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Abstract 

 
Ultrafine grained and/or nanostructured Cu and Cu-(2.5-10)vol.%Al2O3 composite 

balls/granules/powder particles were produced using two high energy mechanical 

milling (HEMM) routes respectively. The microstructural evolution of the as-

milled Cu and Cu-Al2O3 composite balls/granules/powder particles produced 

using Route 1 (12hours) and Route 2 (Route 1 + 12 hours milling under another 

condition) of milling was studied using scanning electron microscopy (SEM), 

transmission electron microcopy (TEM), scanning transmission electron 

microscopy (STEM) and energy dispersive X-ray (EDX) mapping. The study 

confirmed that HEMM can be effectively used to disperse (2.5-10)vol.%Al2O3 

nanoparticles into a ultrafine grained or nanocrystalline Cu matrix after both 

routes of milling. 

 

The as-milled Cu and Cu-Al2O3 composite balls/granules/powder particles were 

heat treated at 150, 300, 400 and 500°C for 1 hour, respectively, to determine the 

thermal stability of the microstructure and corresponding microhardness change 

as a function of annealing temperature. It was found that for Cu and Cu-

2.5vol.%Al2O3 composites after heat treatment at 150°C, the Cu grain sizes 

decreased due to recrystallisation, and increasing the annealing temperature to 

300°C causes slight coarsening of the Cu grains. Further increasing the annealing 

temperature to 500°C caused significant coarsening of the Cu grains and the 

Al2O3 nanoparticles. With increasing the volume fraction of Al2O3 nanoparticles, 

(i) the thermal stability of the Cu-Al2O3 composite increases, (ii) the 

microstructure of the Cu matrix became finer, and (iii) the coarsening of Cu grains 

in the composite powder particles after annealing at 500°C become less severe.  

 

The average microhardness of the Cu-Al2O3 composites decreased after annealing 

at 150°C due to decrease of dislocation density, then remained almost unchanged 

with increasing the annealing temperatures to 300°C and 400°C. Further 

increasing the annealing temperature to 500°C caused significant decrease in 

average microhardness due to reduction in dislocation density and grain 

coarsening, suggesting that Cu-Al2O3 composites are thermally stable at 

temperatures up to 400°C. 



 iv   

 

Pure copper powder and Cu-Al2O3 composite powders produced using Route 2 

were compacted by hot pressing at 350°C followed powder compact forging. 

Increasing the volume fraction of Al2O3, the average microhardness increased for 

the forged Cu-Al2O3 composites. A decrease in tensile fracture strength was 

examined for the Cu-Al2O3 composites with the increase of the volume fraction of 

Al2O3 as 2.5% to 10%.  

 

Nanostructured Cu-(1-4)at.%Pb alloy powder particles were produced using 

Route 1 of high energy mechanical milling. The microstructural evolution and 

thermal stability of microstructure of powder particles as a function of annealing 

temperature were examined. It was found that heat treatment at 150°C caused 

slight coarsening of the Cu grains, and increasing the annealing temperatures to 

300 and 500°C caused significant coarsening of the Cu grains. The average 

microhardness of the Cu-Pb alloy powder particles decreased after annealing at 

150°C due to decrease of dislocation density, and then remained almost 

unchanged with increasing the annealing temperature to 300°C. Further increasing 

the annealing temperatures to 400°C and 500°C caused significant decrease in 

average microhardness due to reduction in dislocation density and grain 

coarsening, suggesting that Cu-Pb alloy powders are thermally stable at 

temperatures up to 300°C.  
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Chapter One  

Introduction and Literature Review 
__________________________________________________________________ 
 
 
1.1   Introduction 

Nanocrystalline metals and alloys and nanocomposites (grain sizes and particle 

sizes < 100 nm) have the potential of revolutionising the performance of 

traditional coarse grained metals and alloys (grain size > 1 μm) due to the 

dramatic enhancement of chemical, physical and mechanical properties. The 

properties include strength and hardness [1-7], magnetic properties [3,8,9], optical 

properties [10,11], catalytic properties [12] and high corrosion resistance [13]. 

Nanotechnology, rapidly thrusting its applications in all aspects of life including 

engineering and medicine, is the creation of new materials, devices and systems at 

the molecular level. Back in 1959 at California Institute of Technology Nobel 

prize laureate, Richard Feynman, predicted that there is plenty of room to 

investigate at the bottom of the material size scale. The term nanotechnology 

refers broadly to the use of materials with nanoscale dimensions, a size range 

from 1 to 100 nm. Since the grain (or particle) sizes are so small, a significant 

volume of the microstructure in nanostructured materials (NsM) is composed of 

interfaces, mainly grain boundaries and interphase boundaries, which mean that a 

large volume fraction of the atoms resides in the grain boundaries or interphase 

boundaries.  
 

In the last two-three decades, nanostructure science and technology has become 

one of the most rapidly growing research areas in the field of materials science 

and engineering partly due to the pioneering work of Gleiter and coworkers in 

early 1980’s [14], who synthesized NsM by consolidation of powders. NsM include 

powders, layered (lamellar) films, wires or tubes and bulk materials [15]. 

Nanomaterials and most of the applications derived from them are still in an early 

stage of technical development. There are several issues that remain to be 

addressed before nanomaterials will become useful for industrial sectors. These 

issues include synthesis of high purity materials economically and environment 

friendly, characterization of the new structures and properties and fabrication of 

fully dense and fully bonded products from nanostructured powders or 

 1
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nanopowders without losing the nanostructure [16]. Recent developments in 

science have advanced capabilities to fabricate and control material systems at 

nanometer scale [17]. Fabrication technology can strongly affect the 

microstructures of the materials, thus innovation for manufacturing of free-

standing parts and composites with retained nanostructure remains a challenge. 

Although substantial progress has been made in understanding the structure-

property relationships in nanomaterials, further progress is needed in the field to 

address the issues mentioned above.  
 

We chose to study Cu-Al2O3 metal matrix composite because this material has a 

potential to offer high strength, good ductility and high electrical and/or thermal 

conductivity, which are ideal for applications in making resistance welding 

electrodes, electrical switches and microwave and x-ray components. High 

electrical and thermal conductivity of the Cu phase and high strength and high 

thermal and chemical stability of the Al2O3 phase are combined to produce 

nanostructured Cu-Al2O3 metal matrix composites. Thus nanostuctured Cu-Al2O3 

composites have the potential to offer both high strength and high electrical 

conductivity. In order to achieve high fracture toughness and low processing cost, 

the Al2O3 phase in the microstructure should be in particulate form, and the 

particle size should be small. 
 

High energy mechanical milling (HEMM) was used to prepare nanostructured Cu-

based composite/alloy powders in this research, using Al2O3 nanoaprticles as 

ceramic reinforcement. Although HEMM is one of the most widely used 

techniques for processing metal matrix nanocomposites with a dispersion of 

ceramic nanoparticles such as Al2O3 nanoaprticles in a ductile metal matrix such 

as Cu, there has been no systematic study on the microstructural evolution of the 

nanocomposite powder particles during milling. Since the ultrafine and 

nanostructured powders need to be consolidated at elevated temperatures by 

thermomechanical processing, it is important to understand their microstructural 

stability at different temperatures, which was the main objective of this research. 

On the other hand, since for most applications the nanocomposite powders need to 

be consolidated into bulk materials at elevated temperatures and the 

microstructures of the nanocomposite powder particles produced using 

nonequilibrium processes such as HEMM are metastable, it is also important to 
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understand the microstructural evolution of the nanocomposite powders during 

heat treatment at different temperatures. 
 

This thesis has seven chapters. Chapter one presents a literature review for the 

nanostructured metal-matrix composites, their fabrication and properties. While 

chapter two describes the materials used, experimental procedures and equipment 

required to complete this research. Chapter three presents and discusses the results 

of a study on the morphology, microstructural evolution and changes in 

microhardness for as-milled ultrafine grained (UFG) and nanostructured Cu-Al2O3 

composite powder particles during the HEMM. Chapter four presents and 

discusses the results of a study on the thermal stability of the UFG and 

nanostructured Cu-Al2O3 composite powder particles. While chapter five presents 

and discusses the results of a study on the microstructural evolution, changes in 

microhardness and thermal stability of nanostructured Cu-Pb alloy powder 

particles. Chapter six presents the results of a preliminary study on consolidation 

of the UFG and nanostructured Cu-(2.5-10)vol.%Al2O3 composite powders and 

the mechanical properties of the consolidated materials. Chapter seven 

summarizes the conclusions and recommendations for the future work. 
 

1.2 Literature Review 

1.2.1 Introduction 
 

Increasing industrial demands for high temperature applications, high heat cycle 

resistance, high temperature gradients, high wear resistance, impact resistance, 

etc., require applications of new materials. Conventional metallic materials cannot 

resist such extreme operating conditions. They have to be replaced by new metal-

matrix composite (MMC) or ceramic-matrix composite (CMC) materials. When 

fine ceramic or other hard particles are embedded into soft metal matrix to form 

MMC, the properties of the matrix materials can be substantially 

improved/strengthened [18-22]. The mechanical properties of MMCs can be further 

enhanced even with a very low volume fraction by decreasing the size of ceramic 

particulates and/or matrix grains from micrometer to nanometer level [23-29], 

termed as metal matrix nanocomposites (MMNCs). The sizes of matrix grains can 

be refined to submicrometer or nanometer regime using severe plastic 

deformation (SPD) or mechanical alloying (MA) processes [30,31]. 
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The general microstructure of a nanocomposite, as shown in Figure 1.1, consists 

of nanometre sized (< 100 nm in diameter) particles dispersed throughout a matrix. 

Nanoparticles may be distributed within the grains, along grain boundaries or both.  

Nanocomposites structures, as introduced by K. Niihara [10] and shown in Figure 

1.2, could sharply improve various mechanical characteristics [32]. 
 

MMNCs are most promising in producing balanced mechanical properties 

between nano- and micro-structured materials, for example, enhanced hardness, 

Young’s modulus, 0.2% yield strength, ultimate tensile strength and ductility [28,33-

38], due to addition of nano-sized reinforcement particles into the matrix. Recently 

metal matrix nanocomposites are being explored for structural applications in 

aerospace, automotive sectors, and other industrial applications.  

 
Figure 1.1: Schematic structure (not to scale)        Figure 1.2: Type charts of nanocomposites [32] 
of nanacomposite [32]                                                  
 

 

Research on metal-ceramic nanocomposites is very active in international 

materials science and engineering community due to the potential of commercial 

opportunities and the challenge that this class of materials can offer [39]. There are 

several types of metal-ceramic nanocomposites, nanometer sized ceramic particles 

dispersed in a metal matrix, nanometer sized metal (or semiconductor) wires in a 

ceramic matrix, nanometer scaled multilayer metal-ceramic composites, and so on. 

Figure 1.3 illustrates the three types of metal-ceramic nanocomposites categorized 

by the form of nanosized phase or particles, wires or thin layers [39]. 
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Figure 1.3: Schematic illustration of three major types of metal-ceramic nanocomposite [39],  
(a) nanoparticles embedded in a matrix, (b) nanowires embedded in a matrix, (c) nanometer sized 
multilayer thin films. 
 
1.2.2 Fabrication of MMNCs 

Metal matrix nanocomposites (MMNCs) can be synthesized via either ex-situ or 

in-situ processing routes. Ex-situ route involves the introduction of ceramic 

nanoparticles into metals during composite processing. Such particles are 

synthesized separately prior to composite fabrication. In contrast, in-situ 

nanoparticles synthesized by means of mechanical alloying and friction stir 

processing are found to distribute more uniformly in metal matrix, while this 

uniform dispersion of nanoparticles can lead to metal-matrix nanocomposites 

having enhanced mechanical strength and ductility. The fabrication of such 

nanocomposites could create new technological opportunities and challenges, as a 

strong bond between in-situ nanoparticles and metal matrix is necessary to 

achieve an effective load transfer mechanism in the nanocomposites. 

Solidification processing methods, such as stir mixing, squeeze casting and 

pressure infiltration are also used in the fabrication of MMNCs.  
 

Powder blending and consolidation is one of the commonly used techniques for 

the fabrication of MMNCs. In this process, one of the starting powders consists of 

nanoparticles (usually called nanopowder). Powders of the metallic matrix and 

reinforcement are first blended and fed into a mold of the desired shape. Blending 

can be carried out dry or in liquid suspension. After blending, the mixture can also 
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be consolidated directly by hot pressing or hot isostatic pressing (HIP) to obtain 

high density. Because of the large surface area and high total surface energy 

associated with the nanoparticles, agglomeration is very common, and it is 

difficult to break up the agglomerates and disperse the nanoparticles 

homogenously in a metal matrix. Figure 1.4(a) shows the microstructure of a Mg-

3vol.%SiC nanocomposite produced using powder blending [26]. Powder blending 

has also been used to produce metal-carbon nanotube composites [40] as shown in 

Figure 1.4(b). 
 

  

(a) (b) 

Figure 1.4: Nanocomposites produced by powder blending (a) Mg-3vol.%SiC nanocomposite [26], 
and  (b) Optical micrograph of the nanotube/Cu [40].  
 

Spray deposition is another technique used to synthesize MMNCs. Spray 

deposition methods are characterized by rapid solidification, low oxide contents 

and significant porosity levels. Depositions of this type are typically consolidated 

to full density in subsequent processing. In this process a stream of metal droplets 

impinges on a substrate in two distinct ways, depending on whether the droplet 

stream is produced from the molten bath or by continuous feeding of cold metal 

into a zone of rapid heat injection. Spray deposition has some advantages. They 

include high interface strength between particles and matrix and the interface is 

free of any interfacial phase, while a fine microstructure due to rapid solidification 

in combination with a high bonding strength between the reinforcement and the 

matrix can be obtained. The Al-5.5wt%Cu/TiAl3 composites made by spray 

deposition exhibited much finer grain [41] (Figure 1.5(b)), as compared to 

composites fabricated by stir casting (Figure 1.5(a)).  
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Figure 1.5: Microstructure of Al-5.5wt%Cu/TiAl3 composites [41], (a) cast state, and (b) deposition 
state. 
 

Squeeze casting is also used to fabricate MMNCs. In squeeze casting, a 

hydraulically activated ram applies a low and controlled pressure to the molten 

metal to attain infiltration. As infiltration is completed, a high pressure is applied 

to eliminate the shrinkage porosity that can occur when the liquid metal contracts 

as it transforms into the solid state (absence of porosity). In squeeze 

casting/infiltration, the metals used include aluminum, magnesium, copper and 

silver, while reinforcement material includes carbon, graphite and ceramics, such 

as carbides, oxides and nitrides. SEM micrographs (Figures 1.6(a) and 1.6(b)) 

show a transition zone near the interface between the SiC ceramic network and Cu 

matrix [42]. 
 

 
Figure 1.6: Metallographic (a) and SEM (b) morphologies near Cu-matrix composite interface [42]. 
 

Electron beam/physical vapor deposition is a prominent technique among the 

vapor deposition techniques for the fabrication of MMNCs. This process involves 

continuous passage of fiber through a region of high partial vapor pressure of the 

metal to be deposited, where condensation takes place so as to produce a 
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relatively thick coating on the fiber. Composite fabrication is usually completed 

by assembling the coated fibers into an array and consolidating in a hot press or 

HIP operation. The main advantages are that there is little mechanical disturbance 

of the interfacial region which may be quite significant when the fibers have a 

diffusion barrier layer and a wide range of alloys compositions can be used [43]. 

For the metal-ceramic nanocomposites, high frequency ultrasonic waves can be 

employed to disperse ceramic nanoparticles uniformly in molten metals [44,45]. 

Researchers are fabricating metal matrix nanocomposites that incorporate 

nanoparticles and nanotubes for structural applications, as these materials exhibit 

even greater improvements in their physical, mechanical and tribological 

properties as compared to composites with micron-sized reinforcements [26,40,46-50].  

 

1.2.2.1 Fabrication of MMNC powders  

 

With the arrival of the 21st century, powder metallurgy (PM) has emerged as 

technologically based industry and advanced in all sectors, while HEMM is a 

powder processing process in which reactant powders are milled under inert 

atmosphere as one of the SPD processing processes. HEMM is different from 

simple mechanical powder blending, even though it also often starts with a 

mixture of metal and ceramic powders. The principle of underlying the 

effectiveness of HEMM in synthesizing metal matrix nanocomposite powder 

involves (i) mechanical mixing of powder particles of different compositions, (ii) 

incorporating nanoparticles into the metal matrix through plastic deformation, 

fracturing and cold welding of metallic powder particles and breaking of 

agglomerates of nanoparticles, (iii) uniformly dispersing ceramic nanoparticles in 

the metal matrix in each of the powder particles again through randomly moving 

the nanoparticles by plastic deformation, fracturing and cold welding of the metal 

matrix composite powder particles. A variety of ball mills have been developed 

for different purposes including tumbler mill, vibratory mill, planetary mill, 

uniball mill, attritor mill, shaker mills, etc  [51].  
 

HEMM has been widely used in producing nanostructured powders [52-54]. Since 

early 1990s, HEMM has also been used to produce high quality bulk UFG and 

NsM from ductile powders such as Cu, Zn and Al powders [55-64]. During the 

HEMM, an extremely high strain rate up to ~104 s−1 can be achieved [65]. HEMM, 

a simple room temperature technique with inexpensive equipment, has been 
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widely used to synthesize NsM by structural disintegration of coarse-grained 

structure as a result of SPD [66-75].  
 

HEMM is one of the most versatile methods to fabricate MMNCs powders. 

Researchers have used HEMM to fabricate Cu based nanocomposite powders, 

such as Cu-Fe [76], Cu-Ta [77], Cu-FeC [78] and Cu50Ag50 [79] nanocomposites. For 

the Cu-Ta nanocomposite powders [77], it was observed that increasing the amount 

of Ta in the composite powder resulted in a finer crystallite size of both Cu and Ta. 

WC-Co nanocomposite powders [80] were prepared using high energy ball milling 

and with the increase of milling time nearly equiaxed nanocrystalline grains of 

WC were obtained. Recently Aqeeli et al. [81] developed new Al–Mg–Zr 

nanocomposite materials using high energy mechanical milling, and the phase 

evolution during milling and heat treatment of the powders was studied.  
 

Cu-Al2O3 nanocomposite lumps/powder particles were produced [55,56,82] using 

HEMM and has been studied by examining changes in macrostructure and 

microstructure. Ying and Zhang [83] reported that HEMM in conjunction with the 

traditional PM process is an effective technique for producing Cu-Al2O3 metal 

matrix nanocomposite material with a high volume fraction (up to 20vol.%) of 

Al2O3 particles from Cu, Al and CuO powders. Rajkovic et al. [84,85] investigated 

reinforced Cu matrix with different size and amount of Al2O3 particles using high 

energy ball milling in air. Fine layered structure was observed in Cu-5wt.%Al2O3 

composite powder particles [85] after 5 hours of milling. The same research group 

examined the change of Cu-3wt.%Al2O3 composite powder particles [84] 

morphology with increasing milling time. The size of the Cu-3wt.%Al2O3 

composite powder particles increases after 3 hours of milling.  
 

Ni and Fe powders were mixed with an Al2O3 powder to produce Fe-Al2O3 [86] 

and Ni-Al2O3 [87] nanocomposite powders using high energy ball milling. 

Nanosized Ni particles and Al2O3 particles were obtained in Ni-Al2O3 

nanocomposite [87] powder particles milled for 15 hours. Microstructural evolution 

was investigated during HEMM of Al-5vol.%Al2O3 composite powders [88]. 

Figure 1.7 shows the morphology of Al-Al2O3 composite powder at different 

milling times. The deformation of the particles (Figure 1.7(a)) and the flake-like 

particles (Figure 1.7(b)) were observed.  
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Figure 1.7: SEM micrographs of the Al-5vol.%Al2O3 composite powder particles [88] after different 
milling durations, (a) 8 hours, and (b) 16 hours. 

(a) (b) 

 
To achieve desired mechanical properties of MMNCs, reinforcing nanoparticles 

must be distributed uniformly within metal matrix of the composites. HEMM is a 

well developed process for dispersing nanoparticles more uniformly in metal 

matrix [25,26,83,89-92] and also effective to induce in-situ nanoparticles in the 

composites during milling. Zhang et al [90] investigated the microstructure 

development of Ti3Al-10vol.%SiC composite powder during milling, as shown in 

Figure 1.8. Ti and Al phases were heavily deformed in the early stage of milling, 

forming multilayer metal-metal composite structure (Figure 1.8(a)). With further 

milling, the irregular layered structure between Al and Ti became finer and less 

apparent, and the degree of incorporation of the SiC particles and the metallic 

phase increased significantly, as shown in Figures 1.8(b)-(d).  

 

 

 
Figure 1.8: SEM micrographs of the Ti3Al-10vol.%SiC composite powder particles [90] after 
different milling durations, (a) 2 hours, (b) 4 hours, (c) 8 hours, and (d) 16 hours. 

(b) (a) 

(c) (d) 
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Naser et al. [93,94] reported that nanoscaled Al2O3 powders were distributed in 

microscaled Cu powders by ball milling/mixer followed by uniaxially hot 

extrusion. Uniform distribution of commercial Al2O3 particles was observed for 

Cu-3wt.%Al2O3 [84] and Cu-5wt.%Al2O3 [85] composite powder mixture during 

milling. Mg-TiC nanocomposites [34] were prepared using HEMM with a 

dispersion of ultra-fine nanometer-sized TiC particles. Microstructural 

investigation showed that the nano-sized SiC particles had been dispersed 

homogeneously in the Al-5083 matrix [89] reinforced regions in the nanostructured 

composites synthesized via cryomilling. Ferkel and Mordike [26] investigated the 

microstructure and strengthening behaviour of Mg reinforced with 3vol.%SiC 

nanoparticles. Mg powder was mixed with SiC nanopowder, followed by ball 

milling and hot extrusion.  
 

Researchers have also used mechanochemical and thermochemical methods to 

produce MMNCs. Cu-Al2O3 composites including nanostructured Cu-Al2O3 

composite powders has been prepared using mechanochemical method [95,97].  Lü 

et al. [28] synthesized Mg-Al-Ti nanocomposites by mechanochemical milling of 

elemental powders of Mg, Al and Ti. Formation of TiH2 was observed after 

milling and the concentration of TiH2 was found to further increase after sintering. 

Li and coworkers [98] prepared Co-TiO2 nanocomposites by mechanochemical 

synthesis. The microwave characteristics of the Co-TiO2 nanocomposite-paraffin 

wax mixture were studied in the 0.1-18 GHz frequency range.  

 

1.2.2.2 Consolidation of Powder Mixture and MMNC Powders  

Consolidation of nanostructured powders into fully dense bulk materials is of 

primary interest for the development of bulk materials and near-net shape parts for 

technological applications. Attempts to produce and densify nanopowders started 

as early as 1968 [99]. All compaction techniques make use of temperature, pressure 

and shear. The essence of all compaction techniques is to apply high pressure for 

densification, and rather high temperature to soften the material so that plastic 

deformation allows better filling, and material flow by diffusion helps to remove 

the remaining porosity [100]. The diffusion processes will not only assist 

densification, but also allow grain coarsening to occur. As such, the temperature 

and time span of the consolidation process have to be adjusted carefully in order 

to achieve a balance between densification and grain growth. However, using high 
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pressure for consolidation bears the problem of cracking as the pressure is 

released [101-104]. At the other extreme of the temperature-pressure requirements 

are processes of pressureless sintering, hot isostatic pressing, or uniaxial hot 

pressing, where rather high temperatures are required to compensate for low 

pressures [102].   
 

Consolidation of high energy mechanically milled powders is an essential process 

for achieving the desirable mechanical, physical and chemical properties. 

Mechanically milled powders, irregular in shape and heavily work hardened, have 

unique sintering behaviour. Therefore the consolidation of nanocomposite 

powders into fully dense material is very essential to keep the nanostructure of the 

material in order to retain the unique properties of nanostructure and ultrafine 

structure. Consolidation of nanocomposite powders under the applications of 

temperature and pressure generally can yield nearly fully dense compacts. One of 

the key factors in consolidating NsM is that you need diffusion to achieve atomic 

level bonding between powder particles, but at the same time, diffusion also 

causes coarsening of grains and interfacial reactions. However, recrystallization 

and grain-growth occur readily during high temperature consolidation, 

particularly those prepared from the HEMM process. Studying the materials 

produced by consolidation of powders, is important in the sense that it can provide 

vital information for understanding the process of powder consolidation by 

thermomechanical processing at temperatures significantly lower than the 

temperatures used in conventional powder extrusion and powder forging 

processes.  
 

In particular forging and extrusion methods, with high pressures and shear strains 

are imposed at moderate temperatures to achieve good densification and 

interparticle bonding [105,106]. In many cases, improvements in density and particle 

bonding not only require optimized consolidation techniques and parameters, but 

also great care has to be taken with respect to clean powder handling and 

compaction conditions. This often requires the use of closed-loop processing or 

ultrahigh vacuum systems to ensure a high purity and good dynamic degassing 
[106]. For nanocrystalline materials, the driving force for coarsening is high, 

because of the high surface area, and growth can occur even at temperatures as 

low as room temperature [106-108]. Grain growth can be hindered by a narrow size 

distribution [108] and by impurities [106]. Almost any deviation from pure single-
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phase material will reduce the tendency for grain growth, which includes porosity 
[109], second phase [110] and solute [111] drag. Hence, incorporating a significant 

volume fraction of fine second phase particles enables one to retain a fine grain 

size both during and after processing [105,112-114]. 
 

To achieve full density and minimal grain growth, the technique of hot pressing 

give distinct advantages in comparison to pressureless sintering. With this 

technique of hot pressing, near-theoretical densities and grain sizes less than 100 

nm have been achieved for the mechanically alloyed powders [115-117] and 

nanocrystalline (nc) bulk materials [118-120]. Hot isostatic pressing (HIP) 

densification involves longer times and therefore grain growth is more likely to 

occur than in hot pressing, with final grain size in dense materials reaching almost 

in microns [121-123]. However after carefully controlling the HIP parameters, 

particularly temperature, the grain sizes of 100-300 nm were obtained in ball 

milled TiAl and Ti3Al [124], Fe-10wt.%Cu [125], Si3N4-SiC nanocomposites [126]. 

Comparing other techniques, such as HIP, hot extrusion is applied at lower 

temperatures as it involves high stresses. Hot extrusion has been primarily used to 

consolidate metal nanoparticles [127-130]. Grain sizes less than 100 nm were 

achieved at 1120K using 0.5 GPa stress in Ni and Fe [127]. 
 

Sinter forging has received substantial attention, both theoretically and 

experimentally, because the stress levels required for densification are lower than 

in HIP [131]. Sinter forging was very effective in achieving full or near full 

densities and grain sizes less than 100 nm in both ceramics [132-134] and metals 
[76,118,135]. 
 

Consolidation behavior of two types of nanoscale Fe powders, vacuum condensed 

and ball-milled was studied [136] and high hardness was reported for the ball-

milled material. The mechanically alloyed Cu-1.6wt.%Li powders [137] were hot-

consolidated by uniaxial hot pressing at different temperatures. Compaction at 

higher temperatures increases the possibility of particle melting, leading to an 

increase in porosity/cracking. Consolidation of a Cu-20vol.%NbC composite 

powder [138] produced using high energy planetary mill was systematically studied 

by pressing the powder at different pressures. Higher compaction pressure has 

increased the hardness. The NbC particles are coarse and close to the size of NbC 

raw material, shown in Figure 1.9(a). Hong et al [139] produced nanostructured W-
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10wt.%Cu composite powders, and samples were sintered at 1450°C, showing 

porosity in Figure 1.9(b). 
 

  
Figure 1.9: SEM micrograph of (a) Cu–20vol%NbC composite [138] after sintering at 900°C, and  

(b) (a) 

(b) W-20wt.%Cu composite [139] sintered at 1450°C. 
 

Powder blending or HEMM plus powder consolidation has been widely used in 

preparing metal-ceramic nanocoposites [24,26,56,82,84,87,140-144]. Zhang et al. [56] 

demonstrated that the consolidation of the Cu-2.5vol.%Al2O3 powder by high 

energy ball milling which leads to formation of lumps, then by cold welding and 

re-shaping of the lumps into small balls, and finally by cold welding of small balls 

into larger balls. The two types of defects in the consolidated lumps and balls in 

the large balls, concentrated voids and crack-like voids, show that the material 

undergoes a large amount of plastic flow during the process of consolidation. The 

consolidation of the Cu-2.5vol.%Al2O3 powder can also been achieved by a 

combination of cryomilling and room temperature milling, but the consolidation 

process is slower due to increased hardness of the powder particles. Kleiner et al. 
[140] produced and consolidated an Al-Al3Ti-Al2O3 nanocomposite from readily 

available and inexpensive aluminium powder and nanosized TiO2, and obtained a 

fine grained and thermally stable microstructure with a controllable amount of 

dispersoids.  
 

One of the most promising consolidation technologies is spark plasma sintering 

(SPS), a pressure assisted route whose peculiar features are a high heating rate, a 

low sintering temperature and a short isothermal holding at the sintering 

temperature. Libardi et al. [145] used SPS for the production of bulk Fe samples 

preserving the original microstructure. Nanostructured powders were obtained by 

milling of an iron powder prealloyed with 1.5wt.%Mo and by milling of the same 

base powder with the addition of 1.5wt.% of silica nanoparticles.  
 

 14



Chapter One – Introduction and Literature Review 

1.2.3 Thermal Stability of Nanostructured Metallic Materials and 
         MMCs 
 

Nanostructured metallic materials exhibit unique physical, mechanical and 

chemical properties, which are closely related to the extremely fine grain size and 

the large volume fraction of grain boundaries. So it is legitimate to maintain the 

microstructure at nanometer scale during the structural applications of NsM at 

elevated temperature. Thermal stability is important for consolidation of 

nanostructured powders which involves not only the stability of the grain structure, 

that is the microstructure, but also the stability of the structure of the grain 

boundaries in NsM. Knowledge of the thermal stability of NsM is important for 

both technological and scientific reasons. Looking at technological point, thermal 

stability is important for consolidation of nanostructured powders without 

coarsening the microstructure. On the other hand scientifically, it would be 

necessary to check whether the grain growth behaviour in NsM is similar to that 

in coarse-grained materials. Therefore it becomes imperative to create such NsM 

which are resistant to grain growth at elevated temperatures.  
 

There are two basic ways in which grain growth can be reduced. The first one 

involves a kinetic approach in which the grain boundaries are pinned by various 

methods to decrease grain boundary mobility, which include chemical ordering, 

solute drag, porosity drag and second phase drag. The second is thermodynamic 

approach in which the driving force for grain growth is lowered by reducing the 

grain boundary energy and mainly depending on solute segregation. Reducing the 

grain boundary energy should minimize grain growth, since the driving force for 

grain growth is directly proportional to the grain boundary energy. Therefore the 

addition of the solute atoms that segregate to the grain boundaries will affect the 

grain boundary energy. It has been suggested that a stabilization of grain 

boundaries in milled materials could occur at very low grains due to decrease in 

grain boundary free volume, the occurrence of which was inferred from the 

scaling of resistivity with grain size [146]. 
 

Basically grain growth and phase transformations will alter the properties of NsM 

when exposed at elevated temperatures. Chen and Spaepen [147] reported that 

metals and compounds, exhibit a remarkable resistance to grain growth, 

manifested by a relatively high onset temperature of grain growth, maximum 

reaching as high as 0.6Tm, (where Tm is the melting temperature of pure metal in 

Kelvin scale).  
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Thermal stability of nc-Ni [148] was investigated in the temperature range of 0.2-

0.45 Tm, and the normal grain growth was reported in the range of 0.32 and 0.34 

Tm. Grain size of nc-Ni powders [149] prepared by cryomilling remained unchanged 

when annealed at 0.56 Tm. Chauhan and Mohamed [150] reported the thermal 

stability of nc-Ni and investigated that the activation energy for grain growth 

obtained at temperatures above 0.3 Tm was significantly higher. Nanograins of 

commercially pure Al [151] produced by HEMM can be stabilized up to a 

temperature as high as 0.78 Tm  and grain growth was studied. The high grain size 

stability is considered to be due to the pinning forces arising from impurities as 

well as ultrafine dispersoids formed during milling process. Gleiter [14] reported 

that nc-Fe was thermally stable up to 0.26 Tm. After increasing the temperature to 

0.37 Tm and annealing for 10 hours, the grain size of nc-Fe increased by five times, 

while the material became microcrystalline when annealed at 0.42 Tm.  
 

Nanograined Cu3Ge [152] produced through HEMM showed extraordinary thermal 

stability of grain size at 0.76 Tm. Nanocrystalline Mg-Al-Ti composites [153] 

synthesized by HEMM showed thermal stability at 0.76 Tm. The thermal stability 

of the Cu47Ti33Zr11Ni8Si1 composite [154] powder reinforced with 25vol.% 

nanosized Cu was not affected upon the addition of the second phase particles. 

Crystallization was reported with increasing nucleation rate. Cui et al. [155] 

investigated the thermal stability of nanostructured NiCrC coating prepared by 

high velocity air-fuel (HVAF) spraying of cryomilled feedstock powders. 

Recrystallization and normal grain growth were observed after heat treatment at 

0.55 Tm for up to 100 hours. Recently, Darling et al. [156] demonstrated grain-size 

stability in nc Fe–Zr alloys, produced by HEMM, that extends to annealing 

temperatures nearing their melting points. Particle pinning, solute drag and 

reduction in grain-boundary energy have been proposed as stabilization 

mechanisms. The stabilization in Fe–Zr alloys is attributed to a reduction in grain-

boundary energy due to Zr segregation. 

 

1.2.4 Properties of Nanostructured Metallic Materials and  
         MMCs 

The landmark paper by Gleiter [14] redirected a new vision to the field of materials 

science for its global research. Grain size reduction is one of the effective ways to 

strengthen metals and alloys because grain boundaries act as obstacles to 

dislocation motion. The mechanical properties of nc metals and alloys and 
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nanocomposites have been studied for over a decade, and extremely high strength 

and hardness have been found in metals and alloys with the grain size in nm scale 
[2-6,157,158]. Many research groups have shown that the mechanical properties can 

be further enhanced by decreasing the size of particulates from micrometer to 

nanometer level [23-29]. Recently MMNCs are being explored for structural 

applications in aerospace, automotive sectors, and other industrial applications.  

 

1.2.4.1 Mechanical Properties  

The mechanical properties of metallic materials are influenced by grain 

boundaries, solute atoms, dislocations, second-phase particles, dispersoids, etc. 

The most measured mechanical property of NsM as a function of grain size is 

hardness, e.g. [159,160], and it has been shown that hardness and strength of NsM is 

much higher than those of the conventional grain size counterpart. Microhardness 

measurement of Cu-2.5vol.%Al2O3 composite lumps produced by cryomilling 

was slightly higher than that of the balls produced by room temperature milling 
[56]. Nanocomposite powders of Cu-Al2O3 [82] showed that average hardness 

increased for the hot pressed consolidated materials, with increasing vol.% of 

Al2O3. The hardness of the Cu-Ta nanocomposites [77] was higher than that of the 

Cu-Ta microcomposites. Al-Al3Ti-Al2O3 nanocomposite showed a high hardness 

at room and elevated temperature and therefore considered to be a promising 

light-weight material for elevated temperature applications. 

Grain size is known to have a significant effect on the mechanical behaviour of 

materials, in particular, on the yield stress. Weertman and coworkers [106] observed 

that nc Cu and Pd samples were remarkably stronger than their coarse-grained 

counterparts. Suryanarayana et al. [161] reported compressive yield strength of ~ 

500 MPa from nc-Cu sample. Youssef et al. [61] synthesized artifact-free bulk nc-

Cu samples that exhibited tensile yield strength about 11 times higher than that of 

conventional coarse-grained copper. The yield strength for nc Cu3Ge [152] was 

reported as 2 GPa, while typical nc-Cu equates to 0.77 GPa. Nanoindentation was 

also performed, yielding an elastic modulus of ~110 GPa. As an extreme example, 

the yield strength of nc-Cu (23 nm) has been found to be 22 times that of 

conventional grain size Cu (20 μm) [62]. A bulk nc Al-5%Mg alloy [162] showed the 

tensile yield strength as 620 MPa (four times that of the coarse-grained Al-5083 

alloy). Recently Lavernia et al. [163] reported the yield strength of 1065 MPa for a 
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tri-modal composite which consists of 10% B4C particles, 50% unmilled coarse-

grained 5083 Al and the balance nanostructured 5083 Al.  

The tensile strength of the Al-6.5vol.%SiC nanocomposite powder [91] was 26% 

higher than that of nc Al-5083 without reinforcement. An ultimate tensile strength 

of 2332 MPa was observed in (Cu60Zr30Ti10)0.95Ta5 amorphous matrix composite 
[164]. A nc Co-Cu alloy [165] exhibited a high 0.2% proof stress of 1420 MPa and an 

ultimate tensile strength (UTS) of 1875 MPa. However, an UTS of 740 MPa was 

reported in nc Al-5%Mg alloy [162]. Zhang and coworkers [166] reported that 

Al/Al85Ni10La5 nanocomposites exhibit ultrahigh compression strength, 

suggesting that the composite is a promising candidate material for high 

temperature applications.  

Ductility is a property of NsM which might be predicted to be enhanced by 

extrapolation of its grain size dependence in conventional materials. Bohn et al. 
[167] predicted that extrapolation of the grain size, or the scale of the microstructure, 

to the nanoscale will lead to an increase in ductility. In the conventional metals 

with micrometer sized grains, mostly a reduction in grain size leads to an increase 

in ductility. Thus one should expect an increase in ductility with the reduction of 

the grain size to nanoscale. However, the ductility of nc metals is small for most 

of metals [168]. Three major sources of limited ductility in NsM were identified by 

Koch [169], namely: (1) artifacts from processing (e.g., pores), (2) tensile instability, 

and (3) crack nucleation or shear instability. One of the ways to increase the 

ductility is to decrease the strain hardening rate in order for the specimen to 

sustain more plastic strain prior to necking [170]. The work on Al-6.5vol.%SiC 

nanocomposite [91] showed that the existence of coarse-grained regions improves 

the ductility of the composite. The study on nc Al-5%Mg alloy [162] showed that a 

significant tensile ductility was obtained, with an elongation to failure value of 

8.5%. Cheng et al. [63] showed a tensile elongation in nc-Cu to failure of 6% and 

with the refined microstructure, the strain rate sensitivity was increased to ~0.026.  
 

Developing an understanding of the damage tolerance of NsM is essential for 

evaluating their overall usefulness as structural materials or coatings in 

engineering components. Many attractive features of NsM, such as high strength, 

high hardness, and improved resistance to wear and corrosion damage, would 

likely be rendered nonviable if the damage tolerance of these materials does not 

meet certain minimum acceptable levels for particular applications. Fracture is a 
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complex phenomenon of initiation and propagation of micro(nano)voids or 

micro(nano)cracks leading to the separation of a body into two or more parts. For 

NsM, , the situation is more complex. In the absence of heterogeneous nucleation 

sites, the scale of the fracture surfaces is, by virtue of the reduced grain size, 

reduced. Figures 1.10 show fractographs of nc-Ni [171] that are classified as 

transgranular ductile. The spacing/size of dimples, however, is considerably larger 

than the grain size in their specimens. Annealing at 200°C retains the dimpled 

structure if no dopants are present. WC-Co nanocomposites [80] showed an 

increase in the fracture toughness (14 MPa.m1/2). An enhanced fracture strain of 

15.3% was observed for (Cu60Zr30Ti10)0.95Ta5 amorphous matrix composite [164]. 
 

 
Figure 1.10: SEM fractographs of nc-Ni [171] annealed at different temperatures, (a) at 100°C, and 
(b) at 200°C.  
 

NsM has shown a dramatic enhancement in strength, ductility, toughness and 

even superplasticity [14,172-175]. Valiev et al. [176] presented the new results on 

superplasticity in several nanostructured Al and Ti alloys focusing on 

microstructure evolution and strain hardening, as well as the challenges of their 

application. The results demonstrated the possibilities of new applications of 

superplastic forming using NsM. 

 

1.2.4.2 Electrical Properties 

The average value of electrical conductivity of compacts processed from Cu-

5wt.%Al2O3 powders [85] was 88% IACS (International Annealed Copper 

Standard), which is a rather significant increase if compared with value of 60% 

IACS of compact processed from as-received and non-milled powders. The 

electrical resistivity of the Cu-Ta nanocomposites is slightly higher than that of 

the Cu-Ta microcomposites [77].  
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1.3 Objectives of the Study 
The aim of this study is to achieve an in-depth understanding of the effects of 

second phase particles/ceramic nanoparticles on the microstructure and thermal 

stability of nanostructured Cu based composites and alloys produced by HEMM. 

As mechanical properties and electrical properties are critically important when 

metallic materials are used to make structural components, therefore it is 

legitimate to maintain the microstructure at a nanometer scale during the 

structural applications of NsM at elevated temperatures. In the present study, the 

Cu and Cu-Al2O3 composite powders were also consolidated and the mechanical 

behaviour of the consolidated samples was investigated to gain some preliminary 

understanding of the consolidation behaviour of the nanostructured and UFG Cu 

based composites.  
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Materials and Experimental Procedure 
____________________________________________________________________ 
 
Outlined in this chapter are the materials and the experimental procedures used to 

prepare samples and the techniques employed for analysing the samples during this 

research work. 

2.1 Starting Materials 
As starting materials, powders of Cu, Al2O3 and Pb were used in producing the Cu-

Al2O3 composite balls/granules/powders and Cu-Pb alloy powders by HEMM. The 

details of the powders are shown in Table 2.1. 
Table 2.1: Starting materials used in the HEMM experiments.  

Powders Manufacturer Purity Particle Size 

Cu MERCK, Germany 99.7 % < 63 μm 

Al2O3 ALLIED, USA 99.9 % ~ 50nm 

Pb MERCK, Germany 99.0 % < 100 μm 

 

2.2 Material Preparation 
2.2.1   High Energy Mechanical Milling 

HEMM was carried out in a PM 100 Retsch Planetary ball mill (Germany), as shown 

in Figure 2.1(a). A hardened steel vial, as shown in Figure 2.1(b), with a cylindrical 

cavity of 60 mm in depth and 100 mm in diameter and stainless steel balls with 

different diameters (12.5 mm and 25 mm), as shown in Fig. 2.1(c), were used for the 

milling. A rotational speed of 400 rpm was used for the milling. The vial which 

contained steel balls and 100 g of powder mixture was sealed in a glove box filled 

with high purity argon, (O2 content < 100ppm). Cu powder and Cu-Al2O3 powder 

mixtures with four nominal compositions: Cu-2.5vol.%Al2O3, Cu-5vol.%Al2O3, Cu-

7.5vol.%Al2O3 and Cu-10vol.%Al2O3 were milled using two milling routes, 

respectively. In Route 1, the powder mixture, first mixed for 6 hours with a rotational 

speed of 100 rpm, was milled for 12 hours using 60 steel balls with a diameter of 12.5 

mm. In Route 2, the 12 hours milled powder was further milled for 12 hours using 12 

balls with a diameter of 12.5 mm and 6 balls with a diameter of 25 mm. In both 

routes, the steel ball to powder weight ratio was 5:1. Between Route 1 and Route 2, 
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the balls were changed in a glove box filled with high purity argon, (O2 content < 

100ppm). The milling process was interrupted after 6 hours to take a small amount of 

sample, ~ 4g, In few experiments, the Cu powder was milled with 0.6wt% of steric 

acid which worked as a process control agent (PCA) using Route 1 conditions. 

 
Figure 2.1: (a) PM 100 Retsch Planetary ball mill (b) the steel vial and (c) Steel balls with diameter, 
12.5 mm and 25 mm, respectively. 

(b) (c) (a) 

 

For preparing Cu-Pb alloy powders, Cu and Pb powder mixtures with three nominal 

compositions: Cu-1at.%Pb, Cu-2at.%Pb and Cu-4at.%Pb were milled. The milling 

was performed for up to 12 hours, using a rotational speed of 400 rpm and a ball to 

powder weight ratio of 5:1. The diameters of the steel balls during milling remained 

12.5 mm, while the milling process was interrupted after 6 hours to take a small 

amount of sample, ~ 4g, for analysis. Figure 2.2 presents the flow chart for the 

preparation of the UFG and nanostructured Cu-Al2O3 composite samples and Cu-Pb 

alloy powders using two HEMM routes followed by annealing and powder 

consolidation experiments. 

 
Figure 2.2: Schematic flow sheet of material preparation, annealing and powder consolidation experiments. 

Cu + Al2O3 powders 

Route 1 
Planetary milling in argon 
for 6 and 12 hours using 
steel balls with a diameter 
of 12.5mm.  

Annealing the milled 
balls/granules/powders at 
150, 300, 400 and 500°C for 
one hour. 

Hot pressing of powders 
from Route 2 milling at 
350°C for 20min to produce 
powder compacts.   

Consolidate the powder 
compacts by powder compact 
forging at 500-800°C.   

Route 2 
Planetary milling of 12 
hours milled powder from 
Route 1 in argon for further 
6 and 12 hours using steel 
balls with diameters  of 
12.5mm and 25mm.

Annealing the milled 
powders at 150, 300, 400 
and 500°C for one hour. 

Planetary milling in 
argon for 6 and 12 hours 
using steel balls with a 
diameter of 12.5mm. 

Cu + Pb powders 
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2.2.2 Heat Treatment 

Heat treatment of the samples were carried out in a stainless steel vacuum tube 

furnace (Ceramic Engineering, Australia), as shown in Figure 2.3(a). The furnace was 

programmed to operate at a heating and cooling rate of 10°C/min and can be held at 

temperatures up to 1000°C for required duration. The as-milled samples were 

annealed at different temperatures in the range of 150-500°C for 1 hour with a 

vacuum of 10-6 mbar. 

 

2.2.3 Powder consolidation 

Pure copper powder and Cu-(2.5-10)vol.%Al2O3 composite powders (Route 2) were 

first compacted using a H13 steel die with a cylindrical cavity of 25 mm in diameter 

and uniaxially hot pressed at 350°C for 20 minutes under pressure of 300 MPa, using 

a hydraulic press, as shown in Figure 2.3(b). The Cu-(2.5-10)vol.%Al2O3 composite 

compacts, having a shallow hole for thermocouple, were enclosed in hydraulic press 

chamber, under argon atmosphere and were heated from room temperature to forging 

temperature (700°C/800°C) with an induction heating (coil).  

 
 

  
Figure 2.3: (a) Steel tube furnace used for heat treatment of Cu powder, Cu-Al2O3 composites and Cu-
Pb alloys, and (b) Hydraulic press.  

(a) (b) 

 

 
2.3 Microstructure Characterization 

2.3.1 Sample Preparation 

The as-milled and annealed ball/granule/powder samples were cold mounted in 

Epoxy resin and hardened for 24 hours. The resin cylinder was carefully ground using 
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grid 600, 1000, 2000 and 4000 SiC papers [Struers] in running water to reveal the 

cross section of the particles, followed by polishing using Al2O3 paste. The polished 

"mirror" surface of each sample was made parallel to the bottom side of the mount, so 

that the even height is made available for the microhardness testing, XRD analysis 

and microscopy examination.  
 

2.3.2 Optical Microscopy 

Optical microscope examination was carried out using an Olympus BX60 microscope, 

which was equipped with a Polariod digital camera (NIKON). 
 

2.3.3 X-ray Diffractometry 

X-ray diffraction of balls/granules/powder samples was performed using a Philip’s X-

pert system diffractometer using Cu Kα radiation (λ = 1.5406 Å), a copper single 

crystal monochromator and operating at 40 kV and 40 mA. The patterns were 

obtained using 0.03° step size averaging for 1.0 seconds per increment. Samples are 

scanned as powders were pressed into Al holders with sample space dimensions of 

2.0 mm x 1.5 mm, with a shallow depth of 0.1 mm. 
 

2.3.4 Scanning Electron Microscopy 

Microstructure characterisation of Cu balls/powders, Cu-Al2O3 composite balls/ 

granules/powders and Cu-Pb alloy powders was carried out using a Hitachi S4700 

scanning electron microscope (SEM) with an operating voltage of 20 kV. Energy 

dispersive x-ray analysis (EDAX) was carried out using a Kevex microanalyser 

attachment.  

 

2.3.5 Transmission Electron Microscopy and Scanning Transmission Electron 
         Microscopy 

Specimens for TEM analyses were made in a FEI Nova xT Nanolab 200 dual beam 

focused in beam (FIB) microscope. Thin membranes with a cross sectional thickness 

of about 50 nm were cut from the embedded powder particles with a Ga ion beam 

operating at 30 kV, and was retrieved out of the tranch using a Kleindiek ex-situ 

nanomanipulator, and then deposited onto a standard 150 mesh Au grid covered with 

a carbon film. A Philips CM200 FEG TEM equipped with an EDAX energy 
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dispersive X-ray spectrum (EDS) system operating at 200 kV was used for both 

microstructure and compositional analyses. A weak beam current was selected to 

stabilize the microstructure and avoid over heating the sensitive crystal structure. The 

TEM specimens were prepared and examined in Electron Microscope Unit, 

University of New South Wales, Sydney, Australia.  
 

2.3.6 Microhardness Measurements 

The microhardness measurement has become an effective way to observe the 

behavior of the material prepared under different conditions and heat treated under 

different temperatures. The Vickers hardness test [1] is a static hardness test for 

ceramics, which employs a square-based diamond pyramid indentor with an angle 

136° between opposite faces. The Vickers hardness is defined as the applied load P 

divided by the surface area of the indent impression as given below:  

HV = 2
4.1854

d
P …………………………………………….Equation 2.2 

where d is the mean diagonal length of indentation, μm. 

The microhardness of the samples was examined using digital Vickers 

microindentation tester, LECO LM700, with a load of 25 gf and dwell time of 20 s. 

15 indents for each sample were produced for one average microhardness 

measurement.  
 

2.3.7 Thermal Analysis 

The thermal analysis was performed in TA Instruments DSC 2920 Scanning 

Differential Calorimeter (DSC) under flowing argon at a rate of 50 ml/sec. The 

heating and cooling rates used were 20°C/min for normal examination. Cu-Al2O3 

samples were heated in Cu pans, while Cu-Pb samples were heated in Al pans.  
 

2.3.8 Mechanical Testing 
 

Tensile specimens, as shown in Figure 2.4, were cut from the forged Cu-Al2O3 

composite disks using CNC electric discharge machining (EDM) wire cutter (DK 77 

series). The tensile specimens had a gauge length of 9 mm, and a rectangular cross-

section of 2 mm in thickness and 2 mm in width with the gauge length. The tensile 

test specimens were tested at room temperature using an Instron 4204 testing machine 

with a 5 kN load cell and at a crosshead speed of 5 mm.min-1 which was equivalent of 
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a strain rate of 6×10-5 s-1 at room temperature. All reported data were the average of at 

least two test results.  
 

 
Figure 2.4: Tensile specimen from forged Cu-Al2O3 composite disk. 
 

2.4 Reference  

1. R.J. Brook, Concise Encyclopedia of Advanced Ceramic Materials, pg. 206-209,  
    1991, Pergamon Press, Oxford.  
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Morphology, Microstructure and Microhardness 
of Cu-(2.5-10)vol.%Al2O3 Composite Balls/Granules/ 
Powders Produced by HEMM 
__________________________________________________________________ 
 

3.1 Introduction 
Mechanical milling is a complex process involving optimization of a number of 

process variables, such as milling time, milling atmosphere, nature and amount of 

processing control agent (PCA), etc, to achieve the desired powder characteristics. 

In this chapter, the results of a study on the effect of milling time and composition 

on the morphology, microstructure and microhardness of UFG and nanostructured 

Cu-(2.5-10)vol.%Al2O3 composite balls/granules/ powders are described. Based 

on SEM, TEM and STEM examination, the microstructural evolution of the 

materials produced by two different milling routes is studied in detail. The change 

in microhardness of the as-milled balls/granules/powder particles of different 

compositions and for different milling times and conditions was also examined. 
 

3.2 Morphology  

3.2.1 Pure Copper 

Pure Cu powder was milled for up to 24 hours using two different routes of 

HEMM. Bulk nearly-spherical hollow balls, having a diameter in the range of 1-3 

mm, were obtained after first 6 hours of milling using Route 1, as shown in 

Figures 3.1(a) and 3.1(c). The diameter of the hollow balls increased to the range 

of 1-6.5 mm after 12 hours of milling, using Route 1, as shown in Figures 3.1(b) 

and 3.1(d). As shown in Figures 3.1(c) and 3.1(d), hollow balls had a wall 

thickness in the range of 0.5-1.5 mm. With further milling using larger balls but 

same ball to powder ratio (Route 2) for 6 hours, the Cu hollow balls were 

converted into granules of sizes in the range of 1.5-3 mm in diameter, as shown in 

Figure 3.1(e). With further increasing the milling time to 24 hours, Cu granules 

were converted into Cu powder with a particle size in range of 300 μm-1.0 mm, as 

shown in Figure 3.1(f). On the other hand, by adding 0.6wt%PCA to the powder, 

the Cu powder failed to be consolidated in-situ, and the coarser Cu powder was 

converted into fine Cu flakes after 6 hours and 12 hours (Figure 3.1(g)) of milling, 

using Route 1. 
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(a) (b) 

 

  

(d) (e) 

10mm 

10mm 10mm 

10mm 

(c) 

 

 
Figure 3.1: Cross section images of the bulk Cu balls/granules and SEM micrographs of Cu 
powder produced by HEMM using Route 1 or Route 2, (a) after 6 hours milling, Route 1, (b) after 
12 hours milling, Route 1, (c) cross section after 6 hours milling, Route 1, (d) cross section after 
12 hours milling, Route 1, (e) cross section after 18 hours milling, Route 2, (f) after 24 hours 
milling, Route 2, and (g) Cu powder with 0.6wt%PCA after 12 hours milling, Route 1. 

(f) (g) 

 
3.2.2 Cu-(2.5-10)vol.%Al2O3 Composites 

During the milling process, the mixture of Cu and Al2O3 powders with a 

composition of 2.5vol.%Al2O3 developed first into near-spherical hollow balls 

with a diameter in the range of 1-3mm after 6 hours of milling (Route 1), and with 

a diameter in the range of 1-6 mm after 12 hours of milling, as shown in Figure 

3.2. The hollow balls had a wall thickness in the range of 0.5-1.5 mm. For Cu-

5vol.%Al2O3 powder mixture, 6 hours of milling led to formation of granules with 

diameters in the range of 0.5-4.5 mm, and with further milling to 12 hours, most 

of the small granules joined to become larger granules, and the diameters of the 

granules were in the range of 1-7 mm, as shown in Figure 3.3. 
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(a) (b) 

                  
Figure 3.2: Images of the Cu-2.5vol.%Al2O3 composite balls and their cross section morphologies 
produced by HEMM using Route1, (a) after 6 hours milling,  (b) after 12 hours milling, (c) cross 
section after 6 hours milling, and (d) cross section after 12 hours milling. 

(d) 

10mm 10mm 

10mm 10mm 

(c) 

 
Cross section examination of the Cu-5vol.%Al2O3 composite granules showed 

some concentrated cavities and elongated voids, as shown in Figures 3.3(c)-(f). 

With further milling for up to 12 hours using larger balls (Route 2), the Cu-

2.5vol.%Al2O3 and Cu-5vol.%Al2O3 large balls/granules produced in the 12 hours 

of milling using Route 1 were converted into powders with particle sizes in the 

range of 40-200 μm, as shown in Figure 3.4. On the other hand, with the increase 

of the volume fraction of Al2O3 from 5% to 7.5% or 10%, coarse powders were 

formed during the first 6 hours and 12 hours of milling (Route 1), as shown in 

Figure 3.5. These coarse powders were converted into fine powders, with further 

milling for 12 hours to a total time of 24 hours (Route 2), as shown in Figure 3.5. 

The sizes of 24 hour milled Cu-2.5vol.%Al2O3 powder particles were in the range 

of 40-200 μm. With the increase of the volume fraction of Al2O3 from 2.5% to 5% 

or 7.5%, the particle sizes decreased to the range of 40-150 μm or 25-75 μm, 

respectively. However, the average particle sizes of the Cu-10vol.%Al2O3 

composite powder milled for 24 hours are very similar to those of Cu-

7.5vol.%Al2O3 composite powder milled for 24 hours. 
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(a) (b) 

  
 

  
Figure 3.3: Images of the Cu-5vol.%Al2O3 composite granules and their cross section 
morphologies produced by HEMM using Route 1, (a) after 6 hours milling, (b) after 12 hours 
milling, (c) cross section after 6 hours milling, (d) cross section after 12 hours milling, (e) cross 
section after 6 hours milling, and (f) cross section after 12 hours milling. 
 

 `  
Figure 3.4: SEM micrographs of (a) Cu-2.5vol.%Al2O3 and (b) Cu-5vol.%Al2O3 composite 
powder particles produced by HEMM after 24 hours, Route 2. 

(c) (d) 

5mm 
10mm 

10mm 10mm 

(e) (f) 

(a) (b) 
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(a) (b) 

 

  
Figure 3.5: SEM micrographs of Cu-Al2O3 composite powder particles produced by HEMM, (a) 
Cu-7.5vol.%Al2O3 after 12 hours, Route 1, (b) Cu-7.5vol.%Al2O3 after 24 hours, Route 2, (c) Cu-
10vol.%Al2O3 after 12 hours, Route 1, and (d) Cu-10vol.%Al2O3 after 24 hours, Route 2. 

(d) 

100 μm 100 μm 

100 μm 100 μm 

(c) 

 

3.3 Microstructural Evolution during HEMM 
3.3.1 Pure Copper 
Figure 3.6 shows the XRD patterns of as-milled Cu hollow balls/powder produced 

by HEMM with different milling times using Route 1 and Route 2, respectively. It 

was observed from the broadening of the XRD peaks that the grain size clearly 

decreased after 18 hours of milling. Estimated grain sizes of Cu hollow balls and 

powders were determined using Scherrer equation [1], as given below :  

θβ
λ

Cos
d 9.0
= ………………………….……………………………Equation 3.1 

where β is the full-width of the peak at half maximum intensity, λ the wavelength 

of the X-ray used, d the estimated grain size and θ the Bragg angle. Based on 

Scherrer equation, the estimated grain sizes of the 12 hours milled Cu hollow balls 

and 24 hours milled Cu powder particles were ~ 70 nm and 48 nm, respectively.  

The average grain sizes and lattice strains of Cu hollow balls and powders were 

determined using the Williamson-Hall method [2]. According to Williamson-Hall 

method, 
λ
θβCos and 

λ
θξSin have a linear relationship expressed by the following 

equation : 
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θξλθβ Sin
d

Cos +=
9.0

……………………….……………Equation 3.2 

where β is the full-width of the peak at half maximum intensity, λ the wavelength 

of the X-ray used, d the average grain size, θ the Bragg angle and ξ  the average 

strain. As an example, Figure 3.7 shows the 
λ
θβCos vs 

λ
θSin data points for the 

Cu balls produced after 6 hours and 12 hours of milling respectively. Based on 

this estimation, the average grain sizes of the 12 hours milled Cu hollow balls and 

24 hours milled Cu powder particles were ~ 235 nm and 120 nm, respectively, 

and their lattice strains were 0.391% and 0.581%, respectively, as shown in 

Figures 3.8(a) and 3.8(b)). The average grain size showed a decreasing trend with 

the increase of milling hours for the Cu balls/powder particles, as shown in Figure 

3.8(a). However a significant increase in lattice strain was observed for Cu 

powder particles produced after 24 hours, Route 2, as shown in Figure 3.8(b).  
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Figure 3.6: X-ray diffraction patterns of as-milled Cu hollow balls/powder produced by HEMM 
with different milling times using Route 1 and Route 2.    
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Figure 3.7: 

λ
θβCos vs 

λ
θSin  plot of as-milled Cu balls produced by HEMM with different milling 

times using Route 1 ; (a) after 6 hours milling, and (b) after 12 hours milling.  
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Figure 3.8: (a) Average grain size and (b) lattice strains of Cu powder with 0.6wt%PCA produced 
using Route 1, and Cu hollow balls/powder particles produced using Route 1 and Route 2, 
respectively, by HEMM with different milling times.    
 

Microstructural examination was performed on a randomly selected as-milled Cu 

hollow ball, with a diameter of 6.5 mm, produced after 12 hours of milling (Route 

1). Figure 3.9(a) shows the TEM bright field micrograph of the specimen cut from 

inside the wall of hollow ball. It was observed that the bulk material had a 

structure consisting of elongated Cu subgrains with a thickness in the range of 

400-600 nm. The subgrains contain a high density of dislocations. TEM 

examination showed that the grain sizes of Cu powder particles after 24 hours of 

milling (Route 2) were in the range of 100-300 nm, as shown in Figure 3.9(c). So 

with the increase of milling time and milling severity from 12 to 24 hours, the Cu 

grains became much finer and in the ultrafine grained (UFG) scale (<500 nm). 

The indexed diffraction pattern for Cu powder particles in the [011] beam 

direction is shown in Figure 3.9(b). Almost continuous rings were observed for 

the as-milled Cu powders produced using Route 2 (Figure 3.9(d)), showing strong 

reflections for Cu ({111}, {200}, {220}, {311}), based on JCPDS files of Cu (04-

0836), as shown in Appendix A. 
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Figure 3.9: TEM bright field images and SADPs of Cu balls/powder particles produced by HEMM,  
((a) and (b)) after 12 hours milling, Route 1, and ((c) and (d)) after 24 hours milling, Route 2, 
respectively.  
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Figure 3.10 shows the XRD patterns of Cu powder with 0.6wt%PCA produced by 

HEMM for different milling times using Route 1. The broadening of the XRD 

peaks was almost unchanged with the increase of milling time from 6 to 12 hours.  

Based on Scherrer equation, the estimated grain sizes of the Cu powder with 

0.6wt%PCA produced after 6 hours and 12 hours were ~ 66 nm and 56 nm, 

respectively. On the other hand, based on the estimation of Williamson-Hall 

method and broadening of the XRD peaks, the average grain size of as-milled Cu 

powder with 0.6wt%PCA produced after 6 hours and 12 hours was ~ 150 nm and 

130 nm, respectively¸ as shown in Figure 3.8(a). However, the lattice strain 
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remained almost unchanged around 0.40% with the increase of milling from 6 

hours to 12 hours, as shown in Figures 3.8(b).  
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Figure 3.10: X-ray diffraction patterns of as-milled Cu powder with 0.6wt%PCA produced by 
HEMM with different milling times using Route 1. 
 

On the other hand, TEM bright field images of the Cu powder with 0.6wt%PCA 

produced after HEMM for 12 hours showed that they consisted of elongated 

grains with thickness in the range of 100-250 nm (Figure 3.11(a)). Based on TEM 

examination, Cu grain size produced using PCA reduced to less than half value as 

compared to that bulk Cu material produced using Route 1 after same milling time 

of 12 hours. The SADP (Figure 3.11(b)) of the specimen showed semi-continuous 

rings and strong reflections for Cu ({111}, {200}, {220}, {311}), confirming the 

refinement of the microstructure.   

  
Figure 3.11: TEM bright field images and SADP of as-milled UFG Cu powder with 0.6wt%PCA 
produced by HEMM after 12 hours of milling using Route 1. 
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3.3.2 Cu-2.5vol.%Al2O3 Composite 

Figure 3.12 shows the XRD patterns of Cu-2.5vol.%Al2O3 composite 

balls/powder produced with different milling times using Route 1 and Route 2. 

The XRD patterns only showed Cu peaks, due to the small fraction and extremely 

small size of Al2O3 nanoparticles. XRD analysis of the as-milled nanostructured 

Cu-2.5vol.%Al2O3 composite powder showed that extensive milling in Route 2 

caused clear broadening of the Cu peaks in the XRD pattern, indicating that the 

grain sizes of the powder decreased with the increase of milling time. Based on 

Scherrer equation, the estimated grain sizes of the Cu-2.5vol.%Al2O3 composite 

balls/powder produced after 12 hours and 24 hours were ~ 64 nm and 40 nm, 

respectively. Based on the broadening of the XRD peaks of the Cu phase and 

Williamson-Hall method, the average grain size and lattice strain of the Cu matrix 

of the Cu-2.5vol.%Al2O3 composite balls/powder produced after 12 hours (Route 

1) and 24 hours (Route 2) of milling were estimated, and the results are shown in 

Figures 3.13(a) and 3.13(b). With the increase of milling severity from Route 1 to 

Route 2, the average grain size reduced to half value for the composite powder 

particles as compared to composite balls, as shown in Figure 3.13(a). However 

there was no significant change in lattice strain and values were within the range 

of 0.351-0.473%, for the composite balls/powder particles produced using Route 

1 and Route 2, as shown in Figure 3.13(b).  
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Figure 3.12: X-ray diffraction patterns of as-milled Cu-2.5vol.%Al2O3 composite balls/powder 
produced by HEMM with different milling times using Route 1 and Route 2. 
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Figure 3.13: (a) Average grain size and (b) lattice strain of Cu-2.5vol.%Al2O3 composite 
balls/powder particles produced by HEMM with different milling times using Route 1 and Route 2.    
 

 

A microstructural examination was performed on a randomly selected as-milled 

Cu-2.5vol.%Al2O3 composite ball produced after 12 hours of milling (Route 1) 

with a maximum diameter of 6 mm, as shown in Figure 3.2(d). TEM specimens 

were cut at three locations across the wall of the hollow ball using focus ion beam. 

Figures 3.14(a)-(c) show the TEM images of the specimens from these three 

locations. Based on the TEM examination, it was clear that the bulk material had 

an UFG structure consisting of elongated Cu subgrains containing a high density 

of dislocations and the thickness of the subgrains were in the range of 100-500 nm. 

This shows that the average grain size estimated using the broadening of the XRD 

peaks and Williamson-Hall method (Figure 3.39) is clearly smaller than the actual 

average Cu grain size examined by TEM, and this discrepancy is likely due to 

overestimate of the broadness of XRD peaks which is directly attributed to the 

size of the grains. It appears that the thickness of the elongated Cu subgrains near 

the internal surface is smaller (Figure 3.14(c)) than that near the middle line of the 

wall (Figure 3.14(b)) and the external surface (Figure 3.14(a)) of the ball. These 

results indicated that the amount of plastic deformation experienced by the 

material near the internal surface is substantially larger than that experienced by 

the material away from the internal surface. 
 

TEM examination of the 24 hours milled Cu-2.5vol.%Al2O3 composite powder 

particles showed that the grain size of the Cu matrix decreased to the range of 50-

150 nm (Figure 3.15(a)). This again shows that the average grain size estimated 

using the XRD peaks and Williamson-Hall method is slightly smaller than the 

actual average grain size. TEM examination confirmed the reduction of grain size 

of Cu matrix for the Cu-2.5vol.%Al2O3 composite powder produced using Route 2, 

in nanoscale (<100 nm), as compared to composite balls produced using Route 1, 

in UFG scale (< 500 nm). Figure 3.15(b) shows the indexing of a typical SADP of 
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as-milled Cu-2.5vol.%Al2O3 composite powder particles produced after 24 hours 

(Route 2). Based on the SADP it can be seen that strong reflections ({111}, {200}, 

{220}, {311}) could be correlated to Cu matrix while weak reflections ({104}, 

{300}) are from fine Al2O3 nanoparticles, based on JCPDS files of Cu (04-0836) 

and Al2O3 (46-1212), as shown in Appendix A.  

 
Figure 3.14: Bright field TEM images of specimens obtained at different locations of the wall of a 
12 hours milled Cu-2.5vol.%Al2O3 composite ball, (a) near the external surface of the ball, (b) 
near the middle line of the wall, and (c) near the internal surface of the ball.   

(c) (b) (a) 

500nm 500nm 200nm

 
 

  
Figure 3.15: TEM bright field image and SADP of as-milled Cu-2.5vol.%Al2O3 composite powder 
produced by HEMM after 24 hours of milling using Route 2. 
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The STEM image (Figure 3.16(a)) of the Cu-2.5vol.%Al2O3 composite powder 

particles produced after 24 hours of milling showed that the bright particles are 

Al2O3 nanoparticles as confirmed from the X-ray elemental mapping for Al. A 

uniform distribution of Al2O3 nanoparticles was achieved, as shown by the 

elemental mapping (Figure 3.16(c)). It also shows that the small Al2O3 particles 

had sizes in the range of 10-50 nm. 
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Figure 3.16: STEM image (a) and X-ray elemental (Cu and Al) maps ((b) and (c)) of Cu-
2.5vol.%Al2O3 composite powder particles produced by HEMM after 24 hours of milling, Route 2. 

(a) Cu (c) (b) Al 

250nm 200nm 200nm 

 
 

SEM examination of the cross section of as-milled Cu-2.5vol%Al2O3 composite 

powder particles produced after 24 hours was carried out to determine the volume 

fraction and distribution of large Al2O3 particles, with sizes greater than 100 nm. 

It was found that there were < 0.5 vol.% of such large particles in the 

microstructure, and their sizes were in the range of 100-500 nm, as shown in 

Figures 3.17. They were randomly distributed.  
 

  
Figure 3.17: SEM backscattered electron images of the cross sections of Cu-2.5vol.%Al2O3 
composite powder particles produced by HEMM after 24 hours of milling, Route 2. 

5 μm 5 μm 

 

 
3.3.3 Cu-5vol.%Al2O3 Composite 

Figure 3.18 shows the XRD patterns of Cu-5vol.%Al2O3 composite 

granules/powder produced with different milling times using Route 1 and Route 2. 

The XRD patterns only showed Cu peaks, due to the small fraction and extremely 

small size of Al2O3 nanoparticles. Extensive milling in Route 2 caused clear 

broadening of the Cu peaks in the XRD patterns of the as-milled Cu-5vol.%Al2O3 

composite powder, indicating that the grain sizes of the powder decreased with 

the increase of milling time. Based on Scherrer equation, the estimated grain sizes 

of the Cu-5vol.%Al2O3 composite granules/powder produced after 12 hours and 

24 hours were ~ 60 nm and 40 nm, respectively. Based on the broadening of the 

XRD peaks of the Cu phase and Williamson-Hall method, the average grain size 

and lattice strain of the Cu matrix of the Cu-5vol.%Al2O3 composite 
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granules/powder produced after 12 hours (Route 1) and 24 hours (Route 2) of 

milling were estimated, and the results are shown in Figures 3.19(a) and 3.19(b). 

The trend of decreasing the average grain size with the increase of milling hours 

continued and a significant decrease was observed for the composite powder 

particles produced using Route 2, as shown in Figure 3.19(a). However the 

decreasing trend of lattice strain was not significant with the increase of milling 

hours, as shown in Figure 3.19(b).  
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Figure 3.18: X-ray diffraction patterns of as-milled Cu-5vol.%Al2O3 composite granules/powder 
produced by HEMM with different milling times using Route 1 and Route 2. 
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Figure 3.19: (a) Average grain size and (b) lattice strain of Cu-5vol.%Al2O3 composite 
granules/powder particles produced by HEMM with different milling times using Route 1 and 
Route 2. 
 

TEM microstructural examination of the 12 hours milled Cu-5vol.%Al2O3 

composite granules showed that the grain sizes of the Cu matrix were in the range 

of 100-300 nm (Figure 3.20(a)). With further increasing the milling time to 24 

hours, the grain sizes of the Cu matrix of the composite powder particles 

decreased to 50-150 nm (Figure 3.20(c)), which confirmed that the estimated 

grain size using the XRD peaks and Williamson-Hall method is clearly smaller 
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than the actual average grain size, as shown later in Figure 3.39. TEM bright field 

images confirmed that increasing the milling time and milling severity from 12 

hours (Route 1) to 24 hours (Route 2) reduced the grain size of Cu matrix, mainly 

due to the larger plastic deformation and recrystallisation experienced by the 

material. 

   

(a) {220}Cu {200}Cu {311}Cu {111}Cu 

(b) 

{300}Al2O3 

  

 

  
Figure 3.20: TEM bright field images and SADPs of Cu-5vol.%Al2O3 composite granules/powder 
particles produced by HEMM, ((a) and (b)) after 12 hours milling, Route 1, ((c) and (d)) after 24 
hours milling, Route 2, respectively.  
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Based on TEM examination the reduction of grain size of Cu matrix for the Cu-

5vol.%Al2O3 composite powder produced using Route 2, was in nanoscale (<100 

nm), as compared to composite granules produced using Route 1, which was in 

UFG scale (< 500 nm). On the other hand, it was also observed that with the 

increase of milling hours from Route 1 to Route 2 and increasing volume fraction 

of Al2O3 from 2.5% to 5%, the estimated grain size of the Cu matrix decreased 
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significantly, as calculated by using the broadening of the XRD peaks of the Cu 

phase and Williamson-Hall method and further confirmed by TEM examination. 

SADPs (Figures 3.20(b) and 3.20(d)) confirmed that strong reflections ({111}, 

{200}, {220}, {311}) could be correlated to Cu matrix while weak reflections 

({012}, {104}, {300}) were from fine Al2O3 nanoparticles, based on JCPDS files 

of Cu (04-0836) and Al2O3 (46-1212), as shown in Appendix A. 
 

Figures 3.21((a)-(c)) and 3.21((d)-(f)) show the STEM images and X-ray 

elemental mapping (Cu and Al) of the Cu-5vol.%Al2O3 composite granules 

produced after 6 hours and 12 hours. In the STEM images, as shown in Figures 

3.21(a) and 3.21(d), the bright particles are Al2O3 nanoparticles, as confirmed 

from their X-ray elemental mapping for Al. It appeared that with a short milling 

time of 6 hours, the Al2O3 nanoparticles were predominately distributed along the 

grain boundaries, while increasing the milling time to 12 hours, a large fraction of 

Al2O3 nanoparticles were distributed inside the grains and the majority of the 

Al2O3 particles had sizes in the range of 10-40 nm (Figure 3.21(f)). Increasing the 

milling time to 12 hours, led to more homogenous distribution of Al2O3 

nanoparticles in Cu matrix, as confirmed by X-ray elemental mapping of Al. 
 

 

(a) Al (c) Cu (b) 

 
Figure 3.21: STEM images and X-ray elemental maps (Cu and Al) of Cu-5vol.%Al2O3 composite 
granules produced by HEMM with different milling times using Route 1, ((a)-(c)) after 6 hours, 
and ((d)-(f)) after 12 hours. 
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SEM examination of the cross section of the as-milled Cu-5vol.%Al2O3 composite 

powder particles produced after 24 hours was carried out to determine the volume 

fraction and distribution of the large size of Al2O3 particles, with sizes in the range 

of 100-400 nm, as shown in Figures 3.22. This revealed that there was < 0.5 vol.% 

of such large Al2O3 particles in the microstructure.  
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Figure 3.22: SEM backscattered electron images of the cross sections of Cu-5vol.%Al2O3 
composite powder particles produced by HEMM after 24 hours of milling, Route 2. 

3 μm 5 μm 

 
3.3.4 Cu-7.5vol.%Al2O3 Composite 
The broadening of the Cu peaks in the XRD pattern of Cu-7.5vol.%Al2O3 

composite powder did not become more significant with increasing the milling 

time from 6 to 24 hours, as shown in Figure 3.23. Based on Scherrer equation, the 

estimated grain sizes of the Cu-7.5vol.%Al2O3 composite powders produced after 

12 hours and 24 hours were ~ 40 nm and 35 nm, respectively. On the other hand, 

based on the broadening of the XRD peaks of the Cu phase and Williamson-Hall 

method, the average grain size and lattice strain of the Cu matrix of the Cu-

7.5vol.%Al2O3 composite powders produced after 12 hours (Route 1) and 24 

hours (Route 2) of milling were estimated, and the results are shown in Figures 

3.24(a) and 3.24(b). The decreasing trend of the average grain sizes with the 

increase of milling hours was not significant for the composite powders produced 

using Route 1 and Route 2 of milling, as shown in Figure 3.24(a).  
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Figure 3.23: X-ray diffraction patterns of as-milled Cu-7.5vol.%Al2O3 composite powder produced 
by HEMM with different milling times using Route 1 and Route 2. 
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With the increase of milling severity from Route 1 to Route 2, the lattice strain for 

the composite powders remained almost unchanged within the range of 0.311-

0.354% due to strain hardening.  
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Figure 3.24: Average grain size and lattice strain of Cu-7.5vol.%Al2O3 composite powder particles 
produced by HEMM with different milling times using Route 1 and Route 2. 
 

However, TEM bright field images of as-milled Cu-7.5vol.%Al2O3 composite 

powder particles produced after 12 hours and 24 hours of milling confirmed that 

Cu grains remained within the range of 50-150 nm (Figures 3.25 (a) and 3.25(c)), 

while majority of the Cu grain sizes were smaller than 100 nm of nanostructured 

composite powder produced using Route 1. The TEM results of Cu grain sizes are 

close to the estimated Cu grain size using the XRD peaks and Williamson-Hall 

method. SADPs show that almost continuous rings were observed for the as-

milled composite powders produced using Route 1 and Route 2, as shown in 

Figures 3.25(b) and 3.25(d). SADPs of as-milled Cu-7.5vol.%Al2O3 composite 

powder particles produced after 12 hours (Route 1) and 24 hours (Route 2) 

showed that strong reflections ({111}, {200}, {220}, {311}) could be correlated 

to Cu matrix while weak reflections ({104}, {300}) were from fine Al2O3 

nanoparticles, based on JCPDS files of Cu (04-0836) and Al2O3 (46-1212), as 

shown in Appendix A. 

Figures 3.26(a) and 3.26(d) show the SEM micrographs of the coarse and fine as-

milled Cu-7.5vol.%Al2O3 composite powder particles produced after 12 hours 

(Route 1) and 24 hours (Route 2) of milling, respectively, while Figures 3.26((b) 

and (c)) and 3.26((e) and (f)) show their corresponding energy dispersive X-ray 

elemental mapping (Cu and Al). Al2O3 nanoparticles were incorporated into each 

of the as-milled powder particles, forming a nanostructured Cu-Al2O3 composite 

structure, as shown in Figures 3.26(c) and 3.26(f).  
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Figure 3.25: TEM bright field images and SADPs of nanostructured Cu-7.5vol.%Al2O3 composite 
powder particles produced by HEMM, ((a) and (b)) after 12 hours milling, Route 1, ((c) and (d)) 
after 24 hours milling, Route 2, respectively.  
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In the STEM images shown in Figures 3.27(a) and 3.27(d), the bright particles are 

Al2O3 nanoparticles which are uniformly distributed in Cu matrix, as confirmed 

by the X-ray elemental mapping (Al), shown in Figures 3.27(c) and 3.27(f). The 

Al2O3 nanoparticles within the range of 10-30 nm are predominantly along the 

grain boundaries in composite powder particles produced after 12 hours and 24 

hours of milling. 
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Figure 3.26: SEM micrographs and corresponding energy dispersive X-ray elemental (Cu and Al) 
maps of the cross section of nanostructured Cu-7.5vol.%Al2O3 composite powder particles 
produced by HEMM, ((a)-(c)) after 12 hours milling, Route 1, ((d)-(f)) after 24 hours milling, 
Route 2, respectively. 
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(c) (b) Cu Al (a) 

 

 
Figure 3.27: STEM images and X-ray elemental (Cu and Al) maps of Cu-7.5vol.%Al2O3 
composite powder particles produced by HEMM with different milling times, ((a)-(c)) after 12 
hours milling, Route 1, and ((d)-(f)) after 24 hours milling, Route 2, respectively. 

(d) (e) (f) Al Cu 
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SEM examination of the cross section of the Cu-7.5vol.%Al2O3 composite powder 

particles produced after 12 hours and 24 hours of milling (Figures 3.28(a) and 

3.28(b)), respectively, observed a small fraction of Al2O3 particles (< 0.5 vol.%) 

within the range of 80-500 nm. It appears that increasing the milling time and 

effectiveness through the use of Route 2 milling, the fraction of the larger sized 

Al2O3 particles remained almost unchanged, but their sizes became smaller. 
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Figure 3.28: SEM backscattered electron images of the cross sections of Cu-7.5vol.%Al2O3 
composite powder particles produced by HEMM after different milling times, (a) after 12 hours, 
Route 1, (b) after 24 hours, Route 2. 
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3.3.5 Cu-10vol.%Al2O3 Composite 
Figure 3.29 shows the XRD patterns of Cu-10vol.%Al2O3 composite powder 

produced with different milling times using Route 1 and Route 2. The XRD 

patterns only showed Cu peaks, due to the small fraction and extremely small size 

of Al2O3 nanoparticles. The broadening of the Cu peaks in the XRD pattern did 

not become more significant with the increase of the milling time from 6 to 24 

hours. Based on Scherrer equation, the estimated grain sizes of the Cu-

10vol.%Al2O3 composite powders produced after 12 hours and 24 hours were ~ 

45 nm and 40 nm, respectively. On the other hand, based on the broadening of the 

XRD peaks of the Cu phase and Williamson-Hall method, the average grain size 

and lattice strain of the Cu matrix of the Cu-10vol.%Al2O3 composite powders 

produced after 12 hours (Route 1) and 24 hours (Route 2) of milling were 

estimated, and the results are shown in Figures 3.30(a) and 3.30(b). Almost a 

similar trend was observed in the average grain sizes and lattice strains for the 

composite powders produced after 12 hours (Route 1) and 24 hours (Route 2) of 

milling, as shown in Figures 3.30(a) and 3.30(b). The average grain sizes and 

lattice strains for the composite powders increased with the increase of milling 

time from 6 to 12 hours, due to strain hardening. However, with the increase of 

milling severity from Route 1 to Route 2, a decreasing trend was observed in the 

average grain sizes and lattice strain for the composite powder, suggesting the 

refinement in microstructure with change of larger steel balls during HEMM. 
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Figure 3.29: X-ray diffraction patterns of as-milled Cu-10vol.%Al2O3 composite powder produced 
by HEMM with different milling times using Route 1 and Route 2, respectively.  
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Figure 3.30: (a) Average grain size and (b) lattice strain of Cu-10vol.%Al2O3 composite powder 
particles produced by HEMM with different milling times using Route 1 and Route 2. 
 

TEM bright field images show that grains of the Cu matrix are in the range of 50-

150 nm (Figure 3.31(a)) for the coarse powder produced using Route 1, while the 

majority of the Cu grains had sizes smaller than 100 nm (Figure 3.31(c)) for the 

fine powder produced using Route 2. The Cu grain sizes measured from the TEM 

images were close to the estimated grain size using the XRD peaks and 

Williamson-Hall method. Almost continuous rings were observed for the as-

milled composite powders produced using Route 1 and Route 2, as shown in 

SADPs (Figures 3.31(b) and 3.31(d)), which indicated that the major contribution 

came from fine crystallites of Cu and Al2O3 in the deformed structure.  

Figures 3.32(a) and 3.32(d) show the SEM micrographs of the coarse and fine as-

milled Cu-10vol.%Al2O3 composite powder particles produced after 12 hours 

(Route 1) and 24 hours (Route 2) of milling, respectively, while Figures 3.32((b) 

and (c)) and 3.32((e) and (f)) show their corresponding energy dispersive X-ray 

elemental mapping (Cu and Al). Al2O3 nanoparticles were incorporated into each 

of the as-milled powder particles, forming a nanostructured Cu-Al2O3 composite 

structure, as shown in Figures 3.32(c) and 3.32(f).  
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Figure 3.31: TEM bright field images and SADPs of Cu-10vol.%Al2O3 composite powder particles 
produced by HEMM, ((a) and (b)) after 12 hours, Route 1, ((c) and (d)) after 24 hours, Route 2, 
respectively. 
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In the STEM images shown in Figures 3.33(a) and 3.33(d), the bright particles are 

Al2O3 nanoparticles, as confirmed from the X-ray elemental mapping for Al. The 

Al2O3 nanoparticles were uniformly distributed in Cu matrix and predominantly 

along the grain boundaries, as shown in Figures 3.33(c) and 3.33(f). SEM 

examination of the cross section of the as-milled Cu-10vol.%Al2O3 composite 

powder particles produced after 12 hours and 24 hours of milling, showed that the 

sizes of large Al2O3 particles were in the range of 80-400 nm, as shown in Figures 

3.34(a) and 3.34(b), respectively. This revealed that there was < 1vol.% of such 

large Al2O3 particles in the microstructure. 
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Figure 3.32: SEM micrographs and corresponding energy dispersive X-ray elemental maps (Cu 
and Al) of the cross section of as-milled Cu-10vol.%Al2O3 composite powder particles produced 
by HEMM, ((a)-(c)) after 12 hours milling, Route 1, ((d)-(f)) after 24 hours milling, Route 2, 
respectively. 
 

  
 

 
Figure 3.33: STEM images and X-ray elemental (Cu and Al) maps of Cu-10vol.%Al2O3 composite 
powder particles produced by HEMM with different milling times, ((a)-(c)) after 12 hours milling, 
Route 1, ((d)-(f)) after 24 hours milling, Route 2, respectively. 
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Figure 3.34: SEM backscattered electron images of the cross sections of Cu-10vol.%Al2O3 
composite powder particles produced by HEMM after different milling times, (a) after 12 hours 
milling, Route 1, (b) after 24 hours milling, Route 2. 
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3.4 Microhardness  
 
3.4.1 Distribution of Microhardness of Cu-Al2O3 Composite  
         Balls/Granules  
 
For each of the randomly selected Cu and Cu-2.5vol.%Al2O3 hollow balls, their 

through-centre cross sections were subjected to indentations along two 

perpendicular lines passing through the centre to determine the microhardness 

distribution. The indents were 100 μm apart along each line. Figures 3.35(a) and 

3.35(b) show the distribution of the microhardness across the wall thickness of the 

selected Cu hollow balls produced after 6 hours and 12 hours of milling, 

respectively. As shown in Figure 3.35(a), the microhardness of the wall near the 

external surface of the balls produced after 6 hours of milling decreased from the 

external surface. The microhardness of the wall after 12 hours of milling was 

almost constant across the majority of the wall thickness, and then suddenly 

dropped to lower values, as shown in Figure 3.35(b). Figures 3.36(a) and 3.36(b) 

show the distribution of the microhardness across the wall thickness of the 

selected Cu-2.5vol.%Al2O3 composite hollow balls produced after 6 hours and 12 

hours of milling, respectively. As shown in Figure 3.36(a), the microhardness of 

the wall material near the external surface of the ball produced after 6 hours of 

milling was clearly higher than that of the wall material away from the external 

surface. The microhardness of the wall after 12 hours of milling was more 

uniform, and it appeared that microhardness of the material near the internal 

surface of the balls was higher than that near the middle line of the wall and the 

external surface, as shown in Figure 3.36(b).  
 

To determine the microhardness distribution for the randomly selected Cu-

5vol.%Al2O3 composite granules, its through-centre cross section was subjected 

to indentations along two perpendicular lines passing through the centre. The 

indents were 150 μm apart along each line. Figures 3.37(a) and 3.37(b) show the 

distribution of the microhardness across the diameters of the selected Cu-

5vol.%Al2O3 composite granules produced after 6 hours and 12 hours of milling, 

respectively. The microhardness investigation on the granules showed that for 

both 6 hours (Figure 3.37(a)) and 12 hours (Figure 3.37(b)) milled Cu-5vol.% 

Al2O3 composite granules, the microhardness distribution was fairly uniform. 

However, it appears that there might be an oscillation of the microhardness of the 
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material along the diameter of each granule, especially for the 6 hours milled 

granules (Figure 3.37(a)). This indicates that there might be a microstructure 

variation associated with the powder consolidation process during HEMM. Once 

again, there are some locations which show material microhardness much lower 

than average microhardness of the granules, which is likely caused by cracks 

lying underneath or very close to the indents produced at these locations. 
 

  
Figure 3.35: Microhardness vs distance from outer edge of the wall of Cu balls produced by 
HEMM with different milling times using Route 1, (a) after 6 hours milling, and (b) after 12 hours 
milling. 
 

 

 
Figure 3.36: Microhardness vs distance from outer edge of the wall of Cu-2.5vol.%Al2O3 
composite balls produced by HEMM with different milling times using Route 1, (a) after 6 hours 
milling, and (b) after 12 hours milling. 
 

 

  
Figure 3.37: Microhardness vs distance from one edge along the diameter of Cu-5vol.%Al2O3 
composite granule produced by HEMM with different milling times using Route 1, (a) after 6 
hours milling, and (b) after 12 hours milling. 
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3.4.2 Effect of Composition and Milling Time 
 

The as-received pure Cu powder particles showed an average microhardness of 

100 HV. The average microhardness of Cu powder particles produced by 6 hours 

milling with 0.6wt%PCA was 72 HV. The microhardness increased dramatically 

to 176 HV with the increase of milling time from 6 hours to 12 hours, as shown in 

Figure 3.38. The average microhardness of the as-milled Cu balls produced by 6 

hours milling without PCA was 137 HV and remain unchanged after 12 hours of 

milling (Route 1), as shown in Figure 3.38. Increasing the milling severity and 

milling time up to 18 hours and 24 hours, Route 2, caused a significant increase in 

the average microhardness.  
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Figure 3.38: The average microhardness of as-milled Cu powder with 0.6wt%PCA, Cu balls/ 
powder particles and Cu-(2.5-10)vol.%Al2O3 composite balls/granules/powder particles produced 
by HEMM using Route 1 and Route 2, respectively. 
 
The average microhardness of balls, granules and powder particles of Cu-(2.5-10) 

vol.%Al2O3 composites produced under different milling condition for different 

times was determined. Figure 3.38 also shows the average microhardness of as-

milled Cu balls/powder particles and Cu-(2.5-10)vol.%Al2O3 composite balls/ 

granules/powder particles produced by HEMM after 12 hours (Route 1) and 24 

hours (Route 2) of milling, respectively.  
 

In the first 6 hours of milling (Route 1) and increasing the content of the Al2O3 

nanoparticles from zero to 2.5vol.% of the balls, a significant increase in the 

 59



Chapter Three - Morphology, Microstructure and Microhardness of Cu-(2.5-10)vol.%Al2O3  
Composite Balls/Granules/Powders Produced by HEMM 

average microhardness was shown. Increasing the volume fraction of Al2O3 

nanoparticles from 2.5% to 5%, the trend of increase in average microhardness 

continued. Further increasing the volume fraction of Al2O3 nanoparticles from 5% 

to 7.5% or 10%, a slight increase in average microhardness was shown in Figure 

3.38.  
 

Using Route 1, with 12 hours of milling and increasing the content of the Al2O3 

nanoparticles from zero to 2.5vol.%, a significant increase in the average 

microhardness was shown. Increasing the volume fraction of Al2O3 nanoparticles 

from 2.5% to 5% or 7.5% caused a much more drastic increase of the average 

microhardness. Further increasing the volume fraction of Al2O3 nanoparticles 

from 7.5% to 10%, the increase of the average microhardness virtually stopped, as 

shown in Figure 3.38.  
 

With the increase of milling severity and time of Cu and Cu-(2.5 and 

5)vol.%Al2O3 composite powder particles (Route 2), a dramatic increase in the 

average microhardness was shown. This trend disappeared for Cu-(7.5 and 

10)vol.%Al2O3 composite powder particles (Route 2).  
 

Using Route 2, with 24 hours of milling which involves milling for a longer time 

under a more severe plastic deformation condition, the average microhardness of 

the powder particles increased significantly with increasing the content of Al2O3 

nanoparticles from zero to 2.5vol.%, as shown in Figure 3.38. With increasing the 

volume fraction of Al2O3 nanoparticles from 2.5% to 5%, the increase of average 

microhardness was relatively smaller. Further increase in the volume fraction of 

Al2O3 nanoparticles from 5% to 7.5% or 10%, the average microhardness of the 

composite powder particles even decreased, suggesting that the dispersion of 

Al2O3 nanoparticles in the Cu matrix and milling severity has no effect on 

microhardness of powder particles. 
 

In examining the effect of increasing milling time and milling severity on the 

microhardness of the Cu-Al2O3 powder particles, it was found that increasing the 

milling time from 12 hours (Route 1) to 24 hours (Route 2), the increase in 

average microhardness is significant for the Cu-2.5vol.%Al2O3 and Cu-

5vol.%Al2O3 composite powder particles.  
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3.5 Discussion 
High energy ball milling was previously used on consolidation of ductile powders 

such as Al, Cu and Zn [3-6]. The present study has shown that high energy 

mechanical milling is a versatile method for milling of Cu powder and to disperse 

nanoscaled Al2O3 particles into a microscaled Cu matrix [7], which is in agreement 

with Naser et al [8,9]. As-milled Cu after 12 hours milling was converted to nearly-

spherical hollow balls, which is very similar to that which has been observed 

before [4,7]. A low volume fraction addition of hard and brittle Al2O3, 2.5% or 5%, 

to the ductile Cu matrix, led to the formation of hollow balls or granules, which is 

in agreement with Zhang et al [10]. Increasing the milling severity with more 

plastic deformation converted the hollow balls and granules into Cu-Al2O3 

composite powders [7]. Based on the broadening of the XRD peaks and the 

Williamson-Hall method, the average grain size of Cu and Cu-(2.5-

10)vol.%Al2O3 composites was calculated, as shown in Figure 3.39. Increasing 

the amount of Al2O3 from 5 to 10vol.% in the Cu matrix, the average grain size 

decreased significantly, as shown in Figure 3.39. The reduction of grain size 

stopped with the increase in milling time, milling severity and volume fraction of 

Al2O3 from 7.5% to 10%, as shown in Figure 3.39. The estimated grain sizes of 

Cu and Cu-Al2O3 composites (Figure 3.40) were calculated using the Scherrer 

equation which showed a better understanding of the grain size with the increase 

of milling hours.  
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Figure 3.39: The average grain size of as-milled Cu powder with 0.6wt%PCA, Cu balls/powder 
particles and Cu-(2.5-10)vol.%Al2O3 composite balls/granules/powders produced by HEMM using 
Route 1 and Route 2, respectively. 
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Figure 3.40: The estimated average grain size of as-milled Cu powder with 0.6wt%PCA, Cu 
balls/powder particles and Cu-(2.5-10)vol.%Al2O3 composite balls/granules/powders produced by 
HEMM using Route 1 and Route 2, respectively. 
 
Figure 3.41 shows the lattice strain of Cu and Cu-(2.5-10)vol.%Al2O3 composites, 

which was calculated on the broadening of the XRD peaks and Williamson-Hall 

method. Based on this estimation, the lattice strain increased significantly for the 

Cu powder particles produced using Route 2. With the increase of the volume 

fraction of Al2O3 from 2.5% to 5%, lattice strain showed a decreasing trend. 

Increasing the volume fraction of Al2O3 from 7.5 to 10% and/or using more 

milling severity, the lattice strain started increasing due to strain hardening.  

 
Figure 3.41: Lattice strain data of as-milled Cu powder with 0.6wt%PCA, Cu balls/powder 
particles and Cu-(2.5-10)vol.%Al2O3 composite balls/granules/powders produced by HEMM using 
Route 1 and Route 2, respectively. 
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Al2O3 nanoparticles were homogenously distributed in Cu matrix as observed 

before [8,9]. Increasing the volume fraction of Al2O3 powder in the starting mixture 

of Cu and Al2O3 powders led to enhanced effectiveness of milling in refining the 

Cu grains. As the grain size decreased with milling time, the hardness of the Cu-

Al2O3 composite increased, as observed by Zhang et al [11]. For the bulk Cu-

(2.5vol.% or 5vol.%)Al2O3 composite material, produced by HEMM of Cu and 

Al2O3 powders, the distribution of the microhardness was clearly affected by the 

composition of the material and the stages of the milling.  

 

The distribution of the microhardness showed that the bulk Cu-(2.5vol.% or 

5vol.%)Al2O3 composite material, produced by HEMM of Cu and Al2O3 powders, 

is clearly affected by the composition of the material and the stages of the milling. 

The microhardness increases for the Cu-Al2O3 composite powders with the 

dispersion of Al2O3 particles, which is in agreement with Rajkovic et al [12,13]. In 

examining the effect of increasing milling time and milling severity on the 

microhardness of the Cu-Al2O3 composites, the increase in average microhardness 

is significant for the volume fractions of 2.5% and 5% of Al2O3 nanoparticles. 

This study also reported that no stronger effect on the microhardness was 

observed with increasing the volume fraction of Al2O3 nanoparticles from 7.5% to 

10% in Cu matrix.  

 
3.6 Summary 

In this study, HEMM consisting of two different routes was used to fabricate UFG 

and nanostructured Cu-(2.5-10)vol.%Al2O3 composites with a dispersion of Al2O3 

nanoparticles. The microstructure of the composite powder particles was studied 

in detail to understand the morphological, macrostructural and microstructural 

evolution mechanisms of the granules and powder particles during HEMM and 

with the addition of volume fractions of Al2O3 nanoparticles. Change in 

microhardness was examined for the as-milled balls, granules and powder 

particles with the addition of volume fractions of Al2O3 nanoparticles. The 

average microhardness of Cu-(2.5-10)vol.%Al2O3 composites produced using 

Route 1, shows significant increase, with increasing volume fraction of Al2O3 

nanoparticles from 2.5 to 7.5%.  
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Chapter Four 

Thermal Stability of Cu-(2.5-10)vol.%Al2O3 Composite 

Balls/Granules/Powders Produced by HEMM 
____________________________________________________________________ 
 

4.1 Introduction 
 

The key factor to determine the thermal stability of nanostructured metallic materials 

is not only the stability of the microstructure, but also the stability of the structure of 

the grain boundaries. Grain growth and phase transformations will alter the properties 

of nanocrystalline materials when exposed at elevated temperatures. There are two 

ways in which grain growth can be minimized : the first one involves grain boundary 

pinning by various methods, which include pinning by impurity atom atmosphere 

drag, pores and second phases, while the second one involves a thermodynamic 

approach involving the reduction in grain growth by reducing the grain boundary 

energy. Since the ultrafine and nanostructured powders need to be consolidated at 

elevated temperatures 
[1]

, it is important to understand their microstructural stability at 

elevated temperatures. Thermal stability is considered as one of the most critical 

factors for consolidation of nanostructured powders without significantly coarsening 

the microstructure 
[2,3]

.  

 

In this chapter the focus is on UFG and nanostructured Cu and Cu-Al2O3 composite 

balls/granules/powders, which were heat treated at 150, 300, 400 and 500°C for 1 

hour, respectively, to determine the microstructural and microhardness changes of the 

Cu and Cu-Al2O3 composite powder particles produced by HEMM as a function of 

annealing temperature.  

4.2 Microstructural Changes during Heat Treatment 

4.2.1 Pure Cu 

Figures 4.1 and 4.2 show the XRD patterns of UFG Cu balls/powder particles 

produced by HEMM after 12 hours (Route 1) and 24 hours (Route 2) and after 

annealing at different temperatures, respectively.  For the balls produced using Route 
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1, annealing at 150°C caused clear further broadening of the Cu peaks in the XRD 

peaks, as shown in Figure 4.1, which indicates that the grain sizes of the Cu balls 

decreased after annealing, very likely due to recrystallisation. The estimated grain 

size of Cu balls and powder produced using Route 1 and Route 2 was determined 

using Scherrer Equation 
[4]

. Based on this estimation, the Cu grain size of the 12 

hours milled balls decreased and remained almost unchanged with the increase of 

annealing temperature from 150 to 500°C, as shown later in Figure 4.50. The average 

grain sizes and lattice strains of Cu balls and powder were determined using the 

Williamson-Hall method 
[5]

 and broadening of the XRD peaks. Based on this 

estimation, the Cu grain size of the 12 hours milled balls with the increase of 

annealing temperature from 150 to 500°C was in the range of 60-100 nm, as shown in 

Figure 4.3.  

 
Figure 4.1: X-ray diffraction patterns of Cu balls produced by HEMM after 12 hours, Route 1, and 

after annealing at 150, 300, 400 and 500°C, respectively. 

 

The lattice parameter, a, of Cu as a function of annealing temperature was calculated 

using the Cu{111} peaks of the XRD patterns. Figure 4.1 shows that Cu{111} peak 

shifted 0.55° to the larger angle for Cu balls produced after 12 hours and after 

annealing at 150°C, which caused the Cu lattice parameter to decrease by 0.0043 nm, 

this might be due to the diffusion of oxygen from furnace atmosphere. 
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For the as-milled powder particles produced using Route 2, broadening of the Cu 

peaks in the XRD pattern remained almost unchanged with increasing annealing 

temperature from 150 to 500°C, as shown in Figure 4.2, indicating that the grain sizes 

of the Cu powder particles had not increased significantly. Based on Scherrer 

equation, the Cu grain size of the 24 hours milled powder slightly increased with the 

increase of annealing temperature from 150 to 500°C, as shown in Figure 4.51. 

However, based on the broadening of the Cu peaks and Williamson-Hall Method, the 

Cu grain size of the 24 hours milled powder particles with the increase of annealing 

temperature from 150 to 500°C was in the range of 65-115 nm, as shown in Figure 

4.3. 

 

 
Figure 4.2: X-ray diffraction patterns of Cu powder produced by HEMM after 24 hours, Route 2, and 

after annealing at 150, 300, 400 and 500°C, respectively. 
 

The average grain size and lattice strain data of the UFG Cu balls/powder particles 

produced using Route 1 and Route 2 and after annealing at different temperatures 

were estimated using the broadening of the XRD peaks and Williamson-Hall method, 

as shown in Figure 4.3. Grain sizes decreased significantly for the Cu balls produced 

using Route 1 and after heat treatment at 150°C, as compared to Cu powder particles 

produced using Route 2. However the grain size remained almost similar for UFG Cu 
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balls/powder particles produced using Route 1 and Route 2 after increasing the 

annealing temperatures from 150 to 500°C. On the other hand, lattice strain 

calculations showed a similar trend for the UFG Cu balls/powder particles produced 

using Route 1 and Route 2 after increasing the annealing temperature to 300°C, while 

the lattice strain was much higher for the Cu grains produced using Route 2 and 

annealed at 500°C. 

 

 
Figure 4.3: Average grain size and lattice strain data of Cu balls/powder particles produced by HEMM 

after 12 hours (Route 1) and 24 hours (Route 2) and after annealing at 150, 300, 400 and 500°C, 

respectively. 
 

 

Based on TEM examination, the Cu grain size of the Cu powder particles produced 

after 24 hours reduced from 100-300 nm (Figure 3.9(c)) to 50-200 nm (Figures 4.4(a) 

and 4.4(c)) after annealing at 150 and 300°C, mainly due to recrystallisation. With the 

increase of annealing temperature from 300 to 500°C, the Cu grain sizes remained in 

the range of 50-250 nm, as shown in Figures 4.5(a) and 4.5(c), suggesting that there 

is less coarsening of the Cu grains during heat treatment. The majority of the Cu 

grains after annealing were smaller than the Cu grain sizes of as-milled powder 

particles. TEM bright field images also confirmed that the increase of the Cu grain 

size of Cu powder particles produced using Route 2 is very much less, as shown by 

the broadness of Cu peaks in XRD patterns (Figure 4.2). Almost continuous rings 

were observed in the selected area diffraction patterns (SADPs) for the UFG Cu 
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powder produced using Route 2 and annealed at 150, 300 and 400°C (Figures 4.4(b), 

4.4(d) and 4.5(b)), showing strong reflections for Cu ({111}, {200}, {220}, {311}). 

The rings were replaced by discrete diffraction reflections for the 24 hours Cu powder 

particles, as shown in SADP (Figure 4.5(d)). This is presumably in relation to the 

normal grain growth during annealing, and only very limited number of large grains 

were present within the selected area. 

 

  
 

  
Figure 4.4: TEM bright field images and SADPs of Cu powder particles produced by HEMM after 24 

hours, Route 2, and after annealing at 150 and 300°C, respectively. 
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Figure 4.5: TEM bright field images and SADPs of Cu powder particles produced by HEMM after 24 

hours, Route 2, and after annealing at 400 and 500°C, respectively. 
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exothermic peak was extended beyond 650°C. With the increase of the milling time 

from 12 hours to 24 hours, the first exothermic peak became wider with an onset 
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470°C and amount of heat released was 7.2 J/g with peak temperature at 565°C. 

 

Figure 4.6: DSC traces obtained during heating of Cu balls/powder particles produced after 12 hours 

(Route 1) and 24 hours (Route 2). 

 
Figure 4.7: XRD patterns of Cu balls/powder produced after 12 hours (Route 1) and 24 hours (Route 2) 

and after the heating-cooling cycle (heated to 650°C).  

 

After one heating-cooling cycle, the XRD patterns of the UFG Cu balls/powder 

produced using Route 1 and Route 2 and heated to 650°C showed the Cu peaks and 

small Cu2O peaks which are shown in Figure 4.7. The average grain sizes of Cu balls 

and powder, heated to 650°C, were determined using the Williamson-Hall method 

and broadening of the XRD peaks. Based on this estimation, the Cu grain size of the 

12 hour balls and 24 hour powder particles was ~ 40 nm and 80 nm.  
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Figure 4.8 shows the XRD patterns of Cu powder with 0.6wt%PCA produced by 

HEMM after 12 hours (Route 1) and after annealing at different temperatures. The 

broadening effect for the powder was not significant after annealing at 150°C or 

higher annealing temperatures. The average grain size of the Cu was estimated using 

the broadening of the XRD peaks and Williamson-Hall method. Based on this 

estimation, the Cu grain size of the 12 hours milled powder with the increase of 

annealing temperature from 150 to 500°C was in the range of 100-125 nm. 

 
Figure 4.8: X-ray diffraction patterns of Cu powder with 0.6wt%PCA produced by HEMM after 12 

hours, Route 1, and after annealing at 150, 300, 400 and 500°C, respectively. 
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100-300 nm (Figure 4.9(e)), suggesting coarsening of the Cu grains during heat 

treatment. Almost continuous rings were observed in the selected area diffraction 

patterns (SADPs) for the UFG Cu powder 0.6wt%PCA produced using Route 2 and 

annealed at 150 and 300°C (Figures 4.9(b) and 4.9(d)), showing strong reflections for 

Cu ({111}, {200}, {220}, {311}). The rings were replaced by discrete diffraction 

reflections for Cu powder particles, as shown in SADP (Figure 4.9(f)). This is 

presumably in relation to the significant grain growth during annealing. 
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Figure 4.9: TEM bright field images and SADPs of Cu powder with 0.6wt%PCA produced by HEMM 

after 12 hours, Route 1, and after annealing at 150, 300 and 500°C, respectively. 
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4.2.2 Cu-2.5vol.%Al2O3 Composite 

Figures 4.10 and 4.11 show the XRD patterns of UFG and nanostructured Cu-

2.5vol.%Al2O3 composite balls/powder particles produced after 12 hours (Route 1) 

and 24 hours (Route 2) and after annealing at different temperatures, respectively.  

The XRD patterns (Figure 4.10) for the UFG composite balls produced using Route 1 

only showed Cu peaks, mainly due to the extremely small size of Al2O3 

nanoparticles. For the balls produced using Route 1, annealing at 150°C caused clear 

broadening of the Cu peaks in the XRD pattern, as shown in Figure 4.10, which 

indicated that the grain sizes decreased after annealing, very likely due to 

recrystallisation of the heavily deformed Cu matrix. Figure 4.10 shows that Cu{111} 

peak shifted 0.24° to a larger angle for balls produced using Route 1 and after 

annealing at 300°C, which caused the Cu lattice parameter to decrease 0.0018 nm, 

perhaps caused by diffusion of oxygen from furnace atmosphere into Cu. Further 

increase of the annealing temperature caused little change in the broadness of the Cu 

peaks of the XRD patterns. The estimated grain size of Cu-2.5vol.%Al2O3 composite 

balls/powder particles produced using Route 1 and Route 2 was determined using 

Scherrer Equation 
[4]

. Based on this estimation, the Cu grain size of the 12 hours 

milled composite balls decreased and remained almost unchanged with the increase 

of annealing temperature from 150 to 500°C, as shown in Figure 4.50. The average 

grain sizes and lattice strains of UFG and nanostructured Cu-2.5vol.%Al2O3 

composite balls/powder particles were determined using the Williamson-Hall method 

and broadening of the XRD peaks. Based on this estimation, the Cu grain size of the 

12 hours milled balls with the increase of annealing temperatures from 150 to 500°C 

was in the range of 45-60 nm, as shown in Figure 4.12.  

 

The XRD patterns (Figure 4.11) for the nanostructured composite powder particles 

produced using Route 2 showed Cu peaks and extremely small peaks of Al2O3{104} 

after annealing at 300, 400 and 500°C. The broadness of the Cu peaks of the 24 hours 

milled composite powder remained almost unchanged with increasing the annealing 

temperature from 150 to 500°C, as shown by XRD patterns in Figure 4.11. Based on 

Scherrer equation, the estimated grain size of Cu-2.5vol.%Al2O3 composite powder 

particles produced using Route 2 slightly increased with the increase of annealing 
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temperature from 150 to 500°C, as shown in Figure 4.51. However, based on the 

Williamson-Hall method and broadening of the XRD peaks, the average Cu grain size 

of the 24 hours milled powder particles with the increase of annealing temperatures 

from 150 to 500°C was in the range of 60-150 nm, as shown in Figure 4.12.  

 
Figure 4.10: X-ray Diffraction patterns of Cu-2.5vol.%Al2O3 composite balls produced by HEMM 

after 12 hours, Route 1, and after annealing at 150, 300, 400 and 500°C, respectively. 

 

 

 
Figure 4.11: X-ray Diffraction patterns of Cu-2.5vol.%Al2O3 composite powder produced by HEMM 

after 24 hours, Route 2, and after annealing at 150, 300, 400 and 500°C, respectively.  
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Figure 4.12: Average grain size and lattice strain data of Cu-2.5vol.%Al2O3 composite balls/powder 

particles produced by HEMM after 12 hours (Route 1) and 24 hours (Route 2) and after annealing at 

150, 300, 400 and 500°C, respectively. 
 

The average grain size and lattice strain data of the UFG and nanostructured Cu-

2.5vol.%Al2O3 composite balls/powder particles produced using Route 1 and Route 2 

and after annealing at different temperatures were estimated using the broadening of 

the XRD peaks and Williamson-Hall method, as shown in Figure 4.12. The grain 

sizes and lattice strains showed much higher values for the composite powder 

particles produced using Route 2, suggesting grain coarsening of the Cu matrix, as 

compared to the composite balls produced using Route 1 after annealing within the 

range of 150 to 500°C.  

 

Backscattered electron SEM imaging of the cross section of the nanostructured Cu-

2.5vol%Al2O3 composite powder particles produced using Route 2 was carried out to 

determine the volume fraction and distribution of Al2O3 nanoparticles. After 

annealing at 300 and 500°C, the volume fraction of the large Al2O3 particles with 

sizes in the range of 100-500 nm (Figures 4.13(a) and 4.13(b)) remained almost 

unchanged (Figures 3.15(a) and 3.15(b)). 

Cu-2.5vol.%Al2O3 

0

20

40

60

80

100

120

140

0 50 100 150 200 250 300 350 400 450 500

Temperature (degree)

G
ra

in
 s

iz
e
 (

n
m

 )
 

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

S
tr

a
in

 (
%

)

Grain size- Route 1

Grain size- Route 2

Strain- Route 1

Strain- Route 2



Chapter Four - Thermal Stability of Cu-(2.5-10)vol.%Al2O3  

Composite Balls/Granules/Powders Produced by HEMM  

 

 77 

  
Figure 4.13: Backscattered electron SEM images of Cu-2.5vol.%Al2O3 composite powder particles 

produced by HEMM after 24 hours, Route 2, and after annealing at (a) 300°C and (b) 500°C. 

 

Figures 4.14(a), 4.14(c) and 4.14(e) show the TEM bright field images of the UFG 

and nanostructured Cu-2.5vol.%Al2O3 composite balls produced using Route 1, and 

after annealing at different temperatures, respectively. TEM examination showed that 

grains of the Cu matrix decreased from the range of 100-500 nm (Figures 3.14(a)-(c)) 

to 100-300 nm (Figure 4.14(a)) due to recrystallisation after annealing at 150°C. 

 

The microstructural refinement as a result of annealing at 150°C was confirmed by 

TEM examination, as shown in Figure 4.14(a). Increasing the annealing temperatures 

from 150 to 300°C and 500°C caused a slight increase of the grain sizes of the Cu 

matrix to 100-400 nm (Figures 4.14(c) and 4.14(e)), due to coarsening of the Cu 

grains. This showed that the average grain size of Cu matrix estimated using the 

broadening of the XRD peaks and Williamson-Hall method is clearly smaller than the 

actual average Cu grain size examined by TEM, and this discrepancy is likely due to 

overestimate of the broadness of XRD peaks which is directly attributed to the size of 

the grains. Figures 4.14((b), 4.14(d) and 4.14(f)) show the indexing of SADPs of 

UFG Cu-2.5vol.%Al2O3 composite balls produced after 12 hours (Route 1). Based on 

the SADPs it can be seen that strong reflections ({111}, {200}, {220}, {311}) could 

be correlated to Cu matrix while weak reflections ({012}, {104}, {300}, {116}) are 

probably in related to fine Al2O3 nanoparticles. 
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Figure 4.14: TEM bright field images and SADPs of Cu-2.5vol.%Al2O3 composite balls produced by 

HEMM after 12 hours, Route 1, and after annealing at 150, 300 and 500°C, respectively. 
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For the powder produced using Route 2, and based on TEM examination the grains of 

the Cu matrix slightly decreased to 50-120 nm (Figure 4.15(a)) due to 

recrystallisation after annealing at 150°C. After annealing at 150°C, the majority of 

the Cu grains had sizes smaller than 100 nm, showing that the Cu-2.5vol.%Al2O3 

powder particles had a true nanostructured composite structure. With increasing the 

annealing temperature to 300°C, the sizes of the Cu grains increased to the range of 

50-150 nm (Figure 4.15(c)). Annealing at 300°C had little effect on the grain sizes 

since the nanometer scaled Cu grains were already the result of recrystallisation that 

occurred during prolonged milling. Further increasing the annealing temperature to 

500°C caused coarsening of the Cu grains, with the sizes of Cu grains increasing to 

50-300 nm (Figure 4.15(e)), which again showed that the average grain size estimated 

using the XRD peaks and Williamson-Hall method is smaller than the actual average 

grain size. In comparison with the Cu-2.5vol.%Al2O3 balls made using Route 1 and 

annealed at 500°C, the microstructure of the composite powder produced using Route 

2 and annealed at 500°C is much finer, and still in the UFG scale (grain sizes<500 

nm). 

 

Figures 4.15((b), 4.15(d) and 4.15(f)) show the indexing of SADPs of nanostructured 

Cu-2.5vol.%Al2O3 composite powder particles produced after 24 hours (Route 2). 

Based on the SADP it can be seen that strong reflections ({111}, {200}, {220}, 

{311}) could be correlated to Cu matrix while weak reflections ({104}, {300}, {116}) 

are probably in related to fine Al2O3 nanoparticles. Indexing of SADPs is recorded 

from JCPDS files of Cu (04-0836) and Al2O3 (46-1212), as shown in Appendix A. 

Almost continuous rings and discrete diffraction reflections for Cu powder particles 

were observed in the selected area diffraction patterns (SADPs) for the 

nanostructured composite powder produced using Route 2 and annealed at 150, 300 

and 500°C. This is presumably in relation to the normal grain growth during 

annealing.  
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Figure 4.15: TEM bright field images and SADPs of Cu-2.5vol.%Al2O3 composite powder particles 

produced by HEMM after 24 hours, Route 2, and after annealing at 150, 300 and 500°C, respectively. 
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In the STEM images of the Cu-2.5vol.%Al2O3 composite balls produced after 12 

hours, Route 1, as shown in Figures 4.16(a), 4.16(d) and 4.16(g), the bright particles 

are Al2O3 nanoparticles as confirmed from the X-ray elemental mapping for Al. The 

Al2O3 nanoparticles in Cu matrix formed clusters, with large sizes in the range of 80-

100 nm after annealing at 150, 300 and 500°C. Increasing the annealing temperature 

from 300 to 500°C, more homogenous distribution of Al2O3 nanoparticles in Cu 

matrix was examined (Figure 4.16(i)), suggesting the coarsening of Al2O3 

nanoparticles. 

 
 

 
 

 
Figure 4.16: STEM images and X-ray elemental (Cu and Al) maps of Cu-2.5vol.%Al2O3 composite 

balls produced by HEMM after 12 hours, Route 1, and after annealing at ((a)-(c)) 150°C, ((d)-(f)) 

300°C, and ((g)-(i)) 500°C, respectively. 
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Increasing the annealing temperature from 150°C to 300 and 500°C, the Al2O3 

nanoparticles are finely dispersed in the Cu matrix and with majority of sizes less 

than 100 nm as confirmed from the X-ray elemental mapping for Al, Figures 4.17(f) 

and 4.17(i), respectively. In comparison of the X-ray elemental mapping (Al) of the 

Cu-2.5vol.%Al2O3 balls made using Route 1 and annealed at different temperatures, 

the dispersion of Al2O3 nanoparticles of the composite powder produced using Route 

2 and annealed at different temperatures was much finer. 

 

 
 

 
 

 
Figure 4.17: STEM images and X-ray elemental (Cu and Al) maps of Cu-2.5vol.%Al2O3 composite 

powder particles produced by HEMM after 24 hours, Route 2, and after annealing at ((a)-(c)) 150°C,  

((d)-(f)) 300°C, and ((g)-(i)) 500°C, respectively. 
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while the onset temperature of the second exothermic peak shifted to smaller 

temperature at ~ 460°C and amount of heat released was 11.6 J/g with peak 

temperature at 535°C. 

 
Figure 4.18: DSC traces obtained during heating of Cu-2.5vol.%Al2O3 composite balls/powder 

particles produced by HEMM after 12 hours (Route 1) and after 24 hours (Route 2). 

 
Figure 4.19: XRD patterns of Cu-2.5vol.%Al2O3 composite balls/powder produced after 12 hours 

(Route 1) and 24 hours (Route 2) and after the heating-cooling cycle (heated to 650°C ). 
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2.5vol.%Al2O3 composite balls/powder, heated to 650°C, were determined using the 

Williamson-Hall method and broadening of the XRD peaks. Based on this estimation, 

the Cu grain size of the 12 hour composite balls and 24 hour powder particles was ~ 

55 nm and 75 nm.  

4.2.3 Cu-5vol.%Al2O3 Composite 

Figures 4.20 and 4.21 show the XRD patterns of UFG and nanostructured Cu-

5vol.%Al2O3 composite granules/powder produced after 12 hours (Route 1) and 24 

hours (Route 2) and after annealing at different temperatures, respectively. The XRD 

patterns only showed Cu peaks, due to the small fraction and extremely small size of 

Al2O3 nanoparticles. For the granules produced using Route 1, the broadening of the 

Cu peaks in the XRD pattern remained almost unchanged with increasing annealing 

temperature, as shown in Figure 4.20. The Cu{111} peak shifted 0.21° to a smaller 

angle after annealing at 300 and 500°C which meant that the Cu lattice parameter 

increased by 0.0016 nm, this might be because some of the Al2O3 was dissolved in 

the solution during the milling and then precipitated out after annealing at 300 and 

500°C. The Cu{111} peak shifted 0.27° to a larger angle after annealing at 400°C, 

which meant that the Cu lattice parameter decreased by 0.0021 nm, this might be due 

to the diffusion of oxygen from furnace atmosphere. Based on Scherrer equation, the 

estimated grain size of Cu-5vol.%Al2O3 composite granules produced using Route 1 

decreased and remained almost unchanged with the increase of annealing temperature 

from 150 to 500°C, as shown in Figure 4.50. However, based on Williamson-Hall 

method and broadening of the XRD peaks, the Cu grain size of the 12 hours milled 

granules with the increase of annealing temperatures from 150 to 500°C was in the 

range of 40-60 nm, as shown in Figure in 4.22.  

 

The XRD patterns (Figure 4.21) for the nanostructured composite powder produced 

using Route 2 showed Cu peaks and extremely small peak of Al2O3{104} after 

annealing at 500°C. For the composite powder produced using Route 2, the broadness 

of the Cu peaks changed little after annealing at different temperatures up to 500°C, 

and the lattice parameter remained almost same. Based on Scherrer equation, the 

estimated grain size of Cu-5vol.%Al2O3 composite powder particles produced using 

Route 2 slightly increased with the increase of annealing temperature from 150 to 
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500°C, as shown in Figure 4.51. However, based on the Williamson-Hall method and 

broadening of the XRD peaks, the average Cu grain size of the 24 hours milled 

powder particles with the increase of annealing temperatures from 150 to 500°C was 

in the range of 55-100 nm, as shown in Figure in 4.22. 

 
Figure 4.20: X-ray diffraction patterns of Cu-5vol.%Al2O3 composite granules produced by HEMM 

after 12 hours, Route 1, and after annealing at 150, 300, 400 and 500°C, respectively.  

 
Figure 4.21: X-ray diffraction patterns of Cu-5vol.%Al2O3 composite powder produced by HEMM 

after 24 hours, Route 2, and after annealing at 150, 300, 400 and 500°C, respectively. 
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Figure 4.22: Average grain size and lattice strain data of Cu-5vol.%Al2O3 composite granules/powder 

particles produced by HEMM after 12 hours (Route 1) and 24 hours (Route 2) and after annealing at 

150, 300, 400 and 500°C, respectively. 
 

The average grain size and lattice strain data of the UFG and nanostructured Cu-

5vol.%Al2O3 composite granules/powder particles produced using Route 1 and Route 

2 and after annealing at different temperatures were estimated using the broadening 

of the XRD peaks and Williamson-Hall method, as shown in Figure 4.22. The grain 

sizes and lattice strain data showed almost a similar trend for the composite granules 

and powder particles annealed within the range of 150 to 500°C. However there was 

a significant increase in grain sizes and lattice strains for the composite powder 

particles, suggesting grain coarsening, produced using Route 2 as compared to 

granules produced using Route 1 after annealing at 300 and 500°C.  

 

Backscattered electron SEM imaging of the cross section of the nanostructured Cu-

5vol.%Al2O3 composite powder particles produced using Route 2 and after annealing 
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(Figures 3.22). A homogenous distribution of Al2O3 particles was observed in the Cu 
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particles suggested coarsening of the Al2O3 nanoparticles occurred after annealing the 

powders at 300 and 500°C. 

  
Figure 4.23: Backscattered electron SEM images of Cu-5vol.%Al2O3 composite powder particles 

produced by HEMM after 24 hours, Route 2, and after annealing at (a) 300°C and (b) 500°C. 

 

Figures 4.24 and 4.25 show the TEM bright field images of UFG and nanostructured 

Cu-5vol.%Al2O3 composite granules/powder particles produced using Route 1 and 

Route 2, and after annealing at different temperatures, respectively. TEM 

examination of the microstructure of the granules produced using Route 1, confirmed 

the microstructural refinement as a result of annealing at 150°C. For the granules, the 

grains of the Cu matrix decreased from the range of 100-300 nm (Figure 3.17(a)) to 

50-200 nm (Figure 4.24(a)) due to recrystallisation after annealing at 150°C. 

Increasing the annealing temperature from 150 to 300°C caused an increase of the 

grain sizes of the Cu matrix to 100-500 nm (Figure 4.24(c)). Further increasing the 

annealing temperature to 500°C caused a significant increase of the Cu matrix grain 

sizes to 100-800 nm (Figure 4.24(e)). Based on TEM examination of Cu grain size, 

that average grain size estimated using the XRD peaks and Williamson-Hall method 

is smaller than the actual average grain size, and this discrepancy is likely to be due to 

peak broadness of the inaccuracy of the measurement of XRD patterns. Figures 

4.24((b), 4.24(d) and 4.24(f)) show the indexing of SADPs of UFG Cu-5vol.%Al2O3 

composite granules produced after 12 hours (Route 1). Based on the SADPs it can be 

seen that strong reflections ({111}, {200}, {220}, {311}) could be correlated to the 

Cu matrix while weak reflections ({012}, {104}, {300}, {116}) are probably in 

related to fine Al2O3 nanoparticles. Indexing of SADPs is recorded from JCPDS files 

of Cu (04-0836) and Al2O3 (46-1212), as shown in Appendix A. Almost continuous 

rings were observed in the selected area diffraction patterns (SADPs) for the UFG 
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Figure 4.24: TEM bright field images and SADPs of Cu-5vol.%Al2O3 composite granules produced by 

HEMM after 12 hours, Route 1, and after annealing at 150, 300 and 500°C, respectively. 
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composite granules produced using Route 1 and annealed at 150°C. The rings were 

replaced by discrete diffraction reflections for Cu powder particles after annealed at 

300 and 500°C. This is presumably in relation to the significant grain growth during 

annealing. 

 

For the nanostructured composite powder produced with Route 2, the majority of the 

Cu grains of the as-milled powder particles had sizes smaller than 150 nm, 

confirming that Cu-5vol.%Al2O3 had a true nanostructured composite structure. After 

annealing at 150°C, the grain sizes changed very little (Figure 4.25(a)). XRD patterns 

in Figure 4.21 show annealing at 150°C has little effect on the grain sizes, since the 

nanometer scaled Cu grains are already the result of recrystallisation that occurs 

during prolonged milling, and the nanograins are fairly stable at temperatures up to 

150°C, confirmed by TEM examination of the microstructure in Figure 4.25(a). With 

further increase of the annealing temperature to 300°C, the sizes of the Cu grains 

increased to the range of 50-300 nm (Figure 4.25(c)). Further increasing the 

annealing temperature to 500°C caused more significant coarsening of the Cu grains, 

with the sizes of the Cu grains increasing to 100-400 nm (Figure 4.25(e)). Figures 

4.25((b), 4.25(d) and 4.25(f)) show the indexing of SADPs of nanostructured Cu-

5vol.%Al2O3 composite powder particles produced after 24 hours (Route 2). Based on 

the SADPs it can be seen that strong reflections ({111}, {200}, {220}, {311}) could 

be correlated to Cu matrix while weak reflections ({012}, {104}, {300}) are probably 

in related to fine Al2O3 nanoparticles. Almost discrete diffraction reflections for Cu 

powder particles were observed in the selected area diffraction patterns (SADPs) for 

the nanostructured composite powder particles produced using Route 2 and annealed 

at 150, 300 and 500°C. This is presumably due to the normal grain growth during 

annealing. In comparison with the Cu granules made using Route 1 and annealed at 

500°C, the microstructure of the nanostructured composite powder produced using 

Route 2 and annealed at 500°C is much finer, and still in the ultra fine grained scale 

(grain sizes < 500 nm). 
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Figure 4.25: TEM bright field images and SADPs of Cu-5vol.%Al2O3 composite powder particles 

produced by HEMM after 24 hours, Route 2, and after annealing at 150, 300 and 500°C, respectively. 
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Figure 4.26 shows the DSC traces obtained by heating the as-milled UFG and 

nanostructured Cu-5vol.%Al2O3 composite granules/powder particles produced using 

12 hours (Route 1) and 24 hours (Route 2) from 40 to 650°C. The onset temperatures 

of the first and second exothermic peaks of composite granules produced using Route 

1 were ~ 410°C and ~ 490°C, respectively. The amount of heat released for the first 

exothermic peak was 1.08 J/g with peak temperature at 440°C. The second 

exothermic peak was extended beyond 650°C. With the increase of the milling time 

from 12 to 24 hours, a new exothermic peak appeared with an offset temperature of 

170°C, while the onset temperatures for the second and third exothermic peaks 

shifted to lower temperatures ~ 390°C and 480°C. The amount of heat released for 

the first and second exothermic peaks was 3.8 J/g and 0.63 J/g with peak 

temperatures at 265°C and 420°C, respectively. The third exothermic peak was 

extended beyond 650°C. 

 
 

Figure 4.26: DSC traces obtained during heating of the Cu-5vol.%Al2O3 composite granules/powder 

particles produced by HEMM after 12 hours (Route 1) and 24 hours (Route 2). 
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the Cu grain size of the 12 hour composite granules and 24 hour composite powder, 

heated to 650°C, was ~ 55 nm.  

 
Figure 4.27: XRD patterns of Cu-5vol.%Al2O3 composite granules/powder produced after 12 hours 

(Route 1) and 24 hours (Route 2) and after the first heating-cooling cycle (heated to 650°C). 

 

4.2.4 Cu-7.5vol.%Al2O3 Composite 

Figures 4.28 and 4.29 show the XRD patterns of nanostructured Cu-7.5vol.%Al2O3 

composite coarse and fine powders produced after 12 hours (Route 1) and 24 hours 

(Route 2) and after annealing at different temperatures, respectively. The XRD 

patterns showed Cu peaks and extremely small peaks of Al2O3{104} after annealing 

at 300, 400 and 500°C, as shown in Figures 4.28 and 4.29. Increasing the annealing 

temperature from 150 to 500°C, caused little change in the broadness of the Cu peaks, 

as shown in the XRD patterns (Figure 4.28) of the coarse powders produced using 

Route 1, while the lattice parameter of Cu remained the same. Based on Scherrer 

equation, the estimated grain size of Cu-7.5vol.%Al2O3 composite powder particles 

produced using Route 1 slightly increased with the increase of annealing temperature 

from 150 to 400°C and then increased significantly with further increasing the 

annealing temperature to 500°C, as shown in Figure 4.50. The average grain sizes and 

lattice strain of nanostructured Cu-7.5vol.%Al2O3 composite powder particles were 

determined using the Williamson-Hall method and broadening of the XRD peaks. 
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Based on this estimation, the Cu grain size of the 12 hours milled powder particles 

with the increase of annealing temperatures from 150 to 500°C was in the range of 

50-90 nm, as shown in Figure 4.30. 

 

 
Figure 4.28: X-ray diffraction patterns of Cu-7.5vol.%Al2O3 composite powder produced by HEMM 

after 12 hours, Route 1, and after annealing at 150,  300, 400 and 500°C, respectively. 

 

For the fine powder produced using Route 2, shown in Figure 4.29, the broadness of 

the Cu peaks remained unchanged after annealing at different temperatures up to 

500°C. Based on Scherrer equation, the estimated grain size of Cu-7.5vol.%Al2O3 

composite powder particles produced using Route 2 slightly increased with the 

increase of annealing temperature from 150 to 500°C, as shown in Figure 4.51. 

However, based on the Williamson-Hall method and broadening of the XRD peaks, 

the average Cu grain size of the 24 hours milled powder particles with the increase of 

annealing temperatures from 150 to 500°C was in the range of 50-110 nm, as shown 

in Figure 4.30. 
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Figure 4.29: X-ray diffraction patterns of Cu-7.5vol.%Al2O3 composite powder produced by HEMM 

after 24 hours, Route 2, and after annealing at 150,  300, 400 and 500°C, respectively. 

 
Figure 4.30: Average grain size and lattice strain data of Cu-7.5vol.%Al2O3 composite powder 

particles produced by HEMM after 12 hours (Route 1) and 24 hours (Route 2), and after annealing at 

150, 300, 400 and 500°C, respectively.  
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sizes and lattice strains for the composite powder particles produced using Route 1 

and Route 2. However, the Cu grain size of composite powder particles produced 

using Route 2 slightly decreased with increasing the annealing temperature from 400 

to 500°C.  

  
 

  
Figure 4.31: Backscattered electron SEM images of Cu-7.5vol.%Al2O3 composite powder particles 

produced by HEMM after 12 hours (Route1) and 24 hours (Route 2), (a) using Route 1 and after 

annealing at 300°C, (b) using Route 1 and after annealing at 500°C, (c) using Route 2 and after 

annealing at 300°C, and (d) using Route 2 and after annealing at 500°C. 
 

Backscattered electron SEM imaging of the composite powder particles produced 

using Route 1 showed a small fraction of large Al2O3 particles (~ 1vol.%) with sizes 

in the range of 100-400 nm (Figure 4.31(a)) after annealing at 300°C, which is almost 

the same as as-milled powder particles of the corresponding material. Increasing the 

annealing temperature to 500°C, the volume fraction of such Al2O3 particles slightly 

increased (Figure 4.31(b)) suggesting that coarsening of the Al2O3 nanoparticles 

occurred. However for the composite powder particles produced using Route 2 and 

after annealing at 300°C, the volume fraction of large Al2O3 particles  
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Figure 4.32: TEM bright field images and SADPs of Cu-7.5vol.%Al2O3 composite powder particles  

produced by HEMM after 12 hours, Route 1, and after annealing at 150, 300 and 500°C, respectively. 
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slightly increased (Figure 4.31(c)) as compared to as-milled nanostructured 

composite powder particles. With further increase in the annealing temperature to 

500°C, the volume fraction of large Al2O3 particles was significantly increased 

(Figure 4.31(d)). 

 

TEM bright field images and SADPs of nanostructured Cu-7.5vol.%Al2O3 composite 

powder particles produced by Route 1 and annealed at different temperatures are 

shown in Figures 4.32((a)-(f)). For the coarse powder produced with Route 1, TEM 

examination showed that grains of the Cu matrix decreased from the range of 50-150 

nm (Figure (3.25(a)) to 50-100 nm (Figure (4.32(a)) after annealing at 150°C, due to 

recrystallisation. Increasing the annealing temperature to 300°C showed an increase 

of the grain sizes of the Cu matrix to 50-200 nm (Figure (4.32(c)) and further 

increasing the annealing temperature to 500°C caused a significant increase of the Cu 

matrix grain sizes in the range of 300-500 nm (Figure (4.32(e)), as the result of grain 

coarsening. Figures 4.32(b), 4.32(d) and 4.32(f) show the indexing of SADPs of 

nanostructured Cu-7.5vol.%Al2O3 composite powder particles produced after 12 

hours (Route 1). Based on the SADPs it can be seen that strong reflections ({111}, 

{200}, {220}, {311}) could be correlated to Cu matrix while weak reflections ({012}, 

{104}, {300}, {116}) are probably in related to fine Al2O3 nanoparticles. Indexing of 

SADPs is recorded from JCPDS files of Cu (04-0836) and Al2O3 (46-1212), as shown 

in Appendix A. Almost continuous rings were observed in the selected area 

diffraction patterns (SADPs) for the composite powder particles produced using 

Route 1 and annealed at 150, 300 and 500°C, suggesting not significant grain growth 

during annealing. 

 

Based on the TEM examination fine powder produced using Route 2 and after 

annealing at 150°C, the Cu grain sizes increased from the range of 50-150 nm (Figure 

(3.25(c)) to the range of 100-200 nm (Figure (4.33(a)). With the increase of annealing 

temperature from 150 to 300 and 500°C, the Cu grain sizes increased to 100-300 nm 

(Figures (4.33(c) and 4.33(e)), suggesting normal coarsening of grains during 

annealing.  
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Figure 4.33: TEM bright field images and SADPs of Cu-7.5vol.%Al2O3 composite powder particles 

produced by HEMM after 24 hours, Route 2, and after annealing at 150,  300 and 500°C respectively. 
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Based on the SADPs (Figures 4.33 (b), 4.33(d) and 4.33(f)) it can be seen that strong 

reflections ({111}, {200}, {220}, {311}) could be correlated to Cu matrix while 

weak reflections ({012}, {104}, {300}) are probably due to fine Al2O3 nanoparticles. 

Almost continuous rings were observed in the SADPs for the composite powder 

particles produced using Route 2 and annealed at 150 and 300°C, suggesting Cu 

grains are thermally stable. The rings produced slight discrete diffraction reflections 

for composite powder particles after annealed at 500°C, suggesting significant grain 

growth during annealing. In comparison with the nanostructured Cu-7.5vol.%Al2O3 

composite powder made using Route 1 and annealed at 500°C, the microstructure of 

the composite powder produced using Route 2 and annealed at 500°C was slightly 

finer, as most of the Cu grains were in the range of nanoscale (<100 nm). 

 

In the STEM images of the nanostructured Cu-7.5vol.%Al2O3 composite coarse 

powder produced using Route 1 and annealed after different temperatures, as shown 

in Figures 4.34(a), 4.34(d) and 4.34(g), the bright particles are Al2O3 nanoparticles as 

confirmed from the X-ray elemental mapping for Al. The Al2O3 nanoparticles are 

homogenously distributed in Cu matrix after annealing, confirmed by X-ray 

elemental mapping for Al, as shown in Figures 4.34(c), 4.34(f) and 4.34(i). Increasing 

the annealing temperature from 150 to 300°C, more homogenous distribution of 

Al2O3 nanoparticles in Cu matrix was examined (Figure 4.34(f)), and predominately 

along the grain boundaries. With further increase of the annealing temperature to 

500°C, the size of Al2O3 nanoparticles increased in the range of 10-40 nm (Figure 

4.34(i)), suggesting the coarsening of grains. 

 

Based on the STEM image and X-ray elemental mapping (Cu and Al) of the 

nanostructured Cu-7.5vol.%Al2O3 composite powder particles produced using Route 

2 and after annealing at 300°C, show a homogenous distribution of the Al2O3 

nanoparticles in Cu matrix. The size of Al2O3 nanoparticles was ~ 10 nm and a large 

cluster of Al2O3 nanoparticles ~ 100 nm was also observed (Figure (4.35(c)), 

suggesting coarsening of few grains. 
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Figure 4.34: STEM images and X-ray elemental (Cu and Al) maps of Cu-7.5vol.%Al2O3 composite 

powder particles produced by HEMM after 12 hours, Route 1, and after annealing at ((a)-(c)) 150°C,  

((d)-(f)) 300°C, and ((g)-(i)) 500°C, respectively. 

 

  
Figure 4.35: STEM image and X-ray elemental (Cu and Al) maps of Cu-7.5vol.%Al2O3 composite 

powder particles produced by HEMM after 24 hours, Route 2, and after annealing at 300°C.  
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extended beyond 650°C and the amount of heat released was 11.1 J/g with peak 

temperature at 548°C. With the increase of the milling time from 12 hours to 24 hours 

(Route 2), the first exothermic peak became smaller with an onset temperature ~ 

235°C and the amount of heat released was 0.49 J/g with peak temperature at 255°C. 

The second exothermic peak was almost finished, while the onset temperature of the 

third exothermic peak shifted slightly to a smaller angle ~ 460°C. The amount of heat 

released for the third exothermic peak was 10.25 J/g with peak temperature at 537°C. 

 

 
 

Figure 4.36: DSC traces obtained during heating of the Cu-7.5vol.%Al2O3 composite powder particles 

produced by HEMM after 12 hours (Route 1) and 24 hours (Route 2). 
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7.5vol.%Al2O3 composite powder produced using Route 1 and Route 2 and heated to 

650°C showed the Cu peaks and small Cu2O peaks, as shown in Figure 4.37. Based 

on the broadening of the Cu peaks and Williamson-Hall Method, the Cu grain size of 

the 12 hour and 24 hour composite powders, heated to 650°C, was ~ 55 nm and 65 

nm. 
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Figure 4.37: XRD patterns of Cu-7.5vol.%Al2O3 composite powder produced after 12 hours (Route 1) 

and 24 hours (Route 2) and after the first heating-cooling cycle (heated to 650°C). 

4.2.5 Cu-10vol.%Al2O3 Composite 

Figures 4.38 and 4.39 show the XRD patterns of nanostructured Cu-10vol.%Al2O3 

composite powders produced after 12 hours (Route 1) and 24 hours (Route 2) and 

after annealing at different temperatures, respectively. The XRD patterns only 

showed Cu peaks, due to the small fraction and extremely small size of Al2O3 

nanoparticles. The broadness of the Cu peaks of the XRD patterns remained almost 

unchanged with increasing the annealing temperature of the composite powder 

produced using Route 1. Based on Scherrer equation, the estimated grain size of Cu-

10vol.%Al2O3 composite powder particles produced using Route 1 remained almost 

unchanged with the increase of annealing temperature from 150 to 400°C and then 

slightly decreased with further increasing the annealing temperature to 500°C, as 

shown in Figure 4.50.  The average grain sizes and lattice strain of nanostructured 

Cu-10vol.% Al2O3 composite powder particles were determined using the 

Williamson-Hall method and broadening of the XRD peaks. Based on this estimation, 

the Cu grain size of the 12 hours milled powder with the increase of annealing 

temperatures from 150 to 500°C was in the range of 80-125 nm, as shown in Figure 

4.40.  
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Annealing of the 24-hour milled nanostructured Cu-10vol.%Al2O3 composite powder 

at temperatures in the range of 150-500°C caused little change in the degree of 

broadening of the Cu peaks of the XRD patterns, as shown in Figure 4.39. The 

Cu{111} peak shifted 0.87° to a larger angle after annealing at 500°C, which caused 

the Cu lattice parameter to decrease by 0.0068 nm, perhaps by diffusion of Al
3+

 and 

O
2-

 into the Cu lattice or some of the Al2O3 was dissolved in the solution during the 

milling and then precipitated out after annealing at 500°C. Based on Scherrer 

equation, the estimated grain size of Cu-10vol.%Al2O3 composite powder particles 

produced using Route 2 increased with the increase of annealing temperature from 

150 to 400°C and then increased significantly with further increase of the annealing 

temperature to 500°C, as shown in Figure 4.51. However, based on the Williamson-

Hall method and broadening of the XRD peaks, the average Cu grain size of the 24 

hours milled powder particles with the increase of annealing temperatures from 150 

to 500°C was in the range of 50-200 nm, as shown in Figure 4.40. 

 

 
Figure 4.38: X-ray diffraction patterns of Cu-10vol.%Al2O3 composite powder produced by HEMM 

after 12 hours, Route 1, and after annealing at 150, 300, 400 and 500°C, respectively. 
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Figure 4.39: X-ray diffraction patterns of Cu-10vol.%Al2O3 composite powder produced by HEMM 

after 24 hours, Route 2, and after annealing at 150, 300, 400 and 500°C, respectively. 

 

 

 
Figure 4.40: Average grain size and lattice strain data of Cu-10vol.%Al2O3 composite powder particles 

produced by HEMM after 12 hours (Route 1) and 24 hours (Route 2) and after annealing at 150, 300, 

400 and 500°C, respectively. 
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The average grain size and lattice strain data of the nanostructured Cu-10vol.%Al2O3 

composite powder particles produced using Route 1 and Route 2 and after annealing 

at different temperatures were estimated using the broadening of the XRD peaks and 

Williamson-Hall method, as shown in Figure 4.40. Grain sizes and lattice strain 

calculations of the composite powder particles produced using Route 1 and Route 2 

showed almost a similar trend after increasing annealing temperatures to 300°C. The 

average Cu grain size increased for the composite powder produced using Route 2 

compared to the composite powder produced using Route 1, when increasing the 

annealing temperature from 300 to 500°C. However, the lattice strain also increased 

for the composite powder produced using Route 2, when increasing the annealing 

temperature from 400 to 500°C. 

 

Backscattered electron SEM imaging of the cross section of the powder particles was 

carried out to determine the volume fraction and distribution of Al2O3 particles after 

annealing at different temperatures. For the powder produced using Route 1 and after 

annealing at 300°C, the volume fraction of Al2O3 particles with sizes in the range of 

100-600 nm (Figure 4.41(a)) increased, compared to as-milled powder particles, 

suggesting significant coarsening of the Al2O3 nanoparticles occurred. With further 

increase of the annealing temperature to 500°C, the volume fraction of large Al2O3 

particles increased significantly (Figure 4.41(b)). The large sized Al2O3 particles in 

the 500°C annealed powder particles were homogenously distributed in the Cu matrix, 

with their size reaching ~ 700 nm. The fraction of the Al2O3 particles clearly 

increased for the powder particles produced using Route 2 annealed at 300°C for 1 

hour (Figure 4.41(c)). With increasing the annealing temperature to 500°C, a 

substantially higher amount of larger sized Al2O3 particles in the range of 100-500 

nm, appeared in the microstructure, suggesting coarsening of the Al2O3 nanoparticles 

occurred during annealing. These large sized Al2O3 particles were homogenously 

distributed, as shown in Figure 4.41(d). SEM examination of the cross sections of the 

annealed nanostructured composite powder particles with a volume fraction of 7.5% 

or 10% Al2O3, using the backscattered electron imaging mode showed that with 

increasing the annealing temperature to 500°C, the volume fraction of the Al2O3 

particles larger than 100 nm increased significantly, suggesting coarsening of the 

Al2O3 nanoparticles occurred. 
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Figure 4.41: Backscattered electron SEM images of Cu-10vol.%Al2O3 composite powder particles 

produced by HEMM after 12 hours (Route1) and 24 hours (Route 2), (a) using Route 1 and after 

annealing at 300°C, (b) using Route 1 and after annealing at 500°C, (c) using Route 2 and after 

annealing at 300°C, and (d) using Route 2 and after annealing at 500°C. 

 

Figures 4.42((a)-(f)) show the TEM bright field images and SADPs of nanostructured 

Cu-10vol.%Al2O3 composite powder particles after annealing at different 

temperatures. For the coarse powder produced using Route 1, TEM examination 

showed that grains of the Cu matrix decreased from the range of 50-150 nm (Figure 

3.31(a)) to 50-100 nm (Figure 4.42(a)) due to recrystallisation after annealing at 

150°C. Increasing the annealing temperature from 150 to 500°C the grain sizes of the 

Cu matrix increased within the range of 50-250 nm (Figures 4.42(c) and 4.42(e)), 

suggesting the coarsening of the Cu grains. Indexing of SADPs of nanostructured Cu-

10vol.%Al2O3 composite powder particles produced after 12 hours (Route 1) showed 

that strong reflections ({111}, {200}, {220}, {311}) could be correlated to Cu matrix 

while weak reflections ({012}, {104}, {300}, {116}) are probably related to fine 

Al2O3 nanoparticles. Indexing of SADPs is recorded from JCPDS files of Cu (04-

0836) and Al2O3 (46-1212), as shown in Appendix A. Almost continuous rings were 

observed in the selected area diffraction patterns (SADPs) for the composite powder 

particles produced using Route 1 and annealed at 150 and 300°C. 
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Figure 4.42: TEM bright field images and SADPs of Cu-10vol.%Al2O3 composite powder particles 

produced by HEMM after 12 hours, Route 1, and after annealing at 150, 300 and 500°C, respectively. 
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Figure 4.43: TEM bright field images and SADPs of Cu-10vol.%Al2O3 composite powder particles 

produced by HEMM after 24 hours, Route 2, and after annealing at 150, 300 and 500°C, respectively. 
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The diffraction rings were less complete and slight discrete diffraction reflections 

were observed for Cu powder particles after annealing at 500°C. This is presumably 

in relation to the grain growth during annealing. 

 

On the other hand, for the fine powder produced with Route 2, the grain sizes of the 

as-milled powder particles increased very little to the range of 50-150 nm (Figure 

4.43(a)) after annealing at 150°C. With further increase of the annealing temperature 

to 300°C, a slight increase of the Cu grains to the range of 100-200 nm was observed 

(Figure 4.43(c)). Further increasing the annealing temperature to 500°C caused more 

significant coarsening of the Cu grains, with the sizes of the Cu grains increasing to 

100-350 nm (Figure 4.43(e)). Figures 4.43((b), 4.43(d) and 4.43(f)) show the 

indexing of SADPs of nanostructured Cu-10vol.%Al2O3 composite powder particles 

produced after 24 hours (Route 2). Based on the SADPs it can be seen that strong 

reflections ({111}, {200}, {220}, {311}) could be correlated to Cu matrix while 

weak reflections ({012}, {104}, {300}, {116}) are probably in related to fine Al2O3 

nanoparticles. In comparison with the nanostructured Cu-10vol.%Al2O3 composite 

powder made using Route 2 and annealed at 500°C, the microstructure of the 

corresponding composite powder produced using Route 1 and annealed at 500°C was 

much finer, and most of the grains were in the range of nanoscale (<100 nm). 

 

Figure 4.44 shows the STEM images and X-ray elemental mapping (Cu and Al) of 

the nanostructured Cu-10vol.%Al2O3 composite powder produced using Route 1 and 

annealed after different temperatures. The bright particles are Al2O3 nanoparticles as 

confirmed from the X-ray elemental mapping for Al. The Al2O3 nanoparticles are 

homogenously distributed in Cu matrix after annealing at 150°C, confirmed by X-ray 

elemental mapping for Al, as shown in Figure 4.44(c). Increasing the annealing 

temperature from 150 to 300°C, gave a more homogenous distribution of Al2O3 

nanoparticles in Cu matrix (Figure 4.44(f)). Further increasing the annealing 

temperatures to 400 and 500°C, the size of Al2O3 nanoparticles increased in range of 

10-50 nm, as shown in Figures 4.44(i) and 4.44(l), suggesting the coarsening of 

grains.  
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Figure 4.44: STEM images and X-ray elemental (Cu and Al) maps of Cu-10vol.%Al2O3 composite 

powder particles produced by HEMM after 12 hours, Route 1, and after annealing at ((a)-(c)) 150°C,  

((d)-(f)) 300°C, ((g)-(i)) 400°C, and ((j)-(l)) 500°C, respectively. 

 

X-ray elemental mapping (Al) of the nanostructured Cu-10vol.%Al2O3 composite 

powder particles produced using Route 2 and after annealing at 150°C, confirmed a 

homogenous distribution of the Al2O3 nanoparticles in the Cu matrix (Figure 4.45(c)). 

Increasing the annealing temperature from 150 to 500°C, the size of Al2O3 

nanoparticles increased significantly, as confirmed by the X-ray elemental mapping 

for Al (Figure 4.45(f)). The large Al2O3 particles were in the range of 100-200 nm, 

suggesting significant coarsening of grains. 
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Figure 4.45: STEM images and X-ray elemental (Cu and Al) maps of Cu-10vol.%Al2O3 composite 

powder particles produced by HEMM after 24 hours, Route 2, and after annealing at ((a)-(c)) 150°C,  

and ((d)-(f)) 500°C, respectively. 
 

Figure 4.46 shows the DSC traces obtained by heating the as-milled nanostructured 

Cu-10vol.% Al2O3 composite powder particles produced using 12 hours (Route 1) 

and 24 hours (Route 2) from 40 to 650°C. Each of the DSC traces showed exothermic 

peaks which were caused by precipitation of Al2O3 nanoparticles. The onset 

temperatures of the first and second exothermic peaks produced after 12 hours (Route 

1) were ~ 220°C and ~ 370°C, respectively. The amount of heat released for the first 

and second exothermic peaks was 1.17 J/g and 0.86 J/g with peak temperatures at 

266°C and 404°C, respectively. The onset temperature of the third small exothermic 

peak was ~ 450°C and the amount of heat released was 0.42 J/g with peak 

temperature at 476°C. However the onset temperature of the fourth incomplete 

exothermic peak was ~ 530°C, and the remaining part of the fourth exothermic peak 

is extended beyond 650°C. With the increase of the milling time from 12 hours to 24 

hours (Route 2), the onset temperature of the first exothermic peak was ~ 220°C and 

the amount of heat released was 0.65 J/g with peak temperature at 242°C, while the 

second exothermic peak disappeared. The third exothermic peak became clearer and 

broad with an onset temperature of ~ 445°C and the amount of heat released was 2.03 

J/g with peak temperature at 476°C. However the onset temperature of the fourth 

incomplete exothermic peak was ~ 535°C and remaining half part of the fourth 

exothermic peak is extended beyond 650°C. 
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Figure 4.46: DSC traces obtained during heating of the Cu-10vol.%Al2O3 composite powder particles 

produced by HEMM after 12 hours (Route 1) and 24 hours (Route 2). 

 
Figure 4.47: XRD patterns of Cu-10vol.%Al2O3 composite powder produced after 12 hours (Route 1) 

and 24 hours (Route 2) and after the first heating-cooling cycle (heated to 650°C). 

 

After one heating-cooling cycle, the XRD patterns of the nanostructured Cu-

10vol.%Al2O3 composite powder produced using Route 1 and Route 2 and heated to 

650°C showed Cu peaks and a Cu2O peak, as shown in Figure 4.47. Based on the 

broadening of the Cu peaks and Williamson-Hall Method, the Cu grain size of the 12 

hour and 24 hour composite powder, heated to 650°C, was ~ 150 nm and 450 nm.  
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4.3 Microhardness 

4.3.1 Cu and Cu-Al2O3 Composites Produced using Route 1 

Figure 4.48 shows the change of the average microhardness of the Cu and Cu-(2.5-

10)vol.%Al2O3 composite balls/granules/powder particles  produced by HEMM using 

Route 1 as a function of annealing temperature. The average microhardness of the 

UFG Cu balls produced using Route 1 remained almost unchanged after annealing at 

150°C and 300°C. With increasing the annealing temperature from 300 to 400°C, the 

average microhardness decreased slightly perhaps due to reduction in dislocation 

density. However, for some reason the average microhardness increased with 

increasing the annealing temperature from 400 to 500°C, as shown in Figure 4.48. 

For Cu-2.5vol.%Al2O3 composite, after annealing at 150°C the average 

microhardness first decreased slightly, and then remained almost unchanged at 175 

HV with increasing the annealing temperature from 150 to  500°C. After heat 

treatment at 150°C, the average microhardness of Cu-5vol.%Al2O3 granules 

decreased slightly and then remained almost unchanged with increasing the annealing 

temperature to 400°C. After this point the microhardness decreased with increasing 

the annealing temperature from 400 to 500°C.  

 

For Cu-7.5vol.%Al2O3 composite, the average microhardness of the as-milled powder 

particles remained almost unchanged at around 255 HV after increasing the annealing 

temperatures from 150 to 400°C. While a sharp decrease in the average 

microhardness of the powder particles was observed with increasing the annealing 

temperature from 400 to 500°C. For Cu-10vol.%Al2O3 composite, after heat 

treatment at 150°C the average microhardness of powder particles clearly decreased, 

and then the average microhardness remained almost unchanged with increasing the 

annealing temperatures to 400°C. A sharp decrease in average microhardness from 

232 HV to 180 HV was observed with increasing the annealing temperature from 400 

to 500°C. For some reason, after annealing at temperatures in the range of 150 to 

400°C, the microhardness of the Cu-10vol.%Al2O3 composite is lower than that of 

Cu-7.5vol.%Al2O3 composite.  
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Figure 4.48: Average microhardness of Cu balls and Cu-(2.5-10)vol.% Al2O3 composite balls/granules/ 

powder particles produced by HEMM after 12 hours, Route 1, as a function of  annealing temperature. 

 
Figure 4.49: Average microhardness of Cu powder particles and Cu-(2.5-10)vol.%Al2O3 composite 

powder particles produced by HEMM after 24 hours, Route 2, as a function of  annealing temperature. 
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produced by HEMM using Route 2 as a function of annealing temperature. The 

average microhardness of the UFG Cu powder particles produced using Route 2 

increased after annealing at 150°C, and then decreased little with increasing the 

annealing temperature to 300°C. After this the average microhardness decreased 

more sharply with increasing the annealing temperature to 500°C, as shown in Figure 

4.49. For Cu-2.5vol.%Al2O3 composite, the average microhardness remained 

unchanged after annealing at 150°C and 300°C, but decreased sharply with further 

increasing the annealing temperature to 400°C and then again remained unchanged 

with increasing the annealing temperature from 400°C and 500°C. For Cu-

5vol.%Al2O3 composite, the average microhardness decreased slightly and almost 

linearly from 260 HV to 250 HV with increasing the annealing temperature up to 

300°C, then remained unchanged with increasing the annealing temperature from 300 

to 400°C, but decreased sharply with increasing the annealing temperature from 400 

to 500°C.  

 

For Cu-7.5vol.%Al2O3 composite, the average microhardness remained unchanged 

after annealing at 150°C, and then slightly decreased from 265 HV to 250 HV with 

increasing the annealing temperature to 300°C. After this point, the average 

microhardness of the composite powder particles slightly increased to 255 HV with 

increasing the annealing temperature from 300 to 400°C and then decreased sharply 

with increasing the annealing temperature from 400 to 500°C. For Cu-10vol.%Al2O3 

composite, the average microhardness increased slightly and almost linearly from 265 

HV to 270 HV with increasing annealing temperature up to 300°C. After this point, 

the average microhardness decreased sharply and almost linearly from 270 HV to 195 

HV with increasing the annealing temperature from 300 to 500°C.  

 

4.4 Discussion 
 

4.4.1 Microstructural Reasons of the Hardness 

In the present study, Cu-2.5vol.%Al2O3 composite balls produced using Route 1 and 

after annealing at 150°C causes recrystallisation of the Cu matrix, resulting in 

formation of finer grains. The average microhardness of the annealed samples 

decreased, which is very similar that was observed before 
[6]

, even after the 
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refinement of grains, suggesting that in the as-milled condition, a substantial fraction 

of the high hardness is due to high dislocation density in the heavily cold worked 

material. Cu-10vol.%Al2O3 composite powder showed that the grain sizes of the Cu 

matrix are almost thermally stable at temperature up to 500°C (0.46 Tm), while the 

average microhardness decreased sharply after increasing the annealing temperature 

from 400 to 500°C, due to reduction of dislocation density.    

 

For the nanostructured Cu-5vol.%Al2O3 composite powder produced using Route 2, 

annealing at 150°C  has little effect on the grain sizes, since the nanometer scaled Cu 

grains are already the result of recrystallisation that occur during prolonged milling, 

while the slight decrease in average microhardness is likely to be due to decrease of 

dislocation density during annealing. Increasing the annealing temperature to 500°C 

for the Cu-(7.5 and 10)vol.%Al2O3 composite powders causes significant decrease in 

microhardness, partly due to coarsening of Cu grains and partly due to coarsening of 

Al2O3 nanoparticles. It appears that the coarsening of the grains and the associated 

microhardness decrease are not significant after annealing at temperatures up to 

400°C. This suggests that the nanostructured Cu-Al2O3 composite powders can be 

consolidated at temperature around 400°C without totally losing the nanostructure. 

 

4.4.2 Effect of Al2O3 Fraction on Thermal Stability 

By comparing the change of Cu grain sizes with increasing annealing temperature for 

nanostructured Cu-Al2O3 composites, it can be seen that with increasing the volume 

fraction of Al2O3 particles from 2.5% to 10%, the coarsening of Cu grains with 

annealing at elevated temperature becomes clearly less severe. This can at least partly 

be attributed to the enhancement of the grain boundary pinning effect of the Al2O3 

nanoparticles when their volume fraction is higher. Figures 4.50 and 4.51 show the 

estimated grain size of UFG and nanostructured Cu and Cu-(2.5-10)vol.%Al2O3 

composite balls/granules/powder particles produced by HEMM using Route 1 and 

Route 2 and with the increase of annealing temperature from 150 to 500°C. Based on 

Scherrer equation, a more reliable understanding of the grain size with the increase of 

annealing temperature was observed, given in Figures 4.50 and 4.51. 
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Figure 4.50: The estimated grain size of Cu balls and Cu-(2.5-10)vol.%Al2O3 composite balls/granules/ 

powders produced by HEMM after 12 hours, Route 1, and after annealing at 150, 300, 400 and 500°C, 

respectively. 

 
Figure 4.51: The estimated grain size of Cu powder particles and Cu-(2.5-10)vol.%Al2O3 composite 

powders produced by HEMM after 24 hours, Route 2, and after annealing at 150, 300, 400 and 500°C, 

respectively. 

 

Based on TEM examination, the range of the grain sizes of UFG and nanostructured 

Cu and Cu-(2.5-10)vol.%Al2O3 composite balls/granules/powder particles produced 

by HEMM using Route 1 and Route 2, are shown in Table 4.1 and Table 4.2, 
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respectively. The degree of microstructure coarsening with the increase of annealing 

temperature for the Cu-Al2O3 composites produced using Route 2 was clearly smaller 

than that of Cu-Al2O3 composites produced using Route 1 annealed under the same 

condition. It is reported that decrease in average microhardness is less significant with 

the increase of annealing temperature from 400 to 500°C for the Cu-2.5vol.%Al2O3 

composite and Cu-5vol.%Al2O3 composite powder particles produced using Route 2 

as compared to the composites with a volume fractions of 7.5% and 10%. It is also 

reported that Cu-7.5vol.%Al2O3 composite and Cu-10vol.%Al2O3 composite powder 

particles produced using Route 2 were less thermally stable because of coarsening of 

the Cu grains and sharp decrease in average microhardness, due to reduction in 

dislocation density.  

 

Table 4.1: Range of the grain size of the Cu-(2.5-10)vol.%Al2O3 composite balls/granules/powder 

particles produced by HEMM after 12 hours, Route 1. 

 

Material 

Grain Size (nm) 

As-milled 150ºC 300ºC 500ºC 

Cu-2.5vol.%Al2O3 100-500 100-300 100-400 100-400 

Cu-5vol.%Al2O3 100-300 50-200 100-500 100-800 

Cu-7.5vol.%Al2O3 50-150 50-100 50-200 300-500 

Cu-10vol.%Al2O3 50-150 50-100 50-250 50-250 

 

Table 4.2: Range of the grain size of the Cu and Cu-(2.5-10)vol.%Al2O3 composite powder particles 

produced by HEMM after 24 hours, Route 2. 

 

Material 

Grain Size (nm) 

As-milled 150ºC 300ºC 500ºC 

Cu 100-300 50-200 50-200 50-250 

Cu-2.5vol.%Al2O3 50-150 50-120 50-150 50-300 

Cu-5vol.%Al2O3 50-150 50-200 50-300 100-400 

Cu-7.5vol.%Al2O3 50-150 100-200 100-300 100-300 

Cu-10vol.%Al2O3 50-120 50-150 100-200 100-350 

 

4.4.3 Effect of Initial Microstructure 

Cu grain sizes first decreased due to recrystallisation after heat treatment at 150°C, 

then slight coarsening was observed at 300°C and lastly significant coarsening with 
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increasing the annealing temperature to 500°C. On the other hand, coarsening of 

Al2O3 nanoparticles occurs during the annealing at temperature in the range of 300-

500°C, and the rate of coarsening became quite dramatic at 500°C.  Increasing the 

volume fraction of Al2O3 nanoparticles, the microstructure of the Cu matrix became 

more refined, and the coarsening of Cu grains in the composite powder particles after 

annealing at 500°C became less severe. It is reported that Cu-2.5vol.%Al2O3 and Cu-

5vol.%Al2O3 composites produced using Route 2 were more thermally stable up to 

300°C, as Cu grain coarsening and decrease in average microhardness was less severe. 

On the other hand, Cu-7.5vol.%Al2O3 and Cu-10vol.%Al2O3 composites produced 

using Route 1 were more thermally stable up to 300°C and 500°C, respectively, as 

slight growth of Cu grains and decrease in average microhardness was not significant 

for the corresponding material. 

 

4.5 Summary 

In this study, the thermal stability and microhardness change of the Cu-(2.5-10)vol.% 

Al2O3 composite balls/granules/powder particles produced by HEMM and caused by 

annealing at temperatures in the range of 150-500°C is reported. It was found that 

after heat treatment at 150°C, the Cu grain sizes decreased due to recrystallisation, 

and slight coarsening of the Cu grains was observed with increasing the annealing 

temperature to 300°C. Further increasing the annealing temperature to 500°C caused 

significant coarsening of the Cu grains and the Al2O3 nanoparticles and significant 

decrease in microhardness due to reduction in dislocation density. The coarsening of 

the Cu grains and the associated microhardness decrease were not significant after 

annealing at temperatures up to 400°C, suggesting that the composite powder can be 

consolidated at temperatures around 400°C without totally losing the nanostructure. 

Cu-Al2O3 composite powder particles produced using Route 2 showed that with the 

increase of the volume fraction of Al2O3 nanoparticles and refinement in the 

microstructure of the Cu matrix both increased the thermal stability of the composite 

structure.  
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Chapter Five 
 

Microstructural Evolution and Thermal Stability of 
Cu-(1-4)at.%Pb Alloy Powders Produced by HEMM 
__________________________________________________________________ 

5.1 Introduction 

In this chapter, the results of the microstructural evolution during HEMM and 

heat treatment of nanostructured Cu-Pb alloy powders are described. The change 

in microhardness of the Cu-Pb powder particles of different compositions and 

milled for different milling times caused by annealing at different temperatures 

was also examined.  

5.2 Microstructural Evolution during HEMM  

HEMM was performed for 12 hours (Route 1) to prepare powders with three 

nominal compositions : Cu-1at.%Pb, Cu-2at.%Pb and Cu-4at.%Pb. The mixture 

of Cu and Pb powders failed to be consolidated in-situ during HEMM and the 

powder mixtures were converted into fine Cu-Pb alloy powders after 6 hours and 

12 hours of milling (Route 1). Figures 5.1(a) and 5.1(b) show the XRD patterns of 

Cu-(1-4)at.%Pb alloy powders produced after 6 hours and 12 hours of milling, 

Route 1. After 6 hours of milling, XRD patterns (Figure 5.1(a)) showed Cu peaks 

and Pb{111} peak. With the increase of the Pb content from 1at.% to 4at.%, the 

Pb{111} peak became more prominent with increasing the milling time from 6 

hours to 12 hours, the XRD patterns of the Cu-Pb alloy powders (Figure 5.1(b)) 

showed only Cu peaks and the Pb peak disappeared, which indicated a large 

fraction of Pb was dissolved in the Cu matrix. It was also noted that with 

increasing the milling time from 6 to 12 hours, the Cu peaks became notably 

broader, suggesting the decrease of Cu grain size.  
 

The average grain sizes and lattice strains of the Cu powder with 0.6wt%PCA and 

Cu-(1-4)at.%Pb alloy powder particles were estimated using the Williamson-Hall 

method [1] and broadening of the XRD peaks of the Cu phase, as shown in Figures 

5.2 and 5.3. Based on this estimation, the grain size of the Cu matrix of the Cu-(1-

4)at.%Pb alloy powder particles produced after 6 hours and 12 hours of milling 

was in the range of 30-160 nm, as shown in Figure 5.2. For the 6 hours milled 

powders, the grain size decreased with increasing the Pb content to 2at.% and 
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increased with increasing the Pb content to 4at.% as compared with 6 hour milled 

powders. For the 12 hours milled powders, the grain size decreased significantly 

for all Cu-Pb compositions, as shown in Figure 5.2. The grain sizes of the 12 hour 

milled powder decreased with increasing Pb content. The lattice strain for the 6 

hours milled powders remained unchanged with increasing the Pb content to 

2at.% and then increased significantly with increasing the Pb content to 4at.%. For 

the 12 hours milled powders, the lattice strain showed a decreasing trend, as 

shown in Figure 5.3. 
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Figure 5.1: X-ray diffraction patterns of Cu-(1-4)at.%Pb alloy powders produced by HEMM using, 
Route 1, (a) after 6 hours milling, and (b) after 12 hours milling. 
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Figure 5.2: The average grain size of as-milled Cu powder with 0.6wt%PCA and Cu-(1-4)at.%Pb 
alloy powders produced by HEMM after 6 hours and 12 hours using Route 1.  

Cu- Pb Alloys 

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

Milling hours (hours)

St
ra

in
 (%

)

6 hours 12 hours

Cu with PCA

Cu-1at.%Pb

Cu-2at.%Pb

Cu-4at.%Pb

 
Figure 5.3: The lattice strain of as-milled Cu powder with 0.6wt%PCA and Cu-(1-4)at.%Pb alloy 
powders produced by HEMM after 6 hours and 12 hours using Route 1.  
 
 

TEM examination of the Cu-1at.%Pb alloy powder particles confirmed that 

cellular substructures were formed in the powder particles due to plastic 

deformation after 6 hours of milling (Figure 5.4(a)). After 12 hours of milling, 

nanograins formed through recrystallisation with grain size in the range of 100-

150 nm (Figure 5.4(c)). TEM examination confirmed the reduction of the grain 

size with the increase of the milling from 6 to 12 hours, with the formation of 

nanograins from UFG cellular substructures. The refinement of the microstructure 

with increasing milling time is also shown by the selected area diffraction patterns 

(SADPs) in Figures 5.4(b) and 5.4(d). 
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{220}Cu 

{111}Cu 
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Figure 5.4: TEM Bright field images and SADPs of Cu-1at.%Pb alloy powder particles produced 
by HEMM using Route 1, ((a) and (b)) after 6 hours, and ((c) and (d)) after 12 hours milling. 
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Almost continuous rings for Cu powder particles were observed in the SADP for 

the alloy powder after 12 hours, while discrete diffraction reflections for Cu 

powder particles produced after 6 hours were observed. Based on the SADPs it 

can be seen that strong reflections ({111}, {200}, {220}, {311}) could be 

correlated to Cu matrix while weak reflections ({111}, {200}) are probably in 

related to Pb particles. Indexing of SADPs is recorded from JCPDS files of Cu 

(04-0836) and Pb (04-0686), as shown in Appendix A. 

TEM examination of the 12 hours milled powder particles showed that with 

increasing Pb content from 1 to 2at.%, the grain sizes of the Cu matrix decreased 

slightly to the range of 50-150 nm (Figure 5.5(a)). The majority of the Cu grains 

of the as-milled Cu-2at.%Pb powder particles produced after 12 hours had sizes ~ 

 124



Chapter Five – Microstructural Evolution and Thermal Stability 
 of Cu-(1-4at.%)Pb Alloy Powders Produced by HEMM 

100nm. On the other hand, the Cu grains of the as-milled Cu-4at.%Pb powder 

particles produced after 12 hours had sizes in the range of 150-250 nm (Figure 

5.5(c)). The average grain size, which was calculated using the XRD peaks and 

Williamson-Hall method for the Cu-(1-4)at.%Pb alloy powders is smaller than the 

actual average Cu grain size examined by TEM, and this discrepancy is likely due 

to overestimate of the broadness of XRD peaks which is directly attributed to the 

size of the grains. Based on the TEM examination, the Cu grain sizes remained 

almost unchanged with the increase of the Pb content from 1at.% to 2at.% for the 

12 hours of milled Cu-Pb alloy powders and almost continuous rings of the Cu 

powder were observed in the SADP, as shown in Figure 5.5(b). However these 

rings were replaced by discrete diffraction reflections for Cu-4at.%Pb powder 

particles, presumably in relation to the grain growth with the increase of Pb 

content, as shown in Figure 5.5(d). 
 

Energy dispersive X-ray spectrum analysis of 12 hours milled Cu-1at.%Pb and 

Cu-2at.%Pb alloy powder particles, respectively, showed that the Pb particles 

were incorporated into each of the powder particles, as shown in Figures 5.6(a) 

and 5.6(b), forming a nanostructured Cu-Pb alloy. The peak which is not labeled 

in the energy dispersive X-ray spectrum analysis (Figures 5.6(a) and 5.6(b)) is for 

Platinum. SEM examination showed that the Pb particles were incorporated into 

each of the as-milled powder particles, forming a nanostructured Cu-Pb alloy 

structure, as confirmed by energy dispersive X-ray elemental (Cu and Pb) 

mapping of the as-milled Cu-2at.%Pb powder particles produced after 6 hours and 

12 hours. Figures 5.7(a) and 5.7(d) show the SEM micrographs of the as-milled 

Cu-2at.%Pb alloy powder particles produced after 6 hours and 12 hours (Route 1) 

of milling, respectively, while Figures 5.7((b) and (c)) and 5.7((e) and (f)) show 

their corresponding energy dispersive X-ray elemental mapping (Cu and Al). Cu-

2at.%Pb alloy powder particles produced after 12 hours (Figure 5.7(f)) showed 

more homogenous distribution of Pb in Cu-rich powder particle as compared to 6 

hours (Figure 5.7(c)) of milling. On the other hand, figures 5.8(a) and 5.8(d) show 

the SEM micrographs of the as-milled Cu-4at.%Pb alloy powder particles 

produced after 6 hours and 12 hours (Route 1) of milling, respectively, while 

Figures 5.8((b) and (c)) and 5.8((e) and (f)) show their corresponding energy 

dispersive X-ray elemental mapping (Cu and Al). The energy dispersive X-ray 

elemental (Cu and Pb) mapping  of the as-milled Cu-4at.%Pb powder particles 

produced after 6 hours and 12 hours of milling, shown at a higher magnification 
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in Figures 5.8(c) and 5.8(f), respectively, showed a homogenous distribution of Pb 

in each of the Cu-rich powder particles. 

  

(a) 
{111}Cu 

{200}Cu {311}Cu {220}Cu 

(b) 

 

  
Figure 5.5: TEM Bright field images and SADPs of Cu-Pb alloy powders produced by HEMM 
after 12 hours using Route 1, ((a) and (b)) Cu-2at.%Pb alloy and ((c) and (d)) Cu-4at.%Pb alloy. 
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Cu (a) Cu (b) 
Cu Cu 

Cu Cu Pb Pb Pb Pb 

Figure 5.6: EDX spectrum, Intensity vs Energy (keV), of Cu-Pb alloy powder particles produced 
by HEMM after 12 hours, Route 1, (a) Cu-1at.%Pb alloy, and (b) Cu-2at.%Pb alloy. 
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Figure 5.7: SEM micrographs and corresponding Energy Dispersive X-ray elemental (Cu and Pb) 
maps of the cross section of Cu-2at.%Pb alloy powder particles produced by HEMM using Route 
1, (a) after 6 hours milling, and (b) after 12 hours milling. 
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Figure 5.8: SEM micrographs and corresponding Energy Dispersive X-ray elemental maps (Cu 
and Pb) of the cross section of Cu-4at.%Pb alloy powder particles produced by HEMM using 
Route 1, (a) after 6 hours milling, and (b) after 12 hours milling. 

(d) (e) (f) 

 
Based on the STEM images and X-ray elemental mapping (Cu and Pb) of the 

nanostructured Cu-2at.%Pb alloy powder particles produced using Route 1, a 

more homogenous distribution and dispersion of Pb particles in Cu matrix was 

observed in 12 hours milled alloy powder particles, as compared to 6 hours milled 

alloy powder particles. Elongated subgrains (Figure (5.9(c)) of the Pb particles in 
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the Cu matrix were converted to a homogenous distribution (Figure (5.9(f)) of Pb 

particles, as confirmed by x-ray elemental mapping of Pb. The size of the Cu-

2at.%Pb alloy powder particles produced after 12 hours reached within the range 

of 50-150 nm. 

 

 
 

(a) (b) Cu (c) Pb 

 
 

Figure 5.9: STEM images and X-ray elemental (Cu and Pb) maps of Cu-2at.%Pb alloy powder 
particles produced by HEMM with different milling times using Route 1, ((a)-(c)) after 6 hours, 
and ((d)-(f)) after 12 hours. 

(f) Cu Pb 
200nm 200nm 

200nm 200nm 

(d) (e) 

5.3 Microhardness  

Figure 5.10 shows the average microhardness of Cu powder with 0.6wt%PCA and 

Cu-(1-4)at.%Pb alloy powder particles produced by HEMM after 6 hours and 12 

hours, respectively. Using Route 1, and increasing the content of the Pb particles 

from zero to 1at.%, a significant increase in average microhardness was observed 

after 6 hours and 12 hours of milling, as shown in Figure 5.10. The average 

microhardness of Cu-2at.%Pb powder particles produced after 6 hours of milling 

decreased to about the average microhardness of the pure Cu starting powder (100 

HV). However, a dramatic increase of average microhardness was observed with 

the increase of milling time from 6 hours to 12 hours. Cu-Pb alloy powder 

particles with the Pb content of 1at.% or 4at.% showed higher average 

microhardness for the initial 6 hours of milling, suggesting a homogenous 

distribution of Pb powder particles. With the same milling time the microhardness 

of Cu-2at.%Pb alloy powder was significantly lower and with a further increase of 

Pb content from 2at.% to 4at.%, the average microhardness decreased 

significantly for the powder particles produced after 12 hours of milling, as shown 

in Figure 5.10.  
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The following are the possible reasons for the changes of microhardness of the 

Cu-Pb alloy powders with milling time and Pb content : 
 

● With increasing milling time from 6 to 12 hours, more Pb is alloyed with Cu to 

form Cu-Pb solid solutions. This leads to a higher degree of solution 

strengthening and in the meantime a smaller fraction of soft Pb particles.  

● For a given milling time, a higher content of Pb in the starting can have two 

opposite effects : (i) More Pb goes into solid solution if all Pb can be alloyed into 

the solid solution. This leads of a higher hardness. (ii) More Pb is left out in the 

incomplete alloying and this fraction of Pb exists in the form of Pb particles in the 

powder, making the powder softer. This is the case for Cu-4at.%Pb alloy powders. 
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Figure 5.10: The average microhardness of Cu powder with 0.6wt%PCA and Cu-(1-4)at.%Pb alloy 
powder particles produced by HEMM after 6 hours and 12 hours, Route 1, respectively. 

5.4 Microstructural Evolution during Heat Treatment  

5.4.1 XRD Analysis 
Figure 5.11 shows the XRD patterns of Cu-1at.%Pb alloy powder produced by 

HEMM after 12 hours (Route 1) and after annealing at different temperatures, 

respectively. The XRD patterns only showed Cu peaks for the as-milled and after 

annealing at 150°C and 300°C, due to the small fraction of Pb powder. However, 

a small peak of Pb{111} appeared after annealing at 400°C, which became more 

prominent after annealing at 500°C. The broadening effect of Cu peaks in the 

XRD patterns decreased for the powder annealed at 500°C, very likely due to 

increase of grain size of Cu matrix.  
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Figure 5.11: X-ray diffraction patterns of Cu-1at.%Pb alloy powder produced by HEMM after 12 
hours, Route 1, and after annealing at 150, 300, 400 and 500°C, respectively. 
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Figure 5.12: Average grain size and lattice strain of Cu-1at.%Pb alloy powder particles produced 
by HEMM after 12 hours, Route 1, and after annealing at 150, 300, 400 and 500°C, respectively. 
 
The average grain size and lattice strain data of the nanostructured Cu-1at.%Pb 

alloy powder particles produced using Route 1 and after annealing at different 

temperatures were estimated using the broadening of the XRD peaks and 

Williamson-Hall method, as shown in Figure 5.12. Based on this estimation, the 
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Cu grain size of the 12 hours milled powder with the increase of annealing 

temperature from 150 to 500°C was in the range of 50-150 nm. Grain sizes and 

lattice strain data of the alloy powder particles showed a similar trend after 

annealing up to 300°C. However a decrease in lattice strain of the powder 

particles was observed after annealing at 400 and 500°C. 
 

Figure 5.13 shows the XRD patterns of nanostructured Cu-2at.%Pb alloy powder 

produced by HEMM after 12 hours (Route 1) and after annealing at different 

temperatures, respectively. The XRD patterns only showed Cu peaks for the as-

milled and after annealing in the range of 150 to 400°C, due to the small fraction 

of Pb powder. However, after annealing at 500°C, small Pb peaks appeared in the 

XRD pattern, very likely due to the precipitation of Pb particles. The broadening 

effect of Cu peaks in XRD patterns after annealing at 500°C decreased, very 

likely due to increase of grain size of Cu matrix. The Cu{111} peak shifted 0.15º 

to a larger angle after annealing at 500°C which caused the lattice parameter to 

decrease by 0.0012 nm for powder particles produced using Route 1. This change 

of Cu lattice parameter perhaps caused by some of the Pb dissolved in the solution 

during the milling and then precipitating out after annealing at 500°C.  
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Figure 5.13: X-ray diffraction patterns of Cu-2at.%Pb alloy powder produced by HEMM after 12 
hours, Route 1, and after annealing at 150, 300, 400 and 500°C, respectively. 
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The average grain size and lattice strain data of the nanostructured Cu-2at.%Pb 

alloy powder particles produced using Route 1 and after annealing at different 

temperatures were estimated using the broadening of the XRD peaks and 

Williamson-Hall method, as shown in Figure 5.14. Based on the Williamson-Hall 

method and broadening of the XRD Cu peaks, the estimated Cu grain size of the 

12 hours milled powder with the increase of annealing temperature from 150 to 

500°C was in the range of 50-180 nm. Grain sizes and lattice strain data of the 

alloy powder particles showed a similar trend after annealing up to 300°C. 

However a significant increase in grain size of the powder particles was observed 

after annealing at 400°C while lattice strain showed the decreasing trend. 

 

Cu-2at.%Pb

0

20

40

60

80

100

120

140

160

180

200

0 50 100 150 200 250 300 350 400 450 500
Temperature (degree)

G
ra

in
 s

iz
e 

(n
m

 ) 

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0.45

0.5

St
ra

in
 (%

)

Grain size Route 1

Strain Route 1

 
Figure 5.14: Average grain size and lattice strain of Cu-2at.%Pb alloy powder particles produced 
by HEMM after 12 hours, Route 1, and after annealing at 150, 300, 400 and 500°C, respectively. 
 
 

Figure 5.15 shows the XRD patterns of Cu-4at.%Pb powder produced by HEMM 

after 12 hours (Route 1) and after annealing at different temperatures, respectively. 

The XRD patterns only showed Cu peaks for the as-milled and after annealing at 

150°C, due to the small fraction of Pb powder. However, with the increase of 

annealing temperature from 150 to 300°C and 400°C, small Pb peaks appeared, 

which became more prominent after annealing at 500°C, as shown in Figure 5.15, 

very likely due to the precipitation of Pb particles. For the Cu-4at.%Pb alloy 

powder annealed in the range of 300 to 500°C, the broadening effect of the Cu 
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peaks decreased in the XRD pattern, very likely due to increase of grain size of 

Cu matrix.  
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Figure 5.15: X-ray diffraction patterns of Cu-4at.%Pb alloy powder produced by HEMM after 12 
hours, Route 1, and after annealing at 150, 300, 400 and 500°C, respectively. 
 

The average grain size and lattice strain data of the nanostructured Cu-4at.%Pb 

alloy powder particles produced using Route 1 and after annealing at different 

temperatures were estimated using the broadening of the XRD peaks and 

Williamson-Hall method, as shown in Figure 5.16. Based on the Williamson-Hall 

method and broadening of the XRD Cu peaks, the estimated Cu grain size of the 

12 hours milled powder with the increase of annealing temperature from 150 to 

500°C was in the range of 50-160 nm. Grain sizes and lattice strain data of the 

alloy powder particles showed a similar trend after annealing up to 300°C. 

However an increase in grain sizes of the powder particles was observed after 

annealing at 500°C and the lattice strain decreased after annealing at 400 and 

500°C.  
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Figure 5.16: Average grain size and lattice strain of Cu-4at.%Pb alloy powder particles produced 
by HEMM after 12 hours, Route 1, and after annealing at 150, 300, 400 and 500°C, respectively. 
 
 
5.4.2 TEM Examination  
 
Figures 5.17(a), 5.17(c) and 5.17(e) show the TEM bright field images of Cu-

1at.%Pb alloy powder particles annealed at different temperatures. TEM 

examination of Cu-1at.%Pb alloy powder particles showed that grains of the Cu 

matrix increased after annealing at 150°C, due to coarsening of Cu grains (Figure 

5.17(a)). Increasing the annealing temperature to 300°C showed a further increase 

of the grain sizes of the Cu matrix to 50-300 nm (Figure 5.17(c)). Further 

increasing the annealing temperature to 500°C caused a significant increase of the 

Cu matrix grain sizes in the range of 150-450 nm (Figure (5.17(e)), as the result of 

grain coarsening. Figures 5.17(b), 5.17(d) and 5.17(f) show the indexing of 

SADPs of nanostructured Cu-1at.%Pb powder particles produced after 12 hours 

(Route 1) and after annealing at different temperatures. Based on the SADPs it 

can be seen that strong reflections ({111}, {200}, {220}, {311}) could be 

correlated to Cu matrix while weak reflections ({111}, {200}, {220}, {311}) are 

probably in related to Pb particles. Indexing of SADPs is recorded from JCPDS 

files of Cu (04-0836) and Pb (04-0686), as shown in Appendix A. Almost 

continuous rings were observed in the selected area diffraction patterns (SADPs) 

for the alloy powder particles annealed at 150 and 300°C, suggesting normal grain 

growth during annealing. However discrete diffraction reflections for alloy 

powder particles were observed in the SADP annealed at 500°C. This is 

presumably in relation to the significant grain growth during annealing.  
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Figures 5.18(a), 5.18(c) and 5.18(e) show the TEM bright field images of Cu-

2at.%Pb alloy powder particles annealed at different temperatures. TEM 

examination showed that the grain sizes of the Cu matrix increased from the range 

of 50-150 nm (Figure (5.5(a)) to 100-250 nm (Figure (5.18(a)) after annealing at 

150°C, due to coarsening of Cu grains. Increasing the annealing temperature to 

300°C caused a more significant increase of the Cu grain sizes to 150-500 nm 

(Figure 5.18(c)). With further increasing the annealing temperature to 500°C, the 

trend of increase of the Cu matrix grain sizes continued and the Cu matrix grain 

sizes reached ~ 800 nm (Figure (5.18(e)), as the result of significant grain 

coarsening. Figures 5.18((b), 5.18(d) and 5.18(f)) show the indexing of SADPs of 

nanostructured Cu-2at.%Pb powder particles produced after 12 hours (Route 1) 

and after annealing at different temperatures. Based on the SADPs it can be seen 

that strong reflections ({111}, {200}, {220}, {311}) could be correlated to Cu 

matrix while weak reflections ({111}, {200}, {220}, {311}) are probably in 

related to Pb particles. Indexing of SADPs is recorded from JCPDS files of Cu 

(04-0836) and Pb (04-0686), as shown in Appendix A. Discrete diffraction 

reflections or rings for alloy powder particles were observed in the SADP 

annealed at 150°C. With the increase of annealing temperature from 150 to 300°C 

and 500°C, the discrete reflections or rings were replaced by weak or discrete 

diffraction reflections, suggesting significant grain growth during annealing. 

 
Figures 5.19(a), 5.19(c) and 5.19(e) show the TEM bright field images of 

nanostructured Cu-4at.%Pb alloy powder particles annealed at different 

temperatures. TEM examination showed that grains of the Cu matrix increased 

from the range of 100-200 nm (Figure (5.5(c)) to 200-400 nm (Figures 5.19(a) 

and 5.19(c)) after annealing at 150°C and 300°C, due to coarsening of Cu grains. 

Further increasing the annealing temperature to 500°C, the Cu matrix grain sizes 

reached ~ 500 nm (Figure (5.19(e)), as the result of significant grain coarsening.  
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Figure 5.17: TEM bright field images and SADPs of Cu-1at.%Pb alloy powder particles produced 
by HEMM after 12 hours, Route 1, and after annealing at 150, 300 and 500°C, respectively. 
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Figure 5.18: TEM bright field images and SADPs of Cu-2at.%Pb alloy powder particles produced 
by HEMM after 12 hours, Route 1, and after annealing at 150, 300 and 500°C, respectively. 
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Figure 5.19: TEM bright field images and SADPs of Cu-4at.%Pb alloy powder particles produced 
by HEMM after 12 hours, Route 1, and after annealing at 150°C, 300°C and 500°C, respectively. 

(e) 
{311}Cu 

(f) 

{220}Cu 

{111}Cu 

 
 

 138



Chapter Five – Microstructural Evolution and Thermal Stability 
 of Cu-(1-4at.%)Pb Alloy Powders Produced by HEMM 

 

Figures 5.19((b), 5.19(d) and 5.19(f)) show the indexing of SADPs of 

nanostructured Cu-4at.%Pb powder particles produced after 12 hours (Route 1) 

and after annealing at different temperatures. Based on the SADPs it can be seen 

that strong reflections ({111}, {200}, {220}, {311}) could be correlated to Cu 

matrix while weak reflections ({220}, {311}) are probably in related to Pb 

particles. Indexing of SADPs is recorded from JCPDS files of Cu (04-0836) and 

Pb (04-0686), as shown in Appendix A. Discrete and weak diffraction reflections 

for alloy powder particles were observed in the SADPs annealed at 150, 300 and 

500°C, suggesting significant grain growth during annealing. 
 

5.4.3 DSC Analysis  
 

Figures 5.20 (a)-(c) show the DSC traces of Cu-(1-4)at.%Pb alloy powders 

produced after 12 hours obtained in two heating-cooling cycles. In both heating-

cooling cycles, Cu-Pb alloy powders were heated to 500°C, held for only one min, 

and then cooled down to 100°C. In the first heating cycle, the overall amount heat 

released within the range of 100-500°C for Cu-1at.%Pb alloy powder was 12 J/g. 

With the increase of Pb content from 1at.% to 2at.%, the amount of heat released 

increased significantly to 24 J/g. However, with the increase of Pb content from 

2at.% to 4at.%, the amount of heat released increased slightly to 29J/g within the 

range of 100-500°C. In the second heating cycle, the amount of heat intake caused 

by Pb melting increased from 325 mJ/g (Figure 5.20(a)) to 665 mJ/g (Figure 

5.20(b)) with the increase of Pb content from 1at.% to 2at.% in the Cu-Pb alloy 

powder. For Cu-4at.%Pb alloy powder, the amount of heat intake was 1.11 J/g 

(Figure 5.20(c)). The amount of heat released during cooling of the Cu-1at.%Pb 

alloy powder, caused by the precipitation of Pb particles, was 300 mJ/g (Figure 

5.20(a)), as measured by exothermic peaks. The amount of heat released increased 

from 730 mJ/g (Figure 5.20(b)) to 1.0 J/g (Figure 5.20(c)) with the increase of Pb 

content from 2at.% to 4at.% in the Cu-Pb alloy powder. It was clear that heat of 

Pb melting was proportional to the Pb content in the powder, indicating that Pb 

was not lost during the milling process and heat treatment in DSC. 
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Figure 5.20: DSC traces of Cu-Pb alloy powders produced by HEMM after 12 hours, Route 1 and 
obtained in the first to second heating-cooling cycle, (a) Cu-1at.%Pb, (b) Cu-2at.%Pb, and (c) Cu-
4at.%Pb. 
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Figure 5.21 shows the DSC traces obtained during heating in the first heating-

cooling cycle of the as-milled Cu-(1-4)at.%Pb alloy powders produced after 6 

hours of milling using Route 1, from 40 to 500°C. The DSC trace of Cu-1at.%Pb 

alloy powder (Figure 5.21(a)) exhibited an exothermic and endothermic peak, 

followed by second exothermic peak. The first exothermic peak was rather small 

and its onset and peak temperatures were ~ 130°C and 160°C, respectively. The 

endothermic peak was small and its onset and peak temperatures were ~ 315°C 

and 325°C, respectively. It is likely that the endothermic peak was caused by 

melting of an Pb(Cu) solution with very high Cu content. This solution might be 

formed during heating due to inhomogeneous distribution of Pb and Cu among 

different powder particles. The second exothermic peak was small again and its 

onset and peak temperatures were ~ 360°C and 380°C, respectively.  
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Figure 5.21: DSC traces of Cu-Pb alloy powders produced by HEMM after 6 hours, Route 1 and 
obtained during heating in the first heating-cooling cycle, (a) Cu-1at.%Pb, (b) Cu-2at.%Pb, and (c) 
Cu-4at.%Pb. 
 

With the increase of Pb content from 1 to 2at.%, first exothermic peak became 

extremely small having the same onset and peak temperatures, while second 

exothermic peak disappeared. However, the endothermic peak became slightly 

broader, having the onset and peak temperatures ~ 305°C and 324°C, respectively. 

Further increasing the Pb content to 4at.%, a broad exothermic peak appeared 

having an onset temperature ~ 120°C, while its peak temperature shifted to a 

higher temperature ~ 190°C. However, the endothermic peak became sharper and 

its onset and peak temperatures were ~ 285°C and 323.5°C, respectively (Figure 

5.21(c)). 
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Figure 5.22 shows the DSC traces obtained during heating in the first heating-

cooling cycle of the as-milled Cu-Pb alloy powders produced after 12 hours of 

milling using Route 1, from 40 to 500°C. The DSC trace of Cu-1at.%Pb alloy 

powder exhibited two overlapping exothermic peaks (Figure 5.22(a)). The first 

exothermic peak was rather small and its onset and peak temperatures were ~ 

130°C and 160°C, respectively. The second endothermic peak was broader and its 

onset and peak temperatures were ~ 290°C and 335°C, respectively.  
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Figure 5.22: DSC traces of Cu-Pb alloy powders produced by HEMM after 12 hours, Route 1 and 
obtained during heating in the first heating-cooling cycle, (a) Cu-1at.%Pb, (b) Cu-2at.%Pb, and (c) 
Cu-4at.%Pb. 
 
 

With the increase of Pb content from 1at.% to 2at.%, onset and peak temperatures 

of both overlapping exothermic peaks almost remained unchanged. The onset and 

peak temperatures of the first exothermic peak remained similar, while the onset 

temperature of the second exothermic peak increased to ~ 320°C and peak 

temperature remained same. Further increasing the Pb content to 4at.%, the two 

overlapping exothermic peaks were followed by one endothermic peak (Figure 

5.22(c)). The onset and peak temperatures of the first exothermic peak were ~ 

110°C and 150°C, respectively, while the onset and peak temperatures of the 

second exothermic peak were ~ 205°C and 255°C, respectively. However, the 

onset and peak temperature of the endothermic peak were ~ 290°C and 314°C 

respectively. For the Cu-4at.%Pb alloy powder the amount of heat intake caused 

by Pb melting was about 225 mJ/g (per gram of lead), while the amount of heat 

release caused by precipitation of Pb particles was 181 mJ/g.  
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.5 Changes in Microhardness during Heat Treatment  

igure 5.23 shows the change of the average microhardness of the Cu powder 

Figure 5.23: Average Microhardness of Cu powder with 0.6wt%PCA and Cu-(1-4)at.%Pb alloy

or 12 hours milled Cu-1at.%Pb alloy powder, the average microhardness 

5
 
F

with 0.6wt%PCA and Cu-(1-4)at.%Pb alloy powders produced by HEMM after 

12 hours (Route 1) as a function of annealing temperature. The average 

microhardness of the Cu powder milled with 0.6wt% PCA decreased from 176 

HV to 150 HV after heat treatment at 150°C, and remained almost unchanged 

with increase in annealing temperature from 150 to 500°C. 
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powders produced by HEMM after 12 hours, Route 1, as a function of annealing temperature. 
 
F

decreased slightly from 270 HV to 255 HV after annealing at 150°C and remained 

almost unchanged with increasing the annealing temperature from 150 to 300°C. 

After this point, the average microhardness of this alloy powder decreased sharply 

and almost linearly from 260 HV to 140 HV with increasing annealing 

temperature from 300 to 500°C, as shown in Figure 5.23. The average 

microhardness of 12 hours milled Cu-2at.%Pb alloy powder decreased sharply 

from 285 HV to 240 HV after annealing at 150°C and then slightly increased with 

increasing the annealing temperature from 150 to 300°C. A significant decrease in 

average microhardness was observed from 255 HV to 116 HV with increasing 

annealing temperature from 300 to 500°C. For 12 hours milled Cu-4at.%Pb alloy 

powder, the average microhardness decreased slightly from 188 HV to 182 HV 

after annealing at 150°C and then a slow decreasing trend in average 

microhardness was observed with increasing the annealing temperature from 150 
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rom the investigation of microhardness change as a function of annealing 

.6 Summary  

 was used to fabricate nanostructured Cu-Pb alloy powders 
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to 400°C. After this point, the average microhardness decreased sharply and 

almost linearly from 142 HV to 90 HV with increasing annealing temperature 

from 400 to 500°C.  
 

F

temperature, it is clear that the 12 hours milled Cu-(1-4)at.%Pb alloy powder is 

thermally stable at temperatures of up to 300°C. This is in agreement with the 

microstructure observation and which shows that significant grain coarsening does 

not occur during annealing at 150 and 300°C. A sharp decrease of microhardness 

was observed for Cu-1at.%Pb and Cu-2at.%Pb alloy powder particles when the 

annealing temperature was increased from 300 to 500°C. The reasons for this are 

Cu matrix grain coarsening and Pb atom precipitation from the solid solution to 

form soft Pb particles as shown by the TEM microstructure examination (Figures 

5.17-5.19) and DSC analysis (Figures 5.20-5.23).   

 
5
 
n this study, HEMMI

and the microstructure of the as-milled powder particles is reported. The thermal 

stability and microhardness change of Cu-Pb alloy powder particles as a function 

of annealing temperature was examined. Cu-2at.%Pb alloy powder particles were 

homogenously distributed in Cu matrix with the increase of milling. With the 

increase of annealing temperature from 150 to 500°C, coarsening of the Cu grains 

was observed, which was more significant within the range of 300-500°C. The 

average microhardness decreased significantly after annealing at 400°C and 

500°C, due to the reduction of dislocation density and coarsening of the Cu grains. 

The amount of heat intake increased for the Cu-(1-4)at.%Pb alloy powder 

particles with increasing the Pb content from 1at.% to 4at.%. 

 
5
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Chapter Six 
 

Consolidation of Cu Powder and Cu-(2.5-10)vol.% 
Al2O3 Composite Powders Produced by HEMM 
____________________________________________________________________ 
 

6.1 Introduction 
As the consolidation process directly influences the mechanical properties of the 

consolidate materials, it is legitimate to optimize the parameters of consolidation 

process, such as pressure, time and temperature. This chapter reports the results of a 

preliminary study on the consolidation behaviour of Cu and Cu-(2.5-10)vol.%Al2O3 

composite powders and the mechanical properties of the consolidated samples.  
 

6.2 Consolidation of Cu and Cu-Al2O3 Composite Powders 
 
As received pure copper powder and nanostructured Cu-(2.5-10)vol.%Al2O3 

composite powders produced using Route 2 milling were first compacted at 350°C 

for 20 minutes under pressure of 300 MPa. The Cu powder and Cu-Al2O3 composite 

compacts produced after hot pressing had a diameter of 25 mm and height in the 

range of 18-28 mm, as given in Table 6.1. A typical Cu-Al2O3 compact with side and 

top view is shown in Figures 6.1(a) and 6.1(b). The density of the Cu-Al2O3 

composite compacts were measured by measuring their weights and dimensions.  
 

Table 6.1: Theoretical and relative densities of Cu-Al2O3 composites and the corresponding compacts.  
Material Theoretical 

Density 

(g/cm3) 

Density of 

Compact  

(g/cm3) 

Relative 

Density of 

Compact  

Compact 

Height  

(mm) 

Cu 8.93 8.78 97% 18.1 

Cu-2.5vol.%Al2O3 8.81 7.84 88% 20.7 

Cu-5vol.%Al2O3 8.68 6.61 76% 26.4 

Cu-7.5vol.%Al2O3 8.56 6.68 78% 25.6 

Cu-10vol.%Al2O3 8.44 6.77 80% 27.7 

 

The theoretical density of Cu-Al2O3 composites was calculated using the rule of 

mixture : 
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3232 OAlOAlCuCucomposite ff ρρρ += ………………………Equation 6.1 

where ρ  is the density of the material and  is the volume fraction. The relative 

densities of the compacts for Cu and Cu-2.5vol.%Al2O3 composite were higher, due 

to softer compacts powder particles. However, the relative densities decreased with 

the increase of Al2O3 content in the milled Cu-Al2O3 composite powder, due to the 

increased hardness of the mechanically milled Cu-Al2O3 composite powder particles 

as shown in Chapter 3.    

f

  
Figure 6.1: (a) Side view and (b) top view of Cu-Al2O3 composite compact produced after hot pressing. 

(a) (b) 

 
 

Table 6.2: Average Heating rate of Cu-Al2O3 composite compacts and dimensions of the Forged  
                 Cu-Al2O3 composite disks.  

Material Compact 

Temperature 

(°C ) 

Average 

Heating 

Rate 

(°C.min-1) 

Dimensions of Forged Disk 

 (mm) 

Diameter (mm)   Height (mm) 

Cu 500 300 40 6.2 

Cu-2.5vol.%Al2O3 700 350 38 8.2 

Cu-5vol.%Al2O3 700 650 33 6.8 

Cu-7.5vol.%Al2O3 700 500 34 6.5 

Cu-10vol.%Al2O3 800 450 36 7.2 
 

The Cu powder and Cu-(2.5-10)vol.%Al2O3 composite compacts were heated from 

room temperature to sintering temperature in the range of 500-800°C, under an argon 

atmosphere. The compacts temperatures and average heating rates for the samples are 

given in Table 6.2. The heating curves using the induction heating method of the Cu-

Al2O3 composite powder compacts during induction heating are shown in Figure 6.2.  
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The average heating rate of the Cu-Al2O3 composite compacts was in the range of ~ 

300-650°C.min-1. After the powder compact reached its designated temperature, it 

was upset forged to form a disk with a thickness in the range of 6.2-8.2 mm, shown in 

Table 6.2. Figures 6.3 (a)-(d) show the forged Cu-Al2O3 composite disks. The height 

reduction caused by the forging was in the range of 65-75%. Tensile testing 

specimens were cut from the material in the centre region of the disk.  
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Figure 6.2: Heating curves of Cu-Al2O3 composite powder compacts. 
 

  
 

(a) (b) 

  
Figure 6.3: Planar view of the forged Cu-Al2O3 composite disk (a) (a) Cu-2.5vol.%Al2O3 composite, (b) 
Cu-5vol.%Al2O3 composite, (c) Cu-7.5vol.%Al2O3 composite, and (d) Cu-10vol.%Al2O3 composite. 

(c) (d) 
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Figures 6.4(a)-(e) show the SEM micrographs of the Cu and Cu-(2.5-10)vol.%Al2O3 

forged disks. It was clear that there were no pores in the samples.  

 
 

(a) 

  
 

(b) (c) 

  
Figure 6.4: SEM micrographs for the forged Cu powder and Cu-Al2O3 composites, (a) Cu powder, (b) 
Cu-2.5vol.%Al2O3 composite, (c) Cu-5vol.%Al2O3 composite, (d) Cu-7.5vol.%Al2O3 composite, and 
(e) Cu-10vol.%Al2O3 composite. 

(d) (e) 

 

Figure 6.5 shows the XRD patterns of Cu powder and Cu-Al2O3 composites forged in 

the range of 500-800°C. Comparing Cu{111} peak with the as-milled powder 

particles produced using Route 2, the Cu{111} peak for Cu-2.5vol.%Al2O3 and Cu-

7.5vol.%Al2O3 composites shifted to a larger angle after forging. The Cu{111} peak 

shifted 0.33° and 0.64° to a larger angle for Cu-2.5vol.%Al2O3 and Cu-

7.5vol.%Al2O3 composites after forging, which caused the Cu lattice parameter to 
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decrease by 0.0026 nm and 0.005 nm, respectively. This might be due to diffusion of 

oxygen in the argon atmosphere into the powder compact during heating and forging. 

The average grain size and lattice strain data of the Cu powder and Cu-Al2O3 

composites were estimated using the broadening of the XRD peaks and Williamson-

Hall method, as shown in Figure 6.6. Average grain size and lattice strain of Cu 

matrix increased significantly for the Cu-7.5vol.%Al2O3 composite after forging.  
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Figure 6.5: X-ray diffraction patterns of forged Cu powder and Cu-Al2O3 composites. 
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Figure 6.6: (a) Grain size and (b) lattice strain data of the forged Cu powder and Cu-(2.5-10)vol.% 
Al2O3 composites. 
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6.3 Mechanical Properties of Forged Cu and Cu-Al2O3  
      Composites 
 

Figure 6.7 shows the average microhardness of the Cu and Cu-Al2O3 composites after 

forging. The average microhardness of the Cu powder after forging was 115 HV, 

which is higher than the Cu material as-received (100 HV). With an increase of Al2O3 

content from 2.5 to 5vol.% in Cu-Al2O3 composites after forging, the average 

microhardness was around 200 HV, which is lower than the as-milled powder 

particles for the same material (~ 265 HV). The average microhardness increased 

slightly for the Cu-Al2O3 composites after forging to 212 HV and 218 HV with the 

increase of volume fraction of Al2O3 to 7.5% and 10%, respectively, as shown in 

Figure 6.7. The average microhardness of the Cu-(7.5 and 10)vol.%Al2O3 composites 

after forging is also lower than the as-milled powder particles for the same material 

(~ 260 HV). 
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Figure 6.7: The average microhardness of forged Cu and Cu-Al2O3 composites. 

 
6.3.1 Pure Cu 
Figure 6.8 shows the engineering stress-strain curve of the Cu specimen at room 

temperature. Curve show plastic yielding of the material. The specimen showed high 

tensile yield strength (σy), of 340 MPa, as shown in Figure 6.8. In addition to high 

tensile yield strength, Cu specimen showed a clean ductility. The broken tensile 

specimen for the forged Cu powder showed that the specimen eventually necked 

before fracturing (Figure 6.9). 
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Figure 6.8: Tensile Stress-strain curves for the forged Cu powder. 
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Figure 6.9: Broken tensile specimens for the forged Cu powder. 
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Figure 6.10: (a) and (b) Fracture surface of a Cu specimen after the tensile testing. 
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Figures 6.10 show the fracture surface of a Cu specimen. The high magnification 

micrograph showed a typical ductile fracture surface with a large clarity of dimples 

(Figure 6.10(b)). The formation of dimples on the fracture surface is the typical 

process for ductile crack propagation. This shows that the powder particles are well 

bonded in the powder compact forged disk. 

 

6.3.2 Cu-Al2O3 Composites 

Figures 6.11 (a)-(d) show engineering stress-strain curves for the Cu-(2.5-10)vol.% 

Al2O3 tensile testing specimens. All the curves did not show any macroscopic 

yielding of the consolidated material. Cu-2.5vol.%Al2O3 specimen showed an 

average fracture strength of 542 MPa, as shown in Figure 6.12. With increasing 

volume fraction of Al2O3 from 2.5 to 10%, the tensile fracture strength decreased 

almost linearly to 112 MPa as shown in Figures 6.11 and 6.12. Figures 6.13 (a)-(d) 

show the images of the broken tensile specimens for the forged Cu-(2.5-

10)vol.%Al2O3 composites. From them, it can be seen that the fracture surface was 

very flat and the fracture mostly occurred at the locations of section change. 
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Figure 6.11: Tensile Stress-strain curves for forged Cu-Al2O3 composites, (a) Cu-2.5vol.%Al2O3 
composite, (b) Cu-5vol.%Al2O3 composite, (c) Cu-7.5vol.%Al2O3 composite, and (d) Cu-10vol.% 
Al2O3 composite. 
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Figure 6.12: Fracture strength for forged Cu-Al2O3 composites. 
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Figure 6.13: Broken tensile specimens for the forged Cu-Al2O3 composites, (a) Cu-2.5vol.%Al2O3 
composite, (b) Cu-5vol.%Al2O3 composite, (c) Cu-7.5vol.%Al2O3 composite, and (d) Cu-10vol.% 
Al2O3 composite. 
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Figure 6.14: SEM micrographs showing the fracture surfaces of the Cu-Al2O3 composite tensile testing 
specimens, ((a) and (b)) Cu-2.5vol.%Al2O3 composite, ((c) and (d)) Cu-5vol.%Al2O3 composite, ((e) 
and (f)) Cu-7.5vol.%Al2O3 composite, and ((g) and (h)) Cu-10vol.%Al2O3 composite. 
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Figures 6.14 (a)-(h) show the fracture surfaces of the Cu-(2.5-10)vol.%Al2O3 

composite tensile testing specimens. The feature of the fracture surface changes with 

the increase of Al2O3 content in the composite. With the increase of the volume 

fraction of Al2O3 from 2.5 to 5% the fracture surface exhibited less dimples indicating 

a smaller degree of microscopic ductile fracture. (Figures 6.14(b) and 6.14(d)). These 

micrographs of the fracture surfaces further revealed that fractured particles were 

surrounded by ductile regions described as ‘tear ridges’ and voids were intermingled 

with isolated regions of dimpled rupture. However, fracture surfaces showed the 

presence of river and vein type patterns (Figures 6.14(a) and 6.14(c)). With the 

increase of the volume fraction of Al2O3 to 10%, the fracture surfaces of the 

composite tensile testing specimens showed the brittle failure which dominated the 

inter-particle regions, as shown in Figures 6.14 (e)-(h). Fracture of the brittle Al2O3 

particles and concurrent failure of the surrounding matrix resulted in the formation of 

microvoid coalesce, observed as shallow dimples on the fractured surface. The 

fracture surface resulted from decohesion between the adjacent particles due to 

incomplete densification of the composite, as the voids were clearly observed. The 

cracks initiated at the voids, and propagated along the particle boundaries. The 

morphologies of the fracture surfaces of Cu-10vol.%Al2O3 composite tensile testing 

specimen (Figures 6.14(g) and 6.14(h)) showed microvoids and dimples, suggesting 

the larger size particles fractured first, followed by fracture of smaller size particles. 

Larger dimples on the fracture surface indicated considerable void growth and plastic 

deformation before failure. However, smaller dimples indicated a fracture with less 

void growth and plastic deformation. 

 

In this study, the Cu-Al2O3 composite compacts showed lower relative density with 

the increase of volume fraction of Al2O3 nanoparticles in the Cu matrix, which cannot 

be attributed only due to the hardness of the brittle Al2O3 in ductile Cu. One of the 

possible explanation for the difference in the relive densities of the Cu-Al2O3 powder 

compacts is that the level of the powder particle softening that occurred during hot 

pressing at 350oC is much higher for the 2.5vol.%Al2O3 in Cu matrix than that for the 

other three Cu-Al2O3 composite compacts due to the increased thermal stability of 

microstructure of the powder particles with increasing fraction of Al2O3. Cu-Al2O3 

 155



Chapter Six - Consolidation of Cu Powder and Cu-(2.5-10)vol.%Al2O3  
Composite Powders Produced by HEMM 

 156

samples produced by forging the powder compacts showed low tensile fracture 

strength with increasing the volume fraction of Al2O3 from 2.5% to 10%. The 

decrease of the fracture strength of the forged disks with increasing Al2O3 volume 

fraction shows that the level of interparticle atomic bonding decreases with increasing 

Al2O3 volume fraction. This indicates that some correlation exist between the two. 

More work is needed to understand principles underlying this correlation.  

 

6.4 Summary  
Cu-Al2O3 composite powders produced using HEMM were consolidated at 350°C by 

hot pressing and then forged at 700/800°C with microstructure showing no pores in 

the sample. The average microhardness of the forged Cu-Al2O3 composites increased 

with increasing the volume fraction of Al2O3. However, tensile fracture strength of 

the Cu-Al2O3 composites decreased almost linearly with the increase of Al2O3 from 

2.5% to 10%. 
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Conclusions and Recommendations  
__________________________________________________________________ 
 
7.1 Conclusions  
 

● Two high energy mechanical milling routes were used to produce Cu and Cu-

(2.5-10)vol.%Al2O3 composite balls/granules/powder particles. It was found that 

Al2O3 nanoparticles can be easily dispersed into the microscaled Cu matrix, and 

increasing the volume fraction of Al2O3 nanoparitcles enhances the effectiveness 

of milling in refining the Cu grains and increasing the thermal stability of the Cu 

grains in the nanostructured composite.  
 

● High energy mechanical milling of pure Cu powder results in formation of 

nearly spherical hollow balls, while adding 0.6wt%PCA to Cu powder failed to  

consolidate in-situ and turned the mixture into fine Cu powder with same milling 

condition. Using larger diameter balls or increasing the milling severity, the 

hollow balls were converted into ultrafine grained powder particles.  
 

● High energy mechanical milling of powder mixtures of Cu and Al2O3 with 

compositions of 2.5vol.%Al2O3 and 5vol.%Al2O3 results in formation of nearly 

spherical hollow balls and granules of a few millimeters in diameter respectively. 

Distribution of the microhardness across the wall thickness of the Cu-2.5vol.% 

Al2O3 composite hollow balls and along the diameter of Cu-5vol.%Al2O3 

composite granules showed that with increasing milling time and volume fraction 

of Al2O3 the microhardness distribution became more uniform. Increasing the 

volume fraction of Al2O3 from 5% to 7.5 or 10%, coarse and fine powders were 

produced. 
 

● Using larger diameter balls or increasing the milling severity from 12 hours 

(Route 1) to 24 hours (Route 2), as-milled Cu-(2.5 and 5)vol.%Al2O3 composite 

hollow balls and granules were converted into ultrafine grained powder particles, 

while a significant decrease in the average grain size of the Cu matrix and 

increase in average microhardness was observed. The trend of decrease in average 

grain size and increase in average microhardness virtually stopped for 

nanostructured Cu-10vol.%Al2O3 composite powder particles produced using 

Route 2. 
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● Cu-2.5vol.%Al2O3 composite hollow balls and powder particles produced using 

Route 1 and Route 2 and after annealing at 150°C caused recyrstallisation of Cu 

grains, while microhardness remained almost unchanged for both hollow balls and 

powder particles. For both the hollow balls and the powder particles, increasing 

the annealing temperature from 150 to 300°C caused slight coarsening of the Cu 

grains while the microhardness remained almost unchanged. The effect of 

increasing the annealing temperature from 300 to 500°C on the microstructure 

coarsening of the hollow balls was significant compared to the powder particles, 

while microhardness decreased for powder particles due to reduction of 

dislocation density. 

 

● Cu-5vol.%Al2O3 composite granules and powder particles produced using 

Route 1 and Route 2 and after annealing at 150°C caused recyrstallisation and 

slight coarsening of Cu grains, respectively, while a decrease of microhardness for 

both granules and powder particles was due to a reduction of dislocation density. 

For both the granules and the powder particles, increasing the annealing 

temperature from 150 to 300°C caused slight coarsening of the grains and slight 

decrease of microhardness. The effect of increasing the annealing temperature 

from 300 to 500°C on the microstructure coarsening and the microhardness of the 

powder particles was much more significant when compared to the granules. 

 

● Coarse and fine powders of Cu-7.5vol.%Al2O3 composite produced using Route 

1 and Route 2 showed little increase of the Cu matrix grain sizes and decrease of 

microhardness after annealing at 150°C and 300°C. However significant 

coarsening of Cu grains and Al2O3 nanoparticles and a sharp decrease of 

microhardness occured with increasing the annealing temperature to 500°C. The 

degree of microstructure coarsening and microhardness decrease with annealing 

of the 24 hours milled (Route 2) powder was clearly smaller than that of the 12 

hours milled (Route 1) powder annealed under the same conditions. 

 

● Cu-10vol.%Al2O3 composite powder produced using Route 1 and Route 2 and 

after annealing up to 300°C showed little increase of the Cu matrix grain sizes and 

decrease of the microhardness. A significant coarsening of the Cu grains and 

Al2O3 nanoparticles and sharp decrease of microhardness were observed for the 

composite powder with increasing the annealing temperature up to 500°C.  
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● The change of average microhardness of Cu-(2.5-10)vol.%Al2O3 composites 

produced using Route 2 as a function of annealing temperature showed that the 

powder particles were thermally stable after annealing at temperatures in the range 

of 150-400°C, suggesting that consolidation is feasible at temperatures around 

400°C without totally losing the nanostructure. The average microhardness 

decreased significantly for the Cu-(7.5-10)vol%Al2O3 composite powder particles 

after heat treatment at 500°C, mainly due the reduction of dislocation density. 

 

● Cu-(2.5-10)vol.%Al2O3 composite powders produced using Route 2 were 

compacted at 350°C and then forged at 700/800°C with the microstructure 

showing no pores in the sample. The tensile fracture strength decreased almost 

linearly with the increase of Al2O3 from 2.5% to 10%.  

 

● High energy mechanical milling was used to produce nanostructured Cu-(1-

4)at.%Pb alloy powder particles using Route 1. With the increase of Pb content 

from 2at.% to 4at.%, the average grain size of the Cu matrix slightly increased and 

the average microhardness decreased significantly for the Cu-Pb alloy powder 

particles. An increase of the annealing temperature to 150°C, caused a slight 

coarsening of the Cu grains and decrease in average microhardness. Further 

increasing of the annealing temperatures to 400°C and 500°C caused significant 

coarsening of the Cu grains and decrease in average microhardness due to 

reduction in dislocation density.  

 

7.2 Recommendations for Future Work 
 

● Extend the grain size examination for the annealed Cu-Al2O3 composites from 

different positions of the sample.  
 

● Extend the heating temperature to higher value for Cu-Al2O3 composite 

powders during hot-pressing to obtain/examine mechanical properties.  
 

● Apply more tensile testing for the forged Cu-Al2O3 composite disks at room 

temperature to study the mechanical behaviour and extend the tensile testing to 

elevated temperatures to study the effect of temperature on the mechanical 

behaviour of Cu-Al2O3 forged disks.  
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● Apply EDX analysis and elemental mapping to examine the distribution of the 

Al2O3 nanoparticles in the initial microstructure of the forged Cu-Al2O3 

composites and extend the grain size examination using TEM.  
 

● Apply extrusion for the Cu-Al2O3 composite compacts to obtain samples for 

studying their mechanical behaviour and compare that with the mechanical 

behaviour of the forged Cu-Al2O3 composite disks.  
 

● Obtain the electrical properties of Cu-Al2O3 composite forged disks to study the 

effect of nanoparticles on the electrical conductivity of the Cu-Al2O3 composites. 
 

● Use the warm powder compaction and hot forging to consolidate the as-milled 

Cu-Pb alloy powders to produce samples to study the mechanical behaviour of 

ultrafine grained Cu-Pb alloys.  

 

 



Appendix A 
____________________________________________ 
 

Phase diagrams 
 

 
Reference : J.L. Murray, Alloy Phase Diagrams, ASM Handbook, (Ed. Hugh  
                   Baker), Vol. 3, pg-2.44, 1997, ASM International, Materials Park, OH   

 
Reference : D.J. Chakarbarti and D.E. Laughlin, Alloy Phase Diagrams, ASM  
                   Handbook, (Ed. Hugh Baker), Vol. 3, pg-2.175, 1997, ASM  
                   International, Materials Park, OH   
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