generates friction heat to soften the surrounding material. The material microstructure is then 

modified by the heat input and severe plastic deformation without being melted. Therefore, the 

powdered reinforcements (particulate or fabric ceramic/carbon/metal) can be readily added into 

the workpiece and uniformly dispersed in the workpiece by the friction stir effect, and defect-free 

composites with refined grains can be fabricated in a single step [43, 46, 130, 132, 133].  
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Multiple studies have been conducted on fabricating Al-Al3Ni composite via FSP due to its 

promising mechanical potential. Ke et al. [43] embedded ~100 μm sized Ni powder in Al 1060 

plate and successfully produced defect-free Al-Ni intermetallic composites through FSP. Coarse 

Ni particles were broken into fine pieces in vigorous stirring, and Al3Ni and Al3Ni2 phases were 

also formed due to thermal exposure. Qian et al. [44] achieved in-situ synthesis of Al3Ni reinforced 

composite by introducing Ni powder into the FSP zone of Al 1100 alloy. Increasing number of 

FSP passes resulted in 140 % microhardness and 50 % ultimate tensile strength (UTS) increase at 

maximum because of grain refinement and more Al3Ni production. Shahi et al. [46] demonstrated 

the feasibility of in-situ Al3Ni synthesis without additional heat treatment, and the effect of 

rotational and transverse speed of the tool on the microstructure and hardness was investigated. 

Golmohammadi et al. [134] significantly improved the hardness and wear resistance of cast Al-Si 

alloy A413 by introducing in-situ Al3Ni formation in FSP.  

Starting materials of FSP in those studies were prepared by filling Ni powder in the pre-

machined holes/grooves of the solid Al pieces [43, 44, 46]. Because the initial Ni feedstock is 

placed in narrow gaps/grooves in the workpiece, it is challenging to create homogenous composite 

microstructures in a large scale. An option to amend the issue is to prepare starting material by 

mixing Al alloy powder with powdered additive (Cu, Ti, Mo. etc.) through powder metallurgy 

(P/M) route [42, 62, 135]. However, it has not been used for Al-Al3Ni composite yet. In most of 

previous studies, micron-scale Ni-rich reinforcements were created within a limited area no more 

than the tool diameter, and Ni powder with particle size less than 10 μm was not used as starting 

feedstock somehow. It is anticipated that sub-micron size [130] or nano size [135-137] particles 

can provide more remarkable strengthening effect the Al matrix due to the increased particle 

interaction with dislocations [137-139]. Thus, nano-sized Al3Ni reinforcement in Al 7075 alloy 

using mixed powder feedstock can provide promising strength enhancement. 

The studies on metallurgy of Al-Zn-Mg-Cu-Ni systems indicate that Ni contained 

intermetallics like Al3(Cu, Ni)2 and Al7Ci4Ni changed Cu content available for other precipitates 

like T-Al2Mg3Zn3 and η-MgZn2, which still play important roles in strengthening [118, 126, 140]. 

Such effect in the composite made by FSP route is not well understood. Therefore, it is also 

important to investigate the possible phase change of Al 7075 alloy caused by Ni. 
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In this research, we studied the fabrication of Al-Ni composites with in-situ Al3Ni formation 

via FSP route, focusing on the precipitate mechanism of Al-Ni phase in Al 7075 alloy and its 

relations with the mechanical properties. Hot-compressed mixed powder of Al 7075 alloy and 

nanosized Ni powder were employed as start materials, and solid solution heat treatment and T6 

aging heat treatment were conducted on the processed materials. 

3.4. Experiment 

Feedstock materials used in this work included Al 7075 alloy powder in 10-44 μm size 

(Valimet Inc), and Ni nanopowder in 80-150 nm size (99% purity, Skyspring Nanomaterial Inc). 

Solid blocks of Al 7075 (McMaster-Carr) were also used for support and facilitating FSP of 

powder materials. 10 wt% Ni nanopowder was mixed with the Al 7075 powder (denoted as ‘10Ni’) 

for friction stir processing. For comparison, 100% Al 7075 alloy powder (denoted as ‘7075p’) was 

also processed. Table 3.1 summarizes the chemical composition of the selected powder materials. 

Ni powder and 7075 alloy powder were mixed using the Glison LC-92 low-speed jar mill at 120 

RPM for 6 hours. The powders were first cold-compressed into blocks under 210.6 MPa of 

pressure, achieving approximately 80% relative density of the solid Al 7075 alloy. The blocks 

were further consolidated by a hot compression at 400 °C and 40 MPa for 40 min, to achieve a 

final 93% relative density (denoted as ‘HP’ condition). 

Figure 3.1 is the schematic drawing of the material layout for friction stir processing trials. 

The hot-compressed blocks were cut into (18 × 18 × 5) mm3 rectangular blocks, and eight 

rectangular blocks were placed into a pre-machined (36 × 72 × 5) mm3 opening in the 5 mm thick 

solid Al 7075 alloy plate (Figures 3.1B and 3.1C). Another 6 mm-thick Al 7075 alloy plate was 

placed beneath the powder blocks as the bottom support. The consolidated power blocks and the 

plate were first welded into one piece by spot-wise FSP on the top surface using the pin-less ϕ19 

mm H13 steel tool. The multi-track FSP swept through the powder block region using a ϕ19 mm 

H13 steel tool with a ϕ6 × 4.4 mm threaded pin. The rotational speed of the tool was 550 RPM, 

and the linear travel speed is 25.4 mm/min. The tool tilt angle is 2° with 0.05 mm shoulder depth 

beneath the surface. The processed materials were naturally cooled down by air (denoted as as-

processed or ‘AP’ condition). The friction stir processed materials were post heated. They were 

solution heat treated at 475 °C for 1 hour and water quenched (denoted as condition ‘SS’). Some 
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were further aged at 120 °C for 24 hours to achieve the T6 condition (denoted as condition ‘T6’) 

[141]. 

The phases in the processed materials were identified by the X-ray diffraction (XRD) analysis 

using a Malvern Panalytical Empyrean diffractometer with Cu K-α radiation (45 kV, 40 mA, 

0.05°/sec). High-temperature XRD tests (HTXRD) with continuous heating of the material was 

conducted using the same machine. The X-ray diffraction signal of solution heat treated material 

was collected between 15° and 50° of 2θ angle, increasing temperature from 50 °C to 500 °C at a 

heating rate of 1 °C/min. The XRD results were quantitatively analyzed by GSAS-II software 

[142].  

In addition, the microstructures in processed materials were characterized by electron 

microscopy on grinded and polished specimens. A MIRAS3 TESCAN scanning electron 

microscope (SEM) was used to reveal the microstructure. The specimen for transmission electron 

microscopy (TEM) was prepared by electrolytic polishing using the methanol solution with 25% 

nitric acid under -40 °C following the literature [143]. A JEOL JEM 2200FS TEM equipped with 

an energy dispersive X-ray spectroscopy (EDS) system was employed for the TEM 

characterization (210 kV, 20 nA) for the fine structure characterization and crystal structure 

determination. Elemental distribution was obtained by EDS in both SEM and TEM. Microhardness 

of the material was measured by microhardness tester (LECO LM100 AT) with a 25 g load. 

Measurement of particle size and area fractions in SEM and TEM micrographs were performed 

with the ImageJ software and in-house MATLAB code.  

 

3.5. Results and Discussion 

Figures 3.2A and 3.2B show the SEM micrographs of the as-received Al alloy powder and Ni 

nanopowder blended and mounted in the epoxy resin. Particles of both Al 7075 and Ni powder 

have spherical shapes, and their average particle sizes (diameters) are 21.8 ± 13.4 μm and 0.66 ± 

0.61 μm, respectively. The larger average size of Ni (660 nm) than the specification (80 - 150 nm) 

is attributed to the nanoparticle agglomeration.  
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The cross section of the hot-compressed ‘10Ni’ mixed powder block in Fig. 2C presents that 

the dark-colored Al particles were compacted together and slightly deformed. Ni particles are in 

bright color in the figure, with large ones (5 - 20 μm) residing at the corner of Al particles, and the 

smaller Ni particles distributed along the Al particle interfaces. Voids at particle interface was 

apparent, indicating incomplete consolidation during the hot compression prior to friction stir 

processing. Such distributions of Ni particles were attributed to the size difference between the Al 

7075 powder and the Ni powder. Ni nanopowder was filled into the gap during powder mixing 

and compression and agglomerated in the gaps between spherical Al particles. 

Figure 3.3A shows a cross-section view of the ‘10Ni’ material after FSP. The darker-colored 

top region was approximately 4.8 mm thick, as a result of severe thermal deformation by the 

stirring effect of the 4.4 mm long tool pin. The dash-dotted line between the dark and bright regions 

delineates the boundary between the friction stir processed powder region and the supporting solid 

block of 7075 alloy at the bottom. The distinct bright flow lines indicate that a small portion of the 

bottom 7075 plate was stirred up and blended into the powder region. Figures 3.3B-D show the 

magnified sections of the locations corresponding to ‘B’, ‘C’, and ‘D’ in Figure 3.3A, that were in 

the AP condition. The bright Ni-containing particles are uniformly distributed in the Al matrix. 

The crack or porosity from the hot compression step (Figure 3.2C) disappeared after FSP, 

suggesting the FSP fully consolidated the powder materials together. Several bulk particles 

(‘retained Ni’ marked by the arrows) were observed, possibly from the agglomerated Ni at Al 

particle intercepts. Most of the particulates smaller than 2 μm have dark gray color in the figures 

in contrast to the bright color of the retained Ni. Figures 3.3E-G presents that all particles turn into 

the same gray color regardless of size after the solution heat treatment and T6 aging. However, the 

centers of large-size particles remain relatively bright color and form core-shell structures (Fig. 

3G). This indicates further transformation of the large-size Ni particles’ interiors to nickel 

aluminide during the post-process heat treatment. 

The SEM/EDS analysis of the particles revealed the Al and Ni element composition and their 

spatial distribution (Figure 3.4). Figure 3.4A shows element quantification of locations 1-3 in the 

AP material. The bright-colored core region of particle 1 is pure Ni phase, while particle 2 and 

particle 3 in a darker color are estimated as Al3Ni phase by EDS. Figure 3.4B shows ~10 μm core-

shell particles close to the region in Figure 3.3G. Line scanning across the particle from point ‘a’ 
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to ‘b’ identifies decreasing Al: Ni atomic ratio inside out. The bright-colored core region Al: Ni 

ratio close to 1: 3 implies AlNi3 phase, followed by a steep transition to 3: 1 ratio to the exterior 

shell region that corresponds to Al3Ni phase. Previous studies of solid-state Al-Ni diffusion [144, 

145] concluded that multiple Al-Ni intermetallics can form at Al-Ni boundary with decreasing Al 

concentration into the Ni region. Al3Ni is a predominant phase in Al matrix with a minor Ni 

addition due to the higher diffusivity of Al into Ni [146, 147]. FSP transforms Ni particles smaller 

than 3 μm into Al3Ni intermetallics. Since the solid-state reaction to form Al3Ni is available at 

270 °C [44, 73, 146], the temperature during FSP thermal cycle is sufficient for the formation of 

Al3N, including full transformation of small Ni particles into Al-Ni intermetallics. However, the 

relatively short time at temperatures above 270 °C during FSP, which is in a range of 10-100 

second, does not allow for a full transition of coarser Ni particles into nickel aluminide. The post-

process heat treatment (475 °C for 1hr plus 120 °C for 24 hrs.) leads to further Al diffusion into 

the inside of large Ni particles, to transform into additional intermetallics within the large Ni 

particles. This indicates that the usage of fine Ni particles facilitates the full in-situ transformation 

of Al3Ni with no additional heat treatment. 

The in-situ formation of Al-Ni intermetallics during FSP and subsequent heat treatment was 

further confirmed by XRD diagrams as shown in Figure 3.5. Typical precipitations in Al 7075 

alloy, including η-MgZn2, η′-Al4Mg2Zn3, T-Al2Mg3Zn3 and S-Al2CuMg were observed. Ni-

containing phases are comprised of Ni, Al3Ni2, Al3Ni, and small fraction of Al7Cu4Ni. The weight 

fraction of Ni-containing phases calculated by the Rietveld quantification [142, 148] were 7.1 wt% 

Ni and 1.5 wt% Al3Ni in hot-compressed material (‘10Ni-HP’). Using the same quantification 

process, the composition of as-processed ‘10Ni’ material (‘10Ni-AP’) was also identified as 0.5 

wt% Ni, 0.5 wt% Al3Ni2, and 13.6 wt% Al3Ni. As for the T6-aged 10Ni (‘10Ni-T6’), the results 

were 0.3 wt% Ni, 0.2 wt% Al3Ni2, and 14.7 wt% Al3Ni. This analysis reconfirmed the that the 

majority of Al3Ni was formed in-situ by FSP. Assuming the Ni constituents strictly follow the 

phases’ stoichiometry (usually not the real case), the total Ni contents in ‘10Ni’ material are 

estimated as 7.5, 6.1, and 6.3 wt% for HP, AP, and T6 conditions, respectively. The difference can 

be attributed to the quantification uncertainty, and the variability of Ni contents in certain phases 

depends on the equilibria. However, lower Ni contents in AP and T6 condition than the HP may 

be due to the material mixing between powder feedstock and surrounding Al 7075 solid plates. 
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The chemical composition of Al 7075 solid alloy and powder are almost identical as shown in 

Table 3.1. 

Figure 3.6 shows the HTXRD spectrum of A) 7075p-SS and B) 10Ni-SS materials from 50 to 

500 °C. Both materials are solution heat treated (475 °C, 1hr) and water quenched in prior to the 

test. The bright yellow vertical bands represent for diffraction peaks of certain phases. The 

intensity of Al3Ni phase peaks in ‘7075-Ni’ changed little from 50 to 500 °C, which is because the 

Al3Ni remains thermally stable till the Al matrix is melt [149]. The peaks corresponding to η-

MgZn2 precipitate (marked by ‘+’) only appeared from 200 to 350 °C in both materials. The η 

phase intensity in ‘7075p’ is stronger than that of ‘10Ni’. In addition, ‘10Ni’ exhibits peaks of T-

Al2Mg3Zn3 phase (marked by ‘stars’) between 300 and 450 °C whereas ‘7075p’ material has no 

evident peaks of the T phase. Figure 3.7 further shows the weight fractions of the two phases as 

functions of temperature, which were quantified from HTXRD analysis. Maximum 3.8 wt% of η 

precipitate was measured in ‘7075p’ while only 2.2 wt% was observed from ‘7075-Ni’ at the same 

temperature. It is noted that the T phase in ‘7075-Ni’ began to precipitate at 300 °C, reached the 

maximum weight fraction at 400 °C, and completely dissolved when the temperature reached 

450 °C. 

The difference in the precipitation mechanisms caused by the Ni addition to Al 7075 may be 

interpreted as follows. The formation and dissolution of the η and T phase agree with the 

precipitation sequence of the 7075 alloy [1]: GP zone → η′ → η → T′ → T phase. The relative 

fraction between η and T phase depends on Zn/Mg ratio and Cu content in 7xxx series Al alloys. 

Zn/Mg ratio in Al matrix should be hardly affected by Ni addition because Mg and Zn has a very 

low solubility in Ni and nickel aluminide phases [150]. Cu behaves synchronously with Zn in the 

Zn containing phases. Nickel contained phases like Al3(Cu, Ni)2 and Al7Cu4Ni reduce the 

remaining Cu in Al matrix, thus increasing T phase formation rather than η. The simulation and 

experimental observation of Belov et al. [118, 140] demonstrated the affinity of T formation with 

higher Ni and lower Cu content in an Al-Cu-Zn-Mg-Ni alloy system.  

Both the size and volume fraction of Ni-containing intermetallic particles play important roles 

in the particle reinforcement of the Al matrix. The particle sizes and distribution were determined 

by image processing of the SEM micrographs. Figure 3.8A shows volume fractions of Ni-
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containing phases from the mass fraction quantification from XRD. The densities of Ni, Al3Ni2, 

and Al3Ni used for the volume fraction calculation are 8.9, 4.8, and 4.0 g/cm3, respectively [68, 

151]. Figure 3.8B shows the volume fractions of Ni and nickel aluminide intermetallic under the 

HP, AP and T6 conditions by processing SEM images of a total 2.08×105 μm2 area. It is noted that 

distinguishing Al3Ni2 from Al3Ni is difficult in this study, since only small volume fraction of 

Al3Ni2 was formed in large-size particles. Similar volume fraction results were obtained from two 

methods. The results are used for the calculation of Orowan strengthening effect in the composite. 

The minimum resolution of SEM imaging in this study was approximately 2-3 nm [152]. It is 

difficult to identify feature smaller than 90 nm (dimension per image pixel) in the analysis of the 

SEM micrographs. TEM was used to observe more detailed microstructure and possible defects 

(with a resolution down to 0.06 nm). Figure 3.9A shows a TEM micrograph of the 7075-Ni 

composite in the AP condition. Al3Ni (white arrows) are mainly in size of 100-200 nm. The lath-

like η precipitate (yellow arrows) are in size of ~20 nm, which is in a good agreement with the 

7075 wrought alloy in annealed condition [153, 154], annealed microstructure is anticipated since 

AP material is slowly air-cooled after FSP. Some micro-voids in size of 100 nm were shown at 

Al3Ni particulate interfaces (red arrows), while SEM imaging under the 3000× magnification 

captured no such void due to the limited resolution. The elastic and thermal expansion mismatch 

between Al3Ni and Al would cause interfacial straining during thermal cycles in FSP [151, 155], 

which makes the boundary material easier to be etched in electropolishing than that away from the 

particles [156]. Corresponding Al-Al3Ni composite previous studies Figure 3.9B is the selected 

area electron diffraction (SAED) diagram of the particle ‘B’ along Al3Ni<013> with 9.1° off the 

<110> direction of the surrounding Al grain. The SAED diagrams of other Al3Ni particles present 

random orientations with no fixed relationship with the neighboring Al grains. This may indicate 

that Al-Al3Ni interface in composite is non-coherent. One plausible argument would be that Al3Ni 

was formed by solid state reaction between Al and Ni in FSP. Ni particles and nickel aluminides 

present random orientation with respect to the surrounding Al under the plastic material flow of 

FSP, the thermal-mechanical induced dislocation vacancies fall into the particle interfaces in the 

following recovering and recrystallization process. Incoherent orientation relationship between Al 

and Al3Ni is finally formed. It shows a different precipitation mechanism from the Al-Al3Ni cast 

alloy, where Al3Ni precipitates are solidified from liquid first and cause heterogeneous nucleation 
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and growth of Al matrix phase from the Al3Ni precipitates. In this case, a coherent Al matrix forms 

around the Al3Ni with the boundary Al3Ni<010>//Al<321> and Al3Ni (102)//Al (111) [65-67, 69, 

117]. 

Figure 3.10A shows the microhardness measurement results of the friction stir processed 

region at the 2 mm depth beneath the top surface. There is no significant hardness change observed 

across the path of measurement. Figure 3.10B shows the average microhardness of four materials: 

‘7075p’ and ‘10Ni’ under as-processed (‘AP’) and T6 aged (‘T6’) conditions. Both the FSP-

processed ‘7075p’ and ‘10Ni’ material, which started from the mixed and compressed powders, 

showed lower hardness than wrought 7075-T6 Al alloy after T6 aging. The wrought 7075 alloy in 

T6 condition usually has microhardness of 185 HV (red dashed line in Figure 3.10A and 3.10B) 

[141]. The average hardness of ‘7075p’ material is 92.1 HV and 126.7 HV in AP and T6 conditions, 

respectively, and that of Al-Ni material is 109.6 HV and 145.2 HV in AP and T6 conditions, 

respectively. The increment of 7075-Ni with respect to the 7075 at both heat treatment conditions 

can be attributed to the particle reinforcement of Ni and nickel aluminide. The Ni addition results 

in 17.5 HV and 18.5 HV increment than the Ni-free ‘7075p’ material in AP and T6 condition. 

Most of the Ni addition presents in the form of Al3Ni particles, and thus, only the 

strengthening contribution of Al3Ni is discussed. The reinforcement particles strengthen the matrix 

by either the dislocation shearing mechanism or the Orowan dislocation bypassing mechanism 

[157, 158]. The Orowan mechanism is dominant in the studied material because no lattice 

coherency between Al3Ni and Al is found, and the dislocations prefer bypassing the Al3Ni particles. 

The yield strength increment Δσ by the Orowan mechanism is [158, 159]: 

 

∆𝜎 =  
2.48𝐺𝑏

2𝜋√1−𝜈 (𝐷−𝑑)
𝑙𝑛 (

𝑑

𝑟0
),                                      (3.1) 

where G and b are the Al matrix shear modulus (26.9 GPa) and the magnitude of Burgers vector 

(0.286 nm) [14]. v, D, and d are the Poisson ratio, average particle spacing, and average particle 

diameter, respectively. ro is a constant that is equivalent to 1.5b. The average spacing D is given 

as [158] 
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𝐷 =
2

3
∙ 𝑑 (

1

𝑉𝑝
− 1),                                                  (3.2) 

where Vp is the volume fraction of the reinforcement. The volume fractions of Al3Ni are 

determined as 10.20 vol% in AP condition and 11.25 vol% in T6 condition. The average particle 

diameter d for Al3Ni is determined as 0.26 and 0.43 μm in AP and T6 condition, respectively. The 

relationship between Al alloy’s yield strength σy (MPa) and Vickers hardness HV can be estimated 

by [160]: 

𝜎𝑦 =  2.106𝐻𝑉.                                                      (3.3) 

The yield strength increment estimated by the Orowan mechanism due to Al3Ni are 43.5 MPa 

and 35.0 MPa in AP and T6 condition. The equivalent yield strength enhancement of ‘10Ni’ 

estimated from the Vickers hardness measurement are 36.9 MPa and 39.0 MPa with respect to 

‘7075p’ in AP and T6 condition. Previous studies of FSP Al-Al3Ni composite shows the usage of 

micron-scale Ni powder usually produces micron-scale and submicron-scale Al3Ni reinforcement 

with wide range of particle size [43, 44, 46, 134, 161, 162]. Residue Ni particle sometimes in 

millimeter scale found in those FSP composite indicates insufficient Al-Ni reaction of coarse Ni 

particle [161]. The hardness enhancement achieved per wt% of Ni addition is 1.2-1.7 HV in the 

FSP Al-based composite with micro-Ni powder as feedstock [43, 44, 46, 134, 161, 162]. In contrast, 

the in-situ formed Al3Ni in the current composite ‘10Ni’ shows finer particle size with much less 

residue coarse particle (0.10 vol% coarse Ni from SEM image analysis) in AP condition. The 

‘10Ni’ composite achieves 2.2 HV and 2.3 HV hardness increment per wt% of Ni addition in AP 

and T6 condition with nano-size Ni feedstock. Apparently, the usage of nano-size Ni particle 

addition in the feedstock facilitates more homogeneous distribution of fine Al3Ni formation with 

more efficient strengthening, even if Ni particle agglomeration between Al particles was not 

eliminated. 

Figure 3.11 shows TEM images of the grain boundaries in ‘10Ni’ material. Needle- and plate-

like η′ precipitates distributed in Al<110> grains are in size of 2-5 nm. The SAED diagram (Figure 

3.11C) shows a semi-coherent relationship of Al<110>//η′<1010>, which is a common structure 

of T6 aged Al 7075 alloy [163]. The precipitation free zone (PFZ marked with the black dashed 

line) was observed at both Al-Al grain boundaries and Al-Al3Ni boundaries. η phase particles are 
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seen at Al-Al boundaries but not at Al-Al3Ni boundaries. Guinier-Preston (GP) particles and η′ 

precipitates are not likely to form in PFZ due to the lower vacancy concentration in the vicinity of 

grain boundary region after the heat treatment [41]. PFZ is believed to negatively affect the 

strength and ductility of the precipitate hardening alloys [42, 43]. The width of the PFZ between 

Al grains measured from the TEM images are approximately 19 nm in 7075s material and 18 nm 

in Al-Ni material. The width of PFZ at Al-Al3Ni boundaries is 20 nm.  

3.6. Conclusions 

Al-based composite material was fabricated using FSP with the hot-compressed 7075 powder 

as start material. 10 wt% nano-sized Ni powder was mixed into the start material as reinforcement 

of the composite. The research provides an alternative route of fabricating intermetallic reinforced 

Al-based composites. We comprehensively evaluated the microstructure and hardness of the 

materials. 

1) XRD phase quantifications shows in-situ transformation of 93 wt% of Ni to Al3Ni phase in 

as-processed material (‘10Ni-AP’). This demonstrates the FSP as an effective way to make Al 

composite with in-situ Al3Ni formation. Coarse Ni particles were formed during powder mixing 

and hot compression. Ni particles larger than ~3 µm had pure Ni phase in the core. The lack of Al-

Ni interdiffusion in the coarse Ni particles has been found in other studies of Al-Al3Ni FSP 

fabrication [43, 44, 46, 161].  The usage of fine size Ni addition aids to complete in-situ formation 

of Al3Ni. 

2) TEM observed nano-sized Al3Ni particles in Al matrix with random orientations and non-

coherent interfacial bonding, and this leads to the limited strengthening effect compared with the 

cast Al-Ni alloys. The average sizes of Al3Ni particles are 96 nm and 151 nm in AP and T6 

conditions, respectively. 

3) Pure 7075 Al alloy made by FSP (7075p) and ‘10Ni’ composite achieved 92.1 and 126.7 

HV of Vickers hardness at AP condition, respectively. The hardness of 7075 and 7075 Ni reached 

109.6 and 145.2 HV after T6 aging. The hardness increment of 7075-Ni than 7075 can be attributed 

to the Orowan strengthening effect of Al3Ni particles. 
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4) Ni addition induces the affinity of T-Al2Mg3Zn3 formation and inhibition of η-MgZn2 

precipitation due to the formation of Al3(Ni, Cu)2 and Al7Cu4Ni and resultant Cu depletion in Al 

matrix. 
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Appendix. Figures and Tables 

Table 3.1 Chemical composition of the Al 7075 powder and Al 7075 plate used in FSP 

Material Al Cu Mg Zn Ni Fe O 

7075 powder 90.32 1.57 2.22 5.68 0.01 0.10 0.10 

7075 plate 90.23 1.60 2.11 5.95 0.01 0.10 <0.01 

 

 

Figure 3.1 Schematic description of FSP trial; A) Multiple tracks of FSP, TD: transverse 

direction, PD: process direction. B) top view and C) side view of the start material (Unit: mm). 
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Figure 3.2 SEM micrographs of the A) as-received Al 7075 alloy powder, B) Ni nanopowder, 

and C) cross section of hot-compressed powder feedstock (HP) for ‘10Ni’ material.  
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Figure 3.3  SEM micrographs of the material ‘10Ni’ that show A) overall cross section of the 

FSP region; B - D) show magnified sections in AP condition at locations ‘B’, ‘C’, and ‘D’ in 

Figure 3A.  E - G) magnified micrographs in T6 aged condition at locations ‘E’, ‘F’, and ‘G’ in 

Figure 3.3A. 
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Figure 3.4 SEM/EDS analysis of Ni enriched particles in A) AP and B) T6 conditions. 
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Figure 3.5 XRD diagrams of ‘10Ni’ and ‘7075p’ material at different heat treatment conditions. 
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Figure 3.6 HTXRD pattern of A) ‘7075p’ material and B) ‘10Ni’ composite. The η precipitation 

peaks are marked by  ‘’ and the T phase peaks are marked by ‘’. 
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Figure 3.7 η and T phases weight fractions as functions of temperature from HTXRD pattern. 
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Figure 3.8 Volume fraction estimation from A) phase quantification of XRD and B) SEM 

micrographs. 
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Figure 3.9 A) TEM dark field image (DFI) of 10Ni-AP material; B) SAED pattern of the 

particle B in Figure 9A. 
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Figure 3.10 A) Vickers hardness measurement along horizontal direction in FSP region cross 

section; B) Average Vickers hardness of the FSP materials in AP and T6 conditions. 
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Figure 3.11 TEM micrographs of precipitation free zone (PFZ) at grain boundaries (GBs): A) 

grain boundary between Al3Ni and Al in T6 aged ‘10Ni’ material; B) grain boundary between Al 

grains in T6 aged ‘10Ni’ material. White dashed circle marks out the GB η phase precipitate. C) 

SAED pattern shows Al<110>// η′ <1010> orientation in ‘10Ni’.  
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Chapter Four. Friction Stir Fabrication of 7075 Aluminum Alloy 

from Hot Compressed Powder 
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4.1. Abstract 

The gas atomized Al 7075 alloy powder is used as a starting material for the fabrication of Al 

7075 alloys involving hot compression and friction stir process (FSP). Hot compression on the 

powder creates bonded blocks that can withstand FSP. FSP further consolidates the powder blocks, 

eliminating pores and defects in the processed materials. The material fabricated from powder 

(‘7075p’) shows a higher hardness than wrought alloy (‘7075s’) at as-processed (AP) condition 

(92.1 HV for ‘7075p-AP’ while 75.6 HV for ‘7075s-AP’). In contrast, ‘7075p’ has a lower 

hardness (126.7 HV) than the ‘7075s’ (187.3 HV) after solution heat treatment and T6 aging. X-

ray diffraction (XRD) indicates the reduction of η-MgZn2 and η′-Al4Mg2Zn3 precipitation in the 

T6-aged ‘7075p’ material compared to the T6-aged ‘7075s’. Scanning electron microscopy (SEM) 

and electron back scattered diffraction (EBSD) investigated the difference of grain size and 

dislocation density. The multi-track FSP produced identical fully-recrystallized grain structures 

from both powder and solid start materials. Hot compression in air introduced oxides into the 

powder metallurgy (PM) Al 7075 alloys which may impair the hardness.  

4.2. Introduction 

7xxx series Al alloys (Al-Zn-Mg-Cu) are widely used in automotive and aerospace structures 

due to the highest strength aluminum alloys in commercial use [2, 109, 110]. To improve the 

corrosion resistance and fracture toughness, microstructures need to be modified for the requires 

for refinement of grains and precipitation [164-166]. However, the conventional manufacturing 

techniques like rolling, extrusion and machining achieve a limited microstructural modification 

with considerable energy consumption and material wasting [82, 153, 167-169]. Alternative 

methods like powder metallurgy (PM) [170-172] and friction stir processing (FSP) [4, 7, 19, 20] 

have been proposed to address the issues by fabricating fine-structured Al alloys with a reduced 

energy and material usage. 

PM produces solid materials by consolidating fine metallic powders into solid blocks. It is 

usually comprised of several steps that include powder compaction, press sintering, sizing, and 

post heat treatment [170, 171]. Materials with geometric complicity can be produced in near-net-

shape fashion with the material utilization up to 98% [172]. The introduction of excessive particles 
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interfaces produces uniform and fine microstructures [173], enabling equivalent or superior 

properties compared to its wrought alloys for aerospace and automotive applications [174, 175]. 

As for Al 7075 PM alloy, the yield strength up to 440 MPa can be achieved [170, 172]. One of the 

few remaining drawbacks is the negative impact of the residual porosity on the ductility and fatigue 

resistance [176, 177]. The challenge can be overcome by combining FSP techniques into the PM 

route, in which a rotating tool introduces frictional heat and severe plastic flow to eliminate the 

porosity and other defects. The FSP techniques have been used for void mitigation of both PM Al 

alloys and cast Al alloys [8, 37, 39, 41, 61, 178]. FSP can enhance the ductility and sometimes 

even allow for the superplasticity by controlling microstructures via changing process conditions 

[4, 6, 20]. Therefore, it is anticipated that FSP can effectively fabricate defect-free fine-structured 

7075 Al alloys from powder feedstock made by PM route. Multiple Al alloys (Al-Si) and Al-based 

composites are fabricated via the PM-FSP technique for the mechanical enhancement [24, 45, 48, 

50, 62], while there is no report on making Al 7075 alloys solely from powder. It is of great 

importance to provide a fundamental understanding on the individual effect of powder on the final 

microstructures and mechanical properties of the FSP-fabricated 7075 Al alloy from powder. 

In this research, a comparative study on using powder and solid Al 7075 alloy as start materials 

for multi-track FSP was conducted. The composition and morphology of secondary phases were 

investigated by XRD and SEM. The grain structure was characterized by EBSD. The 

microhardness was measured for mechanical assessment. 

4.3. Experiment 

4.3.1. Material Preparation 

The feedstock material used in this work is Al 7076 alloy powder in 10-44 μm size (Valimet 

Inc). The powders were first cold-compressed into blocks under 210.6 MPa of pressure, achieving 

approximately 80% relative density of the solid Al 7075 alloy. The blocks were further 

consolidated by a hot compression at 400 °C and 40 MPa for 40 min, to achieve a final 93% green 

density (denoted as ‘HP’ condition). Solid blocks of Al 7075-T6 alloy (McMaster-Carr) were also 

used for support and facilitating FSP of powder materials.  Figure 4.1 shows the material layout 

for friction stir processing trials. The hot-compressed blocks were cut into (18 × 18 × 5) mm3 
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rectangular blocks, and the eight rectangular blocks were placed into a pre-machined (36 × 72 × 

5) mm3 opening in the 5 mm thick solid Al 7075 alloy plate (Figures 4.1B and 4.1C).  Another 6 

mm-thick Al 7075 alloy plate was placed beneath the powder blocks as the bottom support.  

4.3.2. Friction Stir Processing 

Friction stir processing (FSP) was applied to the feedstock descripted in Figure 4.1 to fabricate 

the Al 7075 alloy (denoted as ‘7075p’). MST-ISTIR friction stir welder was used for the FSP. The 

consolidated powder blocks and the plate were first welded into one piece by spot-wise FSP on 

the top surface using the pin-less ϕ19 mm H13 steel tool. The multi-track FSP swept through the 

powder block region using a ϕ19 mm H13 steel tool with a ϕ6 × 4.4 mm threaded pin. The 

rotational speed of the tool was 550 RPM, and the linear travel speed is 25.4 mm/min. The tool tilt 

angle is 2° with 0.05 mm shoulder depth beneath the surface. The processed materials were 

naturally cooled down by air (denoted as as-processed or ‘AP’ condition). The friction stir 

processed materials were solution heat treated at 475°C for 1 hour and water quenched (denoted 

as condition ‘SS’). Some were further aged at 120°C for 24 hours to achieve the T6 condition 

(denoted as condition ‘T6’) [141]. Materials from the solid material (denoted as ‘7075s’) were 

prepared by applying the same process and post heat treatment on a piece of Al 7075-T6 solid 

plate. Comparative study between ‘7075p’ and ‘7075s’ was conducted to investigate the effect of 

FSP and the difference of starting feedstock. 

4.3.3. Microstructural and Mechanical Characterization 

The phases in the processed materials were identified by the X-ray diffraction (XRD) analysis 

using a Malvern Analytical Empyrean diffractometer with Cu K-α radiation (45 kV, 40 mA, 

0.05°/sec). The precipitation kinetics was investigated by the high-temperature XRD tests 

(HTXRD) with continuous heating of the material, which was conducted by using the same 

machine. The X-ray diffraction signal of solution heat treated material was collected between 15° 

and 50° of 2θ angle, increasing temperature from 50 °C to 500 °C at a heating rate of 1 °C/min. 

The Rietveld analysis for the quantification of the material using the XRD pattern was conducted 

using GSAS-II software [142].  
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The microstructures in processed materials were characterized by scanning electron 

microscope (SEM) on grinded and polished specimens. A MIRAS3 TESCAN SEM machine is 

equipped with energy dispersive X-ray spectroscopy (EDS) system and electron back-scattering 

diffraction (EBSD). The elemental distribution was identified by using EDS system installed on 

the SEM machine, and the grain structure and local misorientation in the materials were revealed 

by EBSD analysis. 

The microhardness of the materials was measured, using microhardness tester (LECO LM100 

AT) with a 25 g load and 10 sec dwelling time. 

4.4. Results 

4.4.1. Microstructure of Start Materials 

Figure 4.2. shows the initial condition of the feedstock before FSP. The Al 7075 solid plates 

(Figure 4.2A) in T6 condition for making ‘7075s’ shows typical elongated grains along the plate 

rolling direction ‘TD’. The grain boundary spacing along the thickness direction ‘DD’ is measured 

as 27.9 μm in average with 9.1 μm standard deviation. The longitudinal grain size was not 

measured due to the imaging limits. Figure 4.2B shows the cross-section of the hot-compressed Al 

7075 powder feedstock. Most of Al alloy particles remain near spherical morphology with 

deformation and joint at contact with others. The temperature and pressure (400 °C, 40 MPa) used 

in hot compression stage produced limited bonding and consolidation with remaining voids. The 

Al 7075 powder has an average particle diameter of 21.8 ± 13.4 μm with micron sized sub-grain 

in each particle, which is common for the gas-atomized alloy powder. Solute-rich eutectic 

segregation at grain boundaries can be anticipated from the characterization in other studies [179, 

180]. 

4.4.2. Phase Determination by XRD 

XRD results displayed in Figure 4.3 depicted the phase evolution in FSP and post heat 

treatment. The red patterns are for 7075p material as hot compressed feedstock (‘PHP’), as-

processed FSP block (‘PAP’) and T6 aged block (‘PT6’). The blue patterns are for 7075s material 

in AP and T6 conditions after FSP (‘SAP’ and ‘ST6’). Multiple common secondary phases present 
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including η-MgZn2, η'-Al4Mg2Zn3, T-Mg3Al3(Cu, Zn)3, S-Al2MgCu and Fe-rich Al7Cu2Fe, 

Al23Fe4Cu [181-183]. S and η phases in 7075p precipitate out in the 400 °C hot compression 

(‘PHP’). The S phase reduction in AP condition (‘PAP’) indicate that the FSP reached temperature 

above 450 °C for S phase to dissolve [183]. The increase of η and η' precipitates is anticipated in 

T6 aging (‘PT6’). Same trends are shown in the 7075s from AP to T6 condition. The Fe-rich 

intermetallics, Al7Cu2Fe and Al23Fe4Cu, became distinguished in ‘PAP’ and ‘PT6’ material, which 

may indicate introduction of Fe into 7075p material by FSP. 

The Rietveld quantification of the XRD results (Figure 4.4) also indicated changes of the 

oxidation and Fe-rich Al23Fe4Cu intermetallic in different materials. 7075p material in both ‘HP’ 

and ‘AP’ conditions has more oxides (AlMg2O4 and Al2O3) than 7075s material. The introduction 

of oxides in powder happened during hot compression in air, which may change the available alloy 

compound for reinforcing precipitate formation and resultant mechanical properties. It is difficult 

to observe the presence of oxides in relative low weight fraction by SEM and EDS tests [184, 185]. 

The analysis of oxide and the related microstructural difference needs detailed investigation from 

TEM in the future. 

4.4.3. SEM/EDS of the FSP Material 

Figure 4.5 shows microstructural difference of the FSP material. No visible porosity is seen 

in 7075p and 7075s in AP condition (Figure 4.5A and 4.5C). The porosity in powder feedstock 

(Figure 4.2B) was eliminated by FSP. While several voids with smooth curvature re-emerged in 

7075p-T6 material (Figure 4.5B). 7075s material, on the contrary, shows no porosity. Two types 

of intermetallics can be distinguished from morphology and EDS results. Plate-like precipitates 

(marked by yellow arrows) enriched in Mg and Zn from point EDS analysis are identified as η-

MgZn2 phase. The coarser irregular shaped particles (marked by red arrows) indicate a higher Fe 

and Cu content with a Fe:Cu ratio close to 3:1. The particles are identified as Al23Fe4Cu. The 

7075p material (Figures 4.5A and 4.5B) has more Al23Fe4Cu particles than 7075s (Figure 4.5C 

and 4.5D) in both AP and T6 conditions which is a confirmation of XRD results. A significant 

reduction of η-MgZn2 is found in 7075s-T6 material (Figure 4.5D) from AP condition (Figure 4.5), 

while such trend is not evident in 7075p from the AP to T6 condition.  
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4.4.4. Electron Back Scattering Diffraction (EBSD) 

EBSD is employed to analyze the change of Al grain structures in the materials. Figure 4.6 

shows the grain structure with Al grain orientation for color contrast. High-angle grain boundaries 

(HAGBs) with misorientation larger than 15° are plotted as solid black lines. Low-angle grain 

boundaries (LAGBs) with misorientation above 1.5° are plotted as grey lines. Most Al grains were 

presented as equiaxed structures, but they were partially elongated to ‘DD’ direction due to the 

material flow in FSP. Al grains in 7075p were refined after T6 aging (from Figure 4.6A to 4.6B). 

The Al grains in 7075s became coarse and less oriented to ‘DD’ direction instead (from Figure 

4.6C to 4.6D). 

Figure 4.7 is a summary of grain size measurement from the EBSD analysis. The results are 

from the measurement over 600 grains in each material. Both 7075p and 7075s in AP condition 

demonstrated similar average grain sizes (1.78 and 1.88 μm). After the T6 aging, the average grain 

size of 7075p was reduced to 1.52 μm, whereas the average grain size of 7075s-T6 slightly 

increases to 1.94 μm. Meanwhile, the grain size of all materials shows a bi-modal distribution with 

one size peak at less than 1 μm and the other at ~2 μm, which is in a good agreement with the 

observation of the coexistence of sub-micron grains and coarser 2-5 μm grains. 

4.4.5. Microhardness Measurement 

Figure 4.8 shows the microhardness measurement along the direction ‘TD’ at the 1.5 mm 

depth beneath the top surface of the FSP region. Blue data and trend curves are from 7075s material, 

and the red ones are from 7075p material. The average hardness of 7075p-AP and 7075s-AP are 

92.1 (± 5.4 HV) and 126.7 HV (± 3.9 HV), respectively, while the average hardness of 7075p-T6 

and 7075s-T6 are 75.6 (± 4.7 HV) and 187.3 HV (± 3.1 HV), respectively. The hardness of 7075s 

in AP and T6 conditions are comparable to the annealed and T6 aged wrought 7075 alloy (black 

dashed line ‘7075-T6 Ref’). The average hardness of 7075-T6 plate for making 7075s in this study 

is 185.6 HV. The hardness of 7075p was increased by 17.5 HV in AP condition but significantly 

reduced by 60.6 HV in T6 condition. Such changes are discussed in the discussion part (Section 

4.5). 
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4.5. Discussions 

4.5.1. Grain Structure Evolution 

During FSP, the intense plastic deformation with high temperature was applied to the material, 

causing the consolidation and thermal restoration of the feedstock. In the high stacking-fault-

energy materials like Al alloys, refined grains are formed due to dynamic recrystallization (DRX) 

and recovery (DRV) [186, 187]. Continuous dynamic recrystallization (CDRX) is considered as 

the main mechanism for FSP, where LAGBs are formed first and progressively evolved into 

HAGBs by the rearrangement and accumulation of the dislocations [87, 188]. Geometric dynamic 

recrystallization (GDRX) can happen concurrently, where the original grains are elongated and 

serrated to form refined grains surrounded by HAGBs [188].  The internal deformation and 

dislocation density are significant low in the recrystallized grains. The grain size produced by FSP 

strongly depends on the process parameters. In general, the grain are refined with increasing plastic 

straining and reducing thermal input [4, 40, 189, 190]. Identical process conditions of FSP on 

7075p and 7075s produced average grain size with little difference. The higher number fraction 

(20% vs 12%) of submicron grain in 7075p-AP than 7075s-AP material may originate from the 

initial fine grain structure of Al 7075 powder. 

The fraction of recrystallization is quantified by measuring inter-grain misorientation using 

the Grain orientation spread (GOS) as the metric. The GOS is defined as the average of the 

misorientation angles to the grain mean orientation [191, 192]. Figure 4.9 shows the GOS map of 

the same regions in Figure 4.6. In the present study, the grain with the GOS below 1° and above 

3° are considered as fully-recrystallized (‘blue’ in Figure 4.8) and deformed grains (‘red’ in Figure 

4.8) [193]. The grain with GOS in between is categorized as partially recrystallized grains (‘green’ 

in Figure 4.8). Most grains have been fully recrystallized in both ‘AP’ and ‘T6’ conditions. The 

deformed and partially recrystallized grains are either elongated or partitioned by sub-boundaries 

(‘white’ lines < 1.5 °  misorientation), which supports that the RDX and RDV are the main 

restoration mechanisms in FSP of Al 7075 alloys. 

Figure 4.9 summarizes the grain boundary fraction, recrystallized fraction, and grain size. In 

AP condition, 7075p and 7075s (Figures 4.9A and 4.9B) show similarly high values of HAGB 
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fraction and recrystallized fraction (~80%), demonstrating that the current FSP conditions 

produced complete recrystallized grain structures [4, 87, 191, 194]. The recrystallized fraction is 

increased to 86.2 % and 90.4 % in T6 condition due to the recrystallization and recovery in the 

solution heat treatment and T6 aging (Figure 4.9B). The reduction of HAGB fraction and grain 

size of 7075p-T6 to 71.3% and 1.52 μm represents an additional recrystallization in the post heat 

treatment of 7075p material. This may be attributed to the Fe rich Al23Fe4Cu particles in 7075p 

material, depicted by XRD and SEM/EDS results. Al7Cu2Fe and Al23Fe4Cu inhibit the grain 

growth by pinning the grain boundary and dislocations in the thermal restoration in the post heat 

treatment  [195-197]. The particles can also serve as heterogeneous nucleation sites for Al grains 

recrystallization [198, 199]. Fe-rich intermetallics not likely comes from the original powder 

because of the similar chemical composition with 7075-T6 plate shown in Table 4.1. The Fe 

addition may come from tool’s wear in the FSP. It is common that small amount of Fe and other 

alloy elements from the steel tool can be mixed into the Al alloy in form of the wear particles [200]. 

Uniform distribution of the fine size Fe-rich intermetallics in Figure 4.5B can be formed by the 

rigorous material flow in FSP. This phenomenon can be aggravated in the repetitive strain and 

thermal cycle created by multiple-track process in the present study [200, 201]. The reason of the 

absence of such Fe addition in the FSP of 7075s awaits further analysis and confirmation in the 

future FSP trials. 

In the post heat treatment, the material was solution treated at 475 °C and water quenched to 

obtain supersaturated solid solution prior to T6 aging process. The high cooling rate creates residue 

stress and sometimes distortion in non-uniform structure. On the other hand, the hot-compressed 

powder has a residue porosity. The hot compression was conducted in air. The surface oxidation 

of the Al alloy particles is inevitable. FSP removes porosity, creating metallurgical bonding by 

overcoming the oxidation layer of Al particle surfaces. Neither visible porosity nor residue oxide 

was found in SEM or XRD results of 7075p-AP. Still, some weak bonding between Al alloy 

particles may remain. Voids would form to accommodate the quench induced residue stress and 

form new voids originating from the weak points, intermetallics and oxide inclusion. The distortion 

also generates extra dislocation, which facilitates fine grain formation and reduces the grain size 

of 7075p-T6 material. 
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4.5.2. Microhardness 

The hardness of Al 7075 alloy can be contributed by multiple strengthening factor including 

grain boundaries, dislocation density, and strengthening precipitates. Precipitation strengthening 

from Mg and Zn rich η' and η phase provides the largest contribution among them [202, 203]. The 

7075s after FSP and T6 aging (7075s-T6) displays similar hardness as the starting 7075-T6 solid 

plate (187.3 vs 185.6 HV) despite their completely different grain structure. It is fair to assume 

that their fractions of η' and η precipitation are close. The precipitation sequence is well known as 

[189, 202-204] 

Supersaturated solid solution (SSSS) → Guinier-Preston (GP) zone → η' precipitate → η 

precipitate 

The needle and plate-like η' precipitation in size of 0.1 μm contribute much more to the 

hardness than other intermetallic due to its semi-coherent interface to Al and high number density. 

Main content of Mg and Zn precipitate as inter-grain metastable η' precipitation via T6 aging at 

120 °C for 24 hours. Part of Mg, Zn and Cu tend to form micron scale grain-boundary η phase at 

the grain boundaries. Boundary η phase has limited strengthening effect. However, it can affect 

other properties like ductility, corrosion and cracking resistance [197, 205]. Higher thermal input 

results in the formation of non-coherent micron-scale η and the loss of strengthening effect. 

Both 7075s and 7075p in AP condition have hardness close to the annealed alloys due to the 

air cooling from high temperature in FSP [19, 187]. The hardness difference between 7075s-AP 

and 7075p-AP can be attributed to the difference of η'/η precipitate. From the Rietveld 

quantification of XRD results (Figure 4.3), as-compressed feedstocks for 7075p (7075p-HP) are 

closer to solid solution than T6 aged starting plate for making 7075s (1.3 vs 2.9 wt% η-MgZn2). 

After FSP, 7075p-AP has 1.6 wt% η-MgZn2 and 0.6 wt% η'-Al4Mg2Zn3, while 7075s-AP contains 

4.1 wt% η-MgZn2 and 0.9 wt% η'-Al4Mg2Zn3. Multiple previous studies demonstrated that the 

different initial aging conditions with the same FSP would be subject to varied phase 

transformation., producing different hardness profiles [206, 207]. In FSP of 7075s material, initial 

η' precipitation and fine size η dissolves quickly under the temperature above 450 ℃. However, 

the short time of heating (~ 1 min) and cooling cycles triggered incomplete η'/η dissolving as well 



 

67 

 

as a η' → η transformation and growth. Coarse η formation is expected in the air-cooling stage in 

the material starting from T6 than solution treated material [206]. Therefore, 7075p-AP is more 

strengthened by the Mg and Zn solute remaining in Al matrix with less formation of coarse η. 

7075p-T6 failed to achieve the same hardness after T6 aging, which may be due to the 

additional Fe-rich intermetallics. As discussed above, Al23Fe4Cu acted as grain refiner in the post 

process heat treatment. The grain size was reduced to 1.52 μm from 1.78 μm. Newly generated 

grain boundaries induce more boundary η formation in T6 aging [208, 209]. The total amount for 

nano-scale η' precipitate was reduced. The η' contents in 7075p-T6 and 7075s-T6 were estimated 

as 0.3 wt% and 2.5 wt%, respectively. The SEM micrograph confirmed the existence of micron-

scale η-MgZn2 in 7075p-T6 (Figure 4.5B). The lack of micron-scale precipitation in 7075s-T6 

(Figure 4.5D) indicates a distribution of fine size η'/η precipitates, which are hard to observe under 

current SEM magnification. Such distribution provides more effective strengthening to 7075s 

material.   

4.6. Conclusion 

Solid Al 7075 alloys were fabricated by multi-track FSP on hot-compressed 7075 powder 

feedstock. Post process heat treatment including solution treatment and T6 aging was conducted 

on the materials for microstructural and mechanical assessment. A comparative analysis between 

the material from powder (7075p) and solid (7075s) on microstructure and hardness was conducted.  

1) Micron-scale intermetallics, such as η-MgZn2 and S-Al2MgCu, were found in SEM 

micrographs and XRD results in both 7075p and 7075s. Additional inclusion of Fe-rich Al7Cu2Fe 

or Al23Fe4Cu was detected in 7075p after FSP. The Fe inclusion may be introduced from tool’s 

wearing during the FSP of 7075p, which is not significant in 7075s. No evident porosity was found 

in 7075p and 7075s materials in AP condition. However, several voids were generated after T6 

aging, which can be attributed to quench-induced straining interaction with non-uniformity in 

7075p materials (e.g., intermetallics, possible oxidation, and residual weak bonding between 

particles). 

2) FSP produced complete recrystallized grain structures in both 7075p and 7075s materials. 

The average grain sizes of 7075p and 7075s under the as-processed (AP) condition were 1.78 and 
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1.88 μm, respectively. After solution heat treatment and T6 aging, the 7075p grains experienced 

further refinement to 1.52 μm, while 7075s’s grain structure remained stable at 1.94 μm. Dynamic 

recrystallization (RDX) took place in the FSP from the analysis of grain orientation spread (GOS) 

map and fraction of high-angle grain boundary (HAGB). The grain refinement of 7075p-T6 is 

attributed to the Fe rich intermetallics that restrict grain growth and provide heterogeneous 

nucleation sites for Al recrystallization in the post heat treatment. 

3) Microhardness was measured for understanding the mechanical properties. 7075p has an 

average microhardness of 92.1 and 126.7 HV in AP and T6 conditions. The 7075s has an average 

microhardness of 75.6 and 187.3 HV in AP and T6 conditions. The higher hardness of 7075p-AP 

than 7075s-AP results from less formation of coarse η-MgZn2 from an initial heat treatment 

condition of powder feedstock. The lower hardness of 7075p-T6 is due to the lack of fine η'/η 

precipitates with grain refinement in the post heat treatment. 

  



 

69 

 

Appendix. Figures and Tables 

 

Figure 4.1 Schematic description of multi-track FSP from powder (DD: depth direction; TD: 

transverse direction; PD: process direction; and S: transverse spacing between individual FSP 

passes). (Unit: mm). 
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Figure 4.2 SEM micrographs of the feedstocks before FSP: A) Al 7075-T6 alloy solid plates; B) 

cross section of hot-compressed Al 7075 powder blocks; C) as-received Al 7075 powder; and D) 

magnified image showing multi-grain structure of an Al 7075 particle. 

 

Table 4.1 Chemical composition (wt%) of the starting material 

Material Al Cu Mg Zn Ni Cr Fe O 

Original 7075 powder 90.13 1.57 2.22 5.68 0.01 0.19 0.1 0.1 

Original 7075 plate 90.18 1.44 2.11 5.95 0.01 0.21 0.1 <0.01 
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Figure 4.3 XRD results with red lines for 7075p material in hot-compressed (‘PHP’), as-

processed (‘PAP’), and T6 aged (‘PT6’) conditions. Blue lines are for 7075s material in as-

processed (‘SAP’) and T6 aged (‘ST6’) conditions. 
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Figure 4.4 Weight fraction of oxidation and Fe-rich intermetallics from XRD results in the 

materials. SAP: 7075s material in as-processed condition. PHP and PAP: 7075p material in hot-

compressed and as-processed conditions, respectively. 
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Figure 4.5 SEM micrographs of the FSP material with different conditions: A) 7075p-AP, B) 

7075p-T6, C) 7075s-AP and D) 7075s-T6. 
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 Figure 4.6 Inverse pole figures (IPF) superimposed with grain boundaries (GB) plot for A) 

7075p-AP, B) 7075p-T6, C) 7075s-AP, and D) 7075s-T6.   
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Figure 4.7 Grain size histograms for A) 7075p-AP, B) 7075p-T6, C) 7075s-AP, and D) 7075s-

T6. 
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Figure 4.8 Microhardness scanning along the direction ‘TD’ of the FSP material. 
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Figure 4.9 Grain orientation spread (GOS) plots with grain boundaries (GB) plot for A) 7075p-

AP, B) 7075p-T6, C) 7075s-AP, and D) 7075s-T6. 
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Figure 4.10 Summary of A) HAGB fraction, B) recrystallized fraction, and C) average grain size 

of all FSP materials.  
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Chapter Five. Summary and Conclusions 

The main goal of this dissertation was developing novel friction stir process (FSP) for age 

hardenable Al alloys and providing more understanding of microstructural evolution in the process. 

The relationship between the microstructure and mechanical properties has been studied. Two 

types of FSP techniques were assessed: 1) Friction stir backward extrusion (FSBE) for tube 

extrusion and 2) friction stir processing (FSP) on hot compressed powder. 

This chapter presents conclusions of the research results and recommendations for further 

understanding the relationship between microstructures and the mechanical properties. 

5.1. Conclusions of the Present Studies 

5.1.1.  Friction Stir Backward Extrusion (FSBE) for Tube Structures 

1) 6063 alloy tubes were successfully extruded out from a FSBE tool set-up with an extrusion 

ratio of 1.15. The thread tool with rotational speed of 500 RPM and 63-76 mm/min plunge rate 

generated adequate thermal input that caused material solutioning for over 20 sec followed by the 

air-cooling. Shear and compressing plastic flow was concentrated at the tubes’ inner wall with 

1200 N extruding force and 110 N-m spindle torque.  

2) The unique load and thermal cycle produced globular recrystallized grain structure which 

can be attributed to dynamic recovery (DRV) and dynamic recrystallization (DRX) mechanism. 

The grain size increased with reducing shearing strain along the wall thickness to the outer 

diameter. The starting material has an average grain size of 58.2 μm. The grains at inner diameter 

were refined to 20.2 μm. While the grains at outer diameter were coarsened to 89.1 μm.  

3) The lamellar distribution of β- AlFeSi and Mg2Si precipitates indicated the existence of the 

shear-concentrated band along the tube’s wall circumference. The relative high density of inter-

grain dislocation provided nucleation sites for the precipitation. 

4) Microhardness of the extruded tube was 60-75 HV because of its close-to-annealing 

condition. Extruded tubes presents less asymmetry on hardness with respect to the starting material 
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(made by conventional hot extrusion). It indicated that FSBE has the potential producing extrudate 

with better homogeneity with respect to the conventional hot extrusion. 

5.1.2. Al 7075-Al3Ni Composite Fabrication by FSP from Premixed Powder 

1) A novel FSP technique was developed by using hot compressed powder as feedstock. The 

setup enables continuous material fabrication in large scale.  

2) Al 7075 alloy powder with 10 wt % nano-sized Ni powder is used for composite making. 

FSP produced complete in-situ transformation of Al3Ni in Al 7075 alloy in no need of post heat 

treatment. 

3) Agglomeration of Ni powder existed with the current powder mixing approach. Such Ni 

agglomeration results in micron-scale Al3Ni formation in the composite. 

4) Al3Ni in Al 7075 alloy introduced a tendency of promoting T-Mg2Al3Zn3 while inhibiting 

η-MgZn2 precipitation. 

5) The Al 7075-Al3Ni composite presents Vickers hardness of 109.6 HV and 145.2 HV in as-

processed (AP) and T6 aged conditions, which achieves 19.0% and 14.6% hardness increment 

than the material with no Ni addition. The fine sized Al3Ni provided more effective strengthening 

effect than relative coarse Al3Ni reinforcement in the previous studies. 

5.1.3. Comparative Study of Al 7075 made by FSP from Powder and from Solid  

1) Al 7075 alloy is fabricated by FSP using hot compressed Al 7075 powder. The material 

fabricated from powder shows higher hardness than wrought alloy at as-processed (AP) condition 

(92.1 HV vs 75.6 HV) because of less formation of coarse η-MgZn2 from the different initial heat 

treatment conditions. However, the hardness is lower than that from solid in T6 aged condition 

(126.7 HV vs 187.3 HV) which due to increased formation of grain boundary η-MgZn2 at the 

recrystallized structure in the post heat treatment. 

2) FSP produced similar grain structure in both materials. The ~1.8 μm grains with high 

recrystallized fraction were produced by the RDX and RDV mechanism governed by thermal and 

straining of FSP. 
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3) XRD and SEM micrograph indicated increased Fe-rich phase in the material from powder, 

which may be due to the unexpected tool’s wear in FSP. The intermetallics Al23Fe4Cu acted as 

grain refiner and caused grain refinement to 1.5 μm in the post heat treatment. 

4) Porosity was produced in the T6 aging of the material from powder, which may imply a 

heat treatment induced distortion of in-homogeneities in the material. 

5.2 Future Work 

The following are recommended for the process development and achieving better 

understanding of microstructural and mechanical features of the studied FSP techniques: 

5.2.1. FSBE for Tube and Wire Extrusion 

1) FSBE process with higher extrusion ratio needs to be designed for practical use of the 

technique. 

2) Parametric study is required to optimize the process conditions (rotation speed, extrusion 

rate, and cooling condition). 

3) Tests for other properties like strength, ductility, corrosion resistance are required. The post 

heat treatment to more commonly used T6 aged condition need to be conducted so that the relevant 

effect caused by FSBE can be studied.  

5.2.2. Al 7075-Al3Ni Composite Fabrication by FSP  

1) The powder preparation process needs to be modified to reduce the agglomeration of nano 

Ni powder in the premixed powder feedstock. Uniformly distributed nano-scale reinforcements 

should provide more strengthening to the material. 

2) To determine the Ni content for optimum properties of the composite material, a 

comprehensive study needs to be performed on the phase diagram Al-Mg-Zn-Cu-Ni with a wide 

range of compositional change of Ni. 
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3) More detailed TEM analysis is needed on the Al7075 - Al3Ni composite to investigate any 

effect on the η' precipitate distribution caused by Al3Ni. Since the η' precipitate still makes the 

main role of strengthening the alloy. 

5) More mechanical properties tests are necessary to assess properties other than hardness. 

High temperature performances including strength, toughness and creep properties are especially 

of interest for the Al-Al3Ni composite material in the relevant commercial applications. 

5.2.3. Al 7075 Alloy Fabrication by FSP from Hot-compressed Powder 

1) The hot compression with inert gas protection needs to be applied for the feedstock 

preparation. The possible difference between the powder with and without gas protection will help 

to determine the suitable process in consideration of both properties and cost. 

2) To fabricate material from powder with comparable properties to the solid, the process from 

powder preparation to FSP needs modification, which can mitigate unwanted material pollution 

like Fe and other possible elements. Higher process load of FSP is needed to further eliminate the 

weak bonding in powder feedstock. 

3) TEM analysis on the current Al 7075 material made by powder-FSP route is required to 

investigate the change of microstructure and phase morphology with respect to the wrought Al 

7075 alloy.  
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