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Abstract 

Ultrafine structured metal matrix nanocomposites (MMNCs) have received much 

attention due to their attractive engineering applications and scientific interest. On the 

engineering aspect, ultrafine structured MMNCs have a higher room temperature 

strength and better high temperature performance due to grain boundary strengthening, 

nanoparticle strengthening and Zener pinning effects compared to their metal matrices. 

On the scientific aspect, there is the question of whether the linear superposition of 

basic strengthening mechanisms, which is applicable to conventional 

precipitation-hardened alloys, is still valid in evaluating the strength of ultrafine 

structured MMNCs. In general, there might be a synergistic effect among different 

strengthening mechanisms when the grain sizes of matrices of MMNCs are reduced 

down to the submicrometer range. In this thesis, a model system of Cu-5vol.%Al2O3 

was selected to study with the aim of deepening and reinforcing the understanding of 

the microstructure/property relationship and contributions of various strengthening 

mechanisms to the overall strength of ultrafine structured MMNCs. 
 

Nanostructured Cu-5vol.%Al2O3 nanocomposite powder particles were produced by 

high energy mechanical milling (HEMM) of a powder mixture of Cu powder and 

Al2O3 nanopowder. The nanocomposite powders were then annealed at 300-600oC for 

up to 5 h. The powders had a high thermal stability at temperatures up to 600oC. After 

annealing at 600oC for 5 h, Cu nanograins in the microstructure of the nanocomposite 

powder particles only grew slightly and the microstructure of the Cu matrix of powder 

particles was still well within the nanostructure range. The activation energy for the 

grain growth of the Cu nanograins was determined to be 63.4 kJ/mol, which is much 

lower than that of coarse grained monolithic Cu and similar to that of nanocrystalline 

monolithic Cu, and suggests the grain growth behavior is controlled by grain 

boundary diffusion. The impressive thermal stability of the microstructure of the 

powder particles is mainly associated with the effect of Al2O3 nanoparticles on the 

grain growth through inhibiting the grain boundary diffusion. 
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Ultrafine structured Cu-5vol.%Al2O3 nanocomposite samples were synthesized by 

powder compact extrusion at 750 and 900oC, and their microstructures and tensile 

properties were characterized. The microstructural characterization showed that there 

is no significant difference in the mean Cu grain sizes for both samples but the sample 

extruded at 900oC has far less Al2O3 nanoparticles in comparison to the sample 

extruded at 750oC. The tensile testing results exhibited that the 900oC extruded 

sample has a larger strength and higher ductility at fracture as compared to those of 

the 750oC extruded sample. This shows that the dissolution of Al2O3 nanoparticles in 

the Cu matrix takes place when the powder compact is heated and extruded at 900oC, 

and the dissolution of the Al2O3 nanoparticles leads to superior tensile properties of 

the sample extruded at 900oC. 
 
Further ultrafine structured Cu-5vol.%Al2O3 nanocomposite samples were prepared 

by extrusion of powder compacts of nanostructured Cu-5vol.%Al2O3 nanocomposite 

powder at temperatures ranging from 300 to 900oC. The experimental results showed 

that Cu grains and the sizes and volume fractions of Al2O3 nanoparticles of bulk 

ultrafine structured Cu-5vol.%Al2O3 nanocomposite samples increased with the 

increase of the extrusion temperature. The average sizes of Cu grains and Al2O3 

nanoparticles and the volume fraction of Al2O3 nanoparticles of the extruded samples 

increased from 132 nm, 43 nm and 0.75% to 263 nm, 100 nm and 4%, respectively, as 

the extrusion temperature increased from 300 to 900oC. The increases in the sizes and 

volume fraction of the Al2O3 nanoparticles with the increase of the extrusion 

temperature were caused by the precipitation of Al2O3 nanoparticles during extrusion. 

The samples extruded at 400oC or lower fractured prematurely without yielding, while 

the samples extruded at T≥500oC fractured after yielding. The yield strengths and 

ultimate tensile strengths of such materials changed only slightly with the increase of 

the extrusion temperature and had values in the range 466-517 and 546-564 MPa. 

However, the tensile ductility of the extruded samples was proportional to the 

extrusion temperature and increased from 0.76 to 5.82% with increasing the extrusion 

temperature from 500 to 900oC. The slight decrease of yield strength and significant 
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increase of the ductility of the consolidated sample with increasing extrusion 

temperature suggests that the level of interparticle atomic bonding in the consolidated 

samples increases with increased extrusion temperature. It is speculated that the 

fracture of the samples extruded at T ≤800oC is associated with the weak bonding of 

residual interparticle boundaries which have not been transformed into grain 

boundaries. When the extrusion temperature T ≥800oC, the area of the residual 

interparticle boundaries may be too small to play any major role in causing the 

fracture of the consolidated sample. Analysis of the contributions of different 

strengthening mechanisms demonstrates that grain boundary strengthening makes the 

largest contribution to the strength of the extruded samples relative to the nanoparticle 

strengthening and strain hardening and experimentally measured yield strength of the 

extruded samples can be predicted appropriately by the sum of Peierls stress, grain 

boundary strengthening, nanoparticle strengthening and strain hardening. 
 

The effect of annealing on an ultrafine structured Cu-5vol.%Al2O3 nanocomposite 

sample made by powder compact extrusion at 900oC was investigated by annealing 

for 1h at different temperatures in the range of 500-900oC. This revealed that Al2O3 

nanoparticles provided excellent thermal stability to the ultrafine structured 

Cu-5vol.%Al2O3 nanocomposite sample. The microstructure and microhardness of the 

sample remained stable up to annealing at 800oC for 1 h. High resistance of Al2O3 

nanoparticles to coarsening was responsible for this high thermal stability. The 

microhardness increase observed for the sample annealed at 700oC for 1 h came from 

the precipitation of small Al2O3 nanoparticles. On the other hand, the sudden drop in 

microhardness of the sample annealed at 900oC for 1 h was related to the coarsening 

of small Al2O3 nanoparticles and grain growth of the Cu matrix. 
 

This thesis concludes with suggestions for future work that would extend on from the 

findings presented here.
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Chapter One 

Introduction and Literature Review 

1.1 Introduction 

The high energy mechanical milling (HEMM) method was invented in 1970 by John 

S. Benjamin [1]. He initially employed it to uniformly distribute Y2O3 and ThO2 

nanoparticles in nickel-based superalloys to improve their high temperature strength. 

Later, HEMM was extensively and frequently used to produce various complex 

composite materials to extend their high temperature applications. In 1989, Luton and 

co-workers [2] milled a mixture of Al and Al2O3 powders in liquid nitrogen media. 

The milled powder was then treated by hot isostatic pressing (HIP) followed by hot 

extrusion to synthesize Al-Al2O3 composites with a grain size in the range of 50-300 

nm. They found that most particles in the composite sample were complex aluminum 

oxy-nitride particles which were typically 2 to 10 nm in diameter. This fine structured 

Al strengthened by Al(ON) particles exhibited excellent room and high temperature 

properties in tensile and creep tests. In the same year, the terminology of 

nanocrystalline (NC) was proposed officially in a review by Herbert Gleiter [3]. From 

this review, it is known that HEMM is one of the most powerful methods to produce 

NC materials which typically have mean grain sizes less than 100 nm. Such new 

materials are expected to possess unique strength according to the extrapolation of the 

Hall-Petch relationship [4-5]. However, NC materials are naturally unstable [6-7] due 

to the presence of a vast amount of grain boundaries. This intrinsically unstable 

character of NC materials makes their consolidation at high temperatures without 

significant coarsening impossible as NC grains have a huge driving force to grow. To 

make use of the unique mechanical and physical properties associated with the high 

volume fraction of grain boundaries, it is of vital importance to prepare bulk NC 

samples.  
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Huang et al. [8] in 1992 reported that the cryomilled NC NiAl still maintained a 

nanostructure with a grain size in the range from 10 to 40 nm after one hour annealing 

at 1100oC and concluded that the inhibition of AlN nanoparticles on the grain growth 

was responsible for the high thermal stability observed. This finding indicates that NC 

materials can be fabricated with the help of second phase nanoparticles, which may 

make the production of bulk ultrafine grained (UFG) and NC materials viable. 

 

In this PhD study, a composite powder of nanostructured Cu matrix with a dispersion 

of 5vol.%Al2O3 nanoparticles was prepared by HEMM of a mixture of copper powder 

and alumina nanoparticles. Grain growth kinetics of the nanostructured composite 

powder, along with microstructures and tensile properties of bulk samples made by 

extrusion of the powder compacts of nanostructured composite powder at different 

temperatures was investigated. Furthermore, a relationship which predicts the yield 

strength of the ultrafine structured (UFS) Cu-5vol.%Al2O3 nanocomposite is proposed 

based on an analysis of different strengthening mechanisms in the extruded samples 

and the effect of isochronal annealing of bulk ultrafine structured Cu-5vol.%Al2O3 

extruded at 900oC. 

 

This thesis has seven chapters. Chapter One reviews the literature on NC/UFG metals 

and alloys, including strength, ductility, and stability. The research on second phase 

nanoparticle dispersion strengthened (DS) Cu matrix composites is also considered in 

Chapter One. The initial materials and experimental procedures are provided in 

Chapter Two. In Chapter Three, the grain growth kinetics of nanostructured 

Cu-5vol.%Al2O3 composite powder particles is presented and discussed. Chapter Four 

presents and analyzes the factors in determining the yield strength of extruded UFS 

Cu-5vol.%Al2O3 composite samples, which has been published in the Journal of 

Materials Science and Engineering A (see Appendix A). Chapter Five presents the 

effect of extrusion temperature on microstructure and tensile properties of extruded 

UFS Cu-5vol.%Al2O3 composite samples. A basic model is proposed to predict the 

yield strength of the extruded sample based on the discussion of the dependence of 
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strengthening mechanisms on microstructural features. Chapter Six presents and 

describes the effect of heat treatment on the microstructure and hardness of the sample 

extruded at 900oC. Conclusions and recommendations for the future research are 

summarized and given in Chapter Seven. 

1.2 Overview of NC Metals and Alloys 

NC metals and alloys, typically with an average grain size less than 100 nm, exhibit 

quite different deformation behavior and microstructural response to loading as 

compared with their coarse-grained (CG) counterparts. For conventional materials, 

plastic deformation is dominated by a dislocation-assisted process and both the flow 

stress and grain size normally do not vary with the loading conditions, whereas in NC 

materials the deformation is mainly determined by a grain boundary-mediated process, 

moreover, the flow stress exhibits a high strain rate sensitivity (face-centered cubic 

NC metals) and dynamic grain growth probably occurs during prolonged mechanical 

tests [9-12]. Such unique behaviors observed in NC materials are closely related to 

their nanoscale grains, i.e. a substantial proportion of atoms reside at grain boundaries. 

Due to this intrinsically microstructural feature, NC materials possess a very high 

strength and hardness. However, both nanograins and large volume fraction of the 

grain boundary present in NC materials also lead to poor ductility and disappointing 

thermal stability which severely limit their structural applications and service 

temperatures [13-15]. Hence, some critical issues such as the synthesis of bulk 

samples, ductility and microstructural and thermal stabilities must be overcome for 

NC materials to be used extensively as structural components. 
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1.3 Mechanical Properties of NC and UFG Metals/Alloys 

1.3.1 Strength 

The strength of single phase conventional polycrystalline materials is dependent on 

the interaction of dislocations with intragranular defects (such as solute atoms, 

dislocation configurations and stacking faults) and grain boundaries. As grain sizes 

are significantly reduced, intragranular defects are effectively suppressed which 

results in pronounced grain boundary strengthening. The enhanced strength (or 

hardness) due to grain size reduction can be derived from the empirical Hall-Petch 

relation [4-5]: 

1/2
gb HPk dσ −∆ =                                                  (1-1) 

where gbσ∆  is the increase of yield strength due to grain boundary strengthening, 

HPk  is a material-dependent constant and d is the mean grain size. Based on Equation 

(1-1), extraordinary mechanical strength can be expected through nanostructuring. 

Indeed, ultrahigh strength and hardness have been observed recently in NC and UFG 

metals. For example, hardness has been found to increase with decreasing grain size 

[16] in Cu with grain sizes as small as 10 nm still following the Hall-Petch 

relationship and the corresponding hardness of 3 GPa is about 20 times higher than 

that in CG Cu (~150 MPa). A summary of the hardness of Cu vs. d-1/2 based on the 

data reported in the published literature [17-23,16,24] is presented in Figure 1.1. 
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Figure 1.1: Dependence of hardness of Cu on its grain size. 
 

As shown in Figure 1.1, for some Cu sample, however, the dependence of the 

hardness on the grain size is still valid for grain sizes smaller than 15 nm. Similar 

Hall-Petch relationships between hardness and grain size have also been reported by 

Knapp and Follstaedt for NC Ni [25] and by Schuh et al. in NC Ni-W alloys [26] 

where the grain size is in the several nanometer scale. Based on experimental 

observations and computer simulations [27-34], it has been widely accepted that the 

activity of intragranular dislocations is greatly suppressed when the grain size of NC 

materials is in the range from 30 to 100 nm, in this size range dislocation-dominated 

deformation still remains; however, with further decreasing the grain size, a transition 

in the deformation mechanism from the dislocation-assisted deformation to grain 

boundary-mediated deformation appears, i.e. for the grain sizes below 15 nm, the 

grain boundary-involved deformation process such as grain boundary sliding and 

grain rotation dominate the plasticity of the material. Equation (1-1) is established on 

the physical background of the difficulty of the initiation of dislocations and motion 

of dislocations inside grains, the Hall-Petch relation breaks down and softening 

subsequently occurs when the grain boundary-mediated mechanisms start to operate, 

as shown in Figure 1.1. This so-called inverse Hall-Petch behavior arises when the 

average grain sizes of NC materials are at very small values (normally less than 15 
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nm). In such NC materials, the presence of the inverse Hall-Petch effect, which results 

in softening, is mainly caused by the grain boundary sliding deformation process 

during loading. This suggests that if the grain boundary sliding deformation behavior 

in NC materials is greatly limited or even eliminated NC materials could become 

stronger. Numerous investigations including experiments and simulations have 

revealed that the suppression of the grain boundary sliding of NC materials can be 

achieved by low temperature annealing [35-38], high pressure [39], doping with an 

alloying element which has very limited solubility in the solvent and large atomic size 

mismatch with the host atoms [40-44] and adding second phase nanoparticles into 

grain boundaries [45]. For example, as shown in Figure 1.2, the magnitude of the 

grain boundary sliding of Cu strongly depends on the atomic size of the alloying 

element doped in grain boundaries. 
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Figure 1.2: Magnitudes of grain boundary sliding versus sizes of its dopants [42]. 
 

It manifests that the dopants which have large atomic size mismatch with the Cu 

matrix can effectively inhibit the amount of the grain boundary sliding during loading. 

Molecular dynamic simulations performed by Vo et al. [41] showed that after doping 

with up to 1.9 at.% Nb the strength of NC Cu appears to approach the value of the 

theoretical strength of a perfect Cu single crystal, indicating that the segregated Nb 

atoms have a pronounced effect on the onset of the plasticity of the NC Cu.  Very 

recently Özerinç et al. [46] verified the simulation result obtained by Vo et. al [41] by 
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performing nanoindentation hardness measurements on NC Cu-Nb alloys synthesized 

by direct current magnetron sputtering. Low temperature annealing experiments of 

NC Ni and Ni-W alloys conducted by Rupert et. al [38] and Wang et. al [35], 

respectively, showed that after annealing treatments the samples show an increase in 

their strength. The authors attributed such strength improvement to grain boundary 

relaxation. The results mentioned above demonstrate that the mechanism of plastic 

deformation of NC materials can be influenced by their grain boundary energy and/or 

grain boundary chemical composition, which indicates that the properties of NC 

metals and alloys could be enhanced by engineering their grain boundaries. 

1.3.2 Ductility 

In general, for a metal, ductility and strength are mutually exclusive, i.e. one normally 

should sacrifice one of them to achieve the enhancement of the other. Refining grain 

sizes down to the nanometer scale can appreciably improve the strength of metals 

based on the Hall-Petch relationship. Their ductility, however, decreases markedly 

with the reduction of the grain size. Elongations at fracture for some NC metals and 

alloys was extracted from published data [47-50,35,23,51-74] and is shown in Figure 

1.3. 
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Figure 1.3: Elongation versus grain size. 
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From Figure 1.3, it is clear that most of the elongations to fracture of NC materials are 

less than 10%. Although the majority of elongations at fracture for UFG materials are 

in the range of 10%-30%, this result is still worse than that of CG materials. 

According to the reported literature, poor ductility in UFG and NC materials 

compared to their conventional counterparts may come from the following three 

factors [75-76,14,77,13,78-82]: (1) high sensitivity to flaws from processing and 

sample preparation processes; (2) low strain hardening capability due to small grains 

and (3) low resistance to crack propagation because of a large amount of grain 

boundaries. In other words, to obtain good ductility in high strength UFG and NC 

materials, the sample synthesized is required to have a high purity as well as possess a 

high strain hardening ability to prevent the early onset of the localized deformation. 

 

Continuous effort by researchers around the world has found that artifact-free bulk 

NC materials can be produced using one step techniques based on severe plastic 

deformation methods, such as equal channel angular pressing (ECAP) [83-84], high 

pressure torsion (HPT) [85] and hydrostatic extrusion [62]. Sanders et al. [23] has 

shown that purifying NC metals could further improve their extraordinary strengths, 

whereas their ductility is still disappointing. Low ductility of a high purity NC metal 

originates from its small grains [86]. It has been shown that the plastic deformation of 

NC materials under externally applied forces is accommodated by grain 

boundary-related relaxation processes such as emission and absorption of dislocations 

at grain boundaries and grain boundary sliding as traditional Frank-Read sources are 

not allowed to exist within nanoscale grains [31]. Such deformation mechanisms in 

NC materials leads to a very poor storage of dislocations during deformation and thus 

the presence of local deformation instability resulting from the weak strain hardening 

ability. The strain hardening of NC materials can be readily and quickly represented 

by the ratio of ultimate tensile stress (UTS) to yield strength (YS) [81]. Figure 1.4 

shows the ratio of UTS to YS of NC/UFG materials vs. grain size; the ratio in 

NC/UFG materials is around 1.25 based on the reported work. This value of 1.25 is 

much lower than that of CG materials, in which such ratio is normally over 2 [81]. 
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Figure 1.4: Ratios of ultimate tensile strength to yield strength versus grain sizes. 
 

According to Hart’s criterion [87], to maintain stable deformation to a large strain in 

tension for a tested specimen, the following relation has to be satisfied: 

1mγ + ≥                                                         (1-2), 

where γ  is the normalized strain hardening rate and equal to 
,

1 ln( )
ln Tε

σ
σ ε •

∂
∂

and m is 

the strain rate sensitivity and equal to 
,

ln

ln Tε

σ

ε
•

 ∂
  ∂ 

. Equation (1-2) suggests that for a 

material with small grains one could improve either strain hardening rate or strain rate 

sensitivity to achieve a large stable strain during tensile testing. With this idea, various 

strategies such as bimodal grain size distribution [86,88-89], second phase 

particles/precipitates [90-95], stacking faults [96-97], and twins [98-99], have been 

used to extend a high strain hardening rate to a large plastic deformation to delay and 

suppress the onset of the localized plastic deformation of NC and UFG metals/alloys. 

For a bimodal NC system, small grains offer strength and large grains provide room 

for the accumulation of dislocations and blunt cracks [86]. In such systems, stable 

strain hardening is provided by large grains. Hence, these systems normally have high 

ductility but relatively low yield strength as large grains yield prior to the yielding of 

small grains. To enhance the ductility of NC/UFG materials without sacrificing their 

exceptional strength, one introduces intragranular defects such as second phase 

precipitates, stacking faults and twins to transfer the accumulation of dislocations 
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from grain boundaries to grain interiors. Both strength and ductility of NC/UFG 

materials can be improved significantly. According to the Equation (1-2), the stable 

plastic deformation of NC/UFG materials during tensile testing can also be extended 

by increasing the value of the strain rate sensitivity. Unlike the strain hardening rate 

which determines the level of the uniform deformation, a high strain rate sensitivity 

can effectively diffuse local necking to resist inhomogeneous deformation and then 

offer a noticeable post-uniform deformation [100-101]. Indeed, near-perfect tensile 

stress-strain curves can be produced by using a low strain rate at which the strain 

hardening is considered to be absent [102-103]. Overall, the tensile properties of 

NC/UFG materials can be optimized by achieving high strain hardening capacity and 

strain rate sensitivity via tailoring the microstructures of grains and/or grain 

boundaries. 

1.4 Stability of NC Materials 

NC materials are inherently thermodynamically unstable due to the presence of the 

high volume fraction of grain boundaries. Accordingly, under high consolidation 

temperatures, nanostructured powder particles always tend to spontaneously reduce 

their total grain boundary area (i.e. grain growth) to decrease the free energy of the 

system. This coarsening behavior during consolidation of nanostructured powder 

particles should be suppressed/avoided to retain the unique properties of NC materials. 

It has been shown that the driving force for grain growth is from the curvature of the 

boundary [104-105] in which the velocity, ν, of the grain boundary motion can be 

expressed as: 

0M
R
γν =                                                                (1-3), 

where M, which follows an Arrhenius relationship, is the grain boundary migration, 

0γ  is the specific grain boundary energy and R is the mean grain radius. According to 

Equation (1-3), it is clear that both thermodynamic and kinetic strategies can be 
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applied to stabilize the nanostructure of the material. The thermodynamic concept for 

stabilization of nanostructures was first proposed by Jörg Weissmüller [106-107] on 

the basis of a dilute solid solution alloy and had an initial form as given below: 

( )0 log[ ]segH kT Xγ γ= − Γ ∆ −                                       (1-4), 

where the grain boundary energy with segregated solute atoms ( γ ) is a linear function 

of the grain boundary energy of pure solvent ( 0γ ), enthalpy of segregation, segH∆ ， 

and segregation entropy change ( log[ ]kT X ). Γ , k, T and [ ]X  in Equation (1-4) are 

the solute excess at the grain boundary, Boltzmann constant, absolute temperature and 

global solute content, respectively. In Equation (1-4), Weissmüller just considered the 

elastic strain energy contribution to the segregation enthalpy under which γ may be 

reduced to be 0 if a sufficiently high atomic size mismatch between solute and solvent 

atoms is present and in the meantime the solute has a strong segregation tendency in 

the solvent. In this situation, NC grain size stabilization can be completely achieved 

since the driving force for grain growth disappears. However, in addition to the elastic 

strain energy caused by the size mismatch, both electronic interaction and surface 

energy also play roles in the enthalpy of grain boundary segregation [108-109]. 

Darling and co-workers incorporated the electronic interaction into the segregation 

enthalpy and then developed a modified thermodynamic equation to predict the 

thermal stability of NC Fe alloys [110-111]. The predicted results were in good 

agreement with the experimental evidence. Although the aforementioned 

thermodynamic method has success in some NC alloy systems for a certain range of 

temperatures, the stability of the nanostructure achieved through it mainly depends on 

the equilibrium of grains and grain boundaries of the material to the solute 

concentrations. This suggests that the nanostructure in NC alloys with segregated 

atoms would lose its stability if the equilibrium state of the grain boundaries in the 

solute content is interrupted and disturbed such as the precipitation of the second 

phase. Indeed, several studies have confirmed the loss of the thermal stability of NC 

alloys due to the formation of the intermetallic compounds [111-112].  
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Hence, complete stability of NC materials requires them being stable against both 

grain growth and phase separation. To evaluate whether a NC alloy system with a 

positive enthalpy of mixing can reach the complete stability or not, Murdoch and 

Schuh [113-114] recently developed an analytical model based on the regular solution 

model to achieve this goal. They used their own model to calculate the minimum 

energy NC free energy curve and then compared it with the classical bulk phases. As a 

result, a criterion associated with the enthalpies of mixing and segregation was 

derived by them for predicting the complete stability of binary NC alloys. It is worth 

pointing out that the kinetic technique stemming from the solute drag also plays a part 

in the thermodynamic stabilization of NC alloys. 

 

Based on Equation (1-3), the kinetic strategy which can effectively slow down the 

grain boundary mobility, M, through pore drag, solute drag or pinning by precipitates 

or second phase nanoparticles is another important way to stabilize NC materials. 

Although the kinetic strategy cannot completely stop the grain growth of NC 

materials at very high temperatures as M follows an Arrhenius relationship, it can 

significantly reduce the growth rate of NC grains and thus limit the mean grain size in 

the nanometer scale. In a recent review, Koch and co-workers [115] concluded that 

the kinetic strategy by Zener pinning in NC stabilization is more effective than the 

thermodynamic method for T≥0.75 Tm (Tm is the melting point of the matrix in Kelvin 

scale). The kinetic strategy was first proposed by Zener and reported by Smith [116] 

to relate the grain size to second phase particles. According to Zener’s analysis, 

second phase particles with a volume fraction, f, and a radius, r, will exert a pinning 

force on the grain boundary when they are distributed uniformly into a metal. Such 

pinning force, Fz, generated by particles will retard the movement of the grain 

boundary and has the following expression [104,116]: 

03
2z
fF
r
γ

=                                                       (1-5). 

On the other hand, for a material with a mean grain radius, R, the driving force for its 

grain growth, Fd, can be expressed as given below [104,116]: 
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02
dF

R
γ

=                                                        (1-6). 

The grains of the material will cease to grow when an equilibrium state is reached, i.e., 

Fz=Fd. Under this situation, the stabilized grain size of the material is equal to: 

4
3

rR
f

=                                                                 (1-7). 

Using Equation (1-7), the final grain size of the material with a dispersion of second 

phase particles can be predicted. However, as Equation (1-7) was derived based on 

assumptions such as a homogeneous distribution of particles, identical particle size 

and isotropic grain boundary energy, the final grain size predicted by Equation (1-7) 

for a second phase particle dispersed system usually deviates from the actual grain 

size in the material and shows a higher value. To obtain a more accurate prediction, a 

modified Zener equation was proposed by Manohar and co-workers [117-118] and 

expressed in the form of: 

0.17 rR
f

=                                                             (1-8). 

However, in NC systems, second phase nanoparticles tend to locate at positions like 

grain boundaries, triple junctions and quadruple points [119-120]. For this exceptional 

situation, it is too early to say that the grain sizes in NC materials with second phase 

nanoparticles are still dictated by Equation (1-7) or (1-8). In spite of this, the kinetic 

strategy has had a huge success in the stabilization of NC materials and a series of NC 

alloys such as NC Al, Mg, Cu and Fe alloys have been produced with the help of 

Zener pinning [54,121-123]. 

1.5 Second Phase Nanoparticle DS Cu Matrix Composites 

1.5.1 Introduction 

The performance of materials has always been required to improve to keep up with 

the pace of the development of a civilization. For instance, DS copper matrix 
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nanocomposites have been used to replace conventional copper alloys which are 

usually produced by a combination of solid solution and thermomechanical 

processing for high temperature applications such as resistance welding electrodes, 

electrical contacts and heat-resistant parts [124-125]. In such applications, the 

retention of high strength and good conductivity at elevated temperatures must be 

achieved according to the requirements of service conditions. Copper alloys 

strengthened by both solutes and dislocation configurations cannot maintain such 

properties at high temperatures, or even for intermediate temperatures, due to the 

recovery of secondary structures and the sensitivity of conductivity to solute atoms 

[126]. Although copper alloys reinforced by precipitates of refractory phases (e.g. W, 

Ta, Nb and Cr) can exhibit good performance within a certain range of temperatures, 

they usually have lower softening temperatures compared with Cu strengthened by 

ceramic nanoparticles due to coarsening of precipitates [127]. Copper with a fine 

dispersion of ceramic nanoparticles not only have a higher strength at elevated 

temperatures, but also better resistance to softening relative to those copper alloys 

mentioned above. Hence, DS Cu matrix nanocomposites can substantially extend the 

materials high temperature applications. As discussed in Section 1.4, it has been well 

established that second phase nanoparticles distributed at grain boundaries of a metal 

can exert a pinning force on the grain boundary to resist its migration to suppress the 

grain growth during thermomechanical processing [116]. Many researchers have 

successfully fabricated UFG and NC Cu matrix composites via introducing a 

homogeneous distribution of second phase nanoparticles in the Cu matrix [128-139]. 

1.5.2 Fabrication of Nanostructured Cu Matrix Composite Powders 

It has been pointed out by Morris and Morris [140] that the stability of dispersoids in 

DS materials is closely associated with their distribution and a homogeneous 

distribution of dispersoids can effectively resist particle coarsening occurring during 

the consolidation process; thus refining the microstructure of the matrix and 

improving the properties of the material. Nanostructured Cu matrix composite 

powders can be produced by external oxidation [141], thermochemical treatment 
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[129,133,142], thermal spraying [143] and HEMM [144,135-136,145-147]. Among 

these approaches, HEMM is the most appropriate to combine with subsequent thermal 

processing because of its high efficiency in creating a uniform dispersion of second 

phases, particularly for an immiscible system or a high content of second phase 

nanoparticles. For example, HEMM is commonly applied to form supersaturated solid 

solutions for immiscible systems such as Cu-Ta [148-149] and Cu-Nb [150,121,140] 

and then annealing as-milled alloy powders at certain temperatures for a period of 

time to allow the homogeneous precipitation of small Ta and Nb particles. Moreover, 

an alternative way to produce nanostructured Cu matrix composite powder particles 

with a dispersion of in-situ formed second phase nanoparticles is a solid state reaction 

method which produces second phase nanoparticles in the Cu matrix through the 

reaction between additive elements during HEMM and annealing of as-milled 

powders [144,146]. Apart from these two methods, HEMM of a mixture of second 

phase nanoparticles and Cu powders could be the simplest way to introduce second 

phase nanoparticles externally into Cu to produce the nanostructured Cu matrix 

composite powder particles without any subsequent thermal processing. 

1.5.3 Consolidation of Nanostructured Cu Matrix Composite Powder Particles 

It is known that consolidation of nanostructured DS metal powder particles into useful 

bulk engineering components can be achieved by various techniques such as spark 

plasma sintering (SPS) [151], HIP [152], hot pressing [153], sinter forging [154] and 

hot extrusion [155-156]. In some cases, two or three such consolidation techniques are 

combined to complete the consolidation [157]. The technique adopted to consolidate 

nanostructured powder particles largely depends on the characteristics of the powder 

particles, and is generally chosen to limit the grain growth as much as possible during 

consolidation. For instance, SPS method may be the first choice to be used to 

consolidate nanometer sized powder particles so as to avoid the significant coarsening 

of the nanostructure of powder particles, as this consolidation technique can finish the 

consolidation process at relatively low temperatures and within a short time [154,151]. 

The extremely high activity of nanometer sized particles makes them very difficult to 
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process with conventional consolidation methods such as HIP plus hot extrusion. This 

traditional consolidation method in powder metallurgy usually requires both a high 

temperature and long time which is a very high risk for retaining fine structures of 

powder particles after consolidation. Nevertheless, nanostructured and micrometer 

sized powder particles with a dispersion of second phase nanoparticles prepared by 

HEMM are able to be consolidated using this conventional method. For this kind of 

powder particles, high temperature consolidation processes only result in a limited 

extent of coarsening in the microstructure of the matrix due to the retardation effect of 

second phase nanoparticles. Thus, an UFS metal matrix composite can be easily 

produced by using the suppression of second phase nanoparticles on the grain growth 

of the metal matrix via the Zener mechanism. 

1.5.4 Mechanical and Electrical Properties of Bulk UFG Cu Matrix 

Composites 

Previous studies have clearly revealed that the microstructure and mechanical 

properties of UFG metals dispersed with second phase nanoparticles are closely 

associated with the particle size [158], volume fraction [159-160] and distribution in 

the matrix [95]. Of course, the fabrication effect should be taken into account as well 

in terms of discussing the relationship between the microstructure and property of 

second phase nanoparticle DS UFG metals. Figure 1.5 summarizes the mechanical 

data published on the UFG Cu matrix composites. 
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Figure 1.5: Tensile yield strength (a) and ductility (b) of ultrafine structured Cu matrix 
composites. 
 

It is apparent that UFG Cu matrix composites offer very high tensile yield strengths 

which are almost 3~6 times that of CG Cu (~150 MPa) (Figure 1.5(a)). This high 

yield strength observed in the experiments for UFG Cu with a fine dispersion of 

nanoparticles is primarily ascribed to grain size strengthening through the Hall-Petch 

relationship and nanoparticle dispersion strengthening associated with the Orowan 

mechanism. On the other hand, tensile ductility of such materials shown in Figure 

1.5(b) exhibit a much lower value in the range of 3-12% compared with that of 
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conventional copper (~40%). This significant decrease in ductility of DS systems is 

mainly attributed to the poor ability to relax the stress concentration resulting from 

grain refinement. In other words, UFG grains in DS materials have low capacity in 

accumulating dislocations during plastic deformation. The data presented in Figure 

1.5 implies that the tensile properties of UFG Cu matrix composites are highly related 

to various microstructural parameters such as mean nanoparticle size and volume 

fraction of nanoparticles, mean grain size and fabrication method. Although the role 

of grain size distribution of the matrix is excluded here, one should realize its 

importance, especially in ductility. If we put these structural parameters away, the key 

point in determining the tensile results of UFG metal matrix composites is the direct 

interaction between dislocations and nanoparticles. For a given quantity of second 

phase nanoparticles, the tensile strength and ductility of UFG metal matrix composites 

would be significantly enhanced if this direct interaction is improved. Creating 

intragranular nanoparticles as much as possible is a very effective way to increase this 

interaction [95]. 
 

Electrical conductivity of UFG Cu matrix composites is another very important 

property. For some applications like spot welding, both high temperature strength and 

good conductivity are required simultaneously. Figure 1.6 presents room temperature 

electrical conductivities of coarse grained and UFG Cu matrix nanocomposites. It is 

seen that second phase nanoparticles slightly degrade the electrical conductivity of 

conventional copper, as given by the solid circle symbol shown in Figure 1.6 [161]. 

However, UFG copper matrix reinforced by second phase nanoparticles shown in 

Figure 1.6 have electrical conductivity values of less than 55%IACS. It has been 

shown that the electrical conductivity of a metal is very sensitive to the lattice 

distortion caused by alloying elements [126] and grain boundaries [143]. These two 

structural defects can greatly reduce the mean free path of electrons and increase the 

probability of the electron scattering and thus decrease the electrical conductivity of 

the metal. Hence, the much lower electrical conductivity observed for UFG Cu 

dispersed with nanoparticles relative to the coarse grained Cu matrix nanocomposites 
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is mainly due to the presence of large volume fraction of grain boundaries (solid 

triangle symbol shown in Figure 1.6). The electrical conductivity of UFG Cu matrix 

composites will be further reduced if the impurity is introduced during the fabrication 

process like HEMM (squares shown in Figure 1.6). 
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Figure 1.6: Electrical conductivities of coarse grained and ultrafine structured Cu 
matrix composites. 
 

Based on the literature survey, it has been found that so far much effort has been made 

on the fabrication of UFS metal matrix nanocomposites (MMNCs) through 

nanostructured metal matrix nanocomposite (MMNC) powders. However, a 

systematic and comprehensive investigation of thermal stability of the nanostructured 

MMNC powder particles and the influence of the consolidation temperature on the 

microstructures and tensile properties of bulk UFS MMNCs has not yet been found. 

Such fundamental studies can allow us to understand how the microstructure of 

nanostructured MMNCs reacts to the annealing temperature which could give some 

very important information for us to optimize the subsequent consolidation process 

and to establish a relationship of processing, microstructure and mechanical property 

of the UFS MMNCs. Combining this information with proper heat treatment, an UFS 

copper matrix nanocomposite sample with a high strength and good conductivity is 
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expected to be produced. 

1.6 Objectives of This Study 

This PhD project has three goals to achieve. Firstly, get a fundamental understanding 

of the grain growth kinetics of the nanostructured metal matrix composites prepared 

by HEMM; secondly, establish an extrusion temperature dependence of the 

microstructural evolution and tensile properties of UFS metal matrix composites, 

extruded from powder compacts of milled nanostructured metal matrix composite 

powder particles; last but not least, obtain a preliminary understanding of 

strengthening mechanisms of UFS metal matrix composites. These three aims in the 

present study are examined and investigated based on a model system of 

nanostructured Cu-5vol.%Al2O3 composite powder particles prepared by HEMM. 
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Chapter Two 

Materials and Experimental Procedure 

Outlined in this chapter are the materials and the experimental procedures used to 

prepare the nanostructured Cu-5vol.%Al2O3 composite powder samples and the 

consolidated bulk samples from the powder and the techniques employed for 

analyzing and characterizing the samples during this research work. 

2.1 Starting Materials 

As starting materials, a Cu powder (99.7% pure, particle sizes: 1~100 µm) and Al2O3 

nanopowder (99.9% pure, average particle size: 50 nm) supplied by Sigma-Aldrich 

were used to produce the Cu-5vol.%Al2O3 composite powder particles by HEMM and 

bulk samples by a combination of HEMM and powder compaction extrusion. 

2.2 Material Preparation 

2.2.1 HEMM 

A Retch PM100 planetary ball mill, as shown in Figure 2.1(a), was operated to mill a 

powder mixture of Cu powder and Al2O3 nanopowders at a speed of 400 rpm. 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 diameters of 12.5 mm and 

25 mm (Figure 2.1(b)) were used for the milling operations. The vial which contained 

stainless steel balls and 100 g (in total) of the Cu powder and Al2O3 nanopowder with 

the nominal composition of Cu-5vol%Al2O3 were sealed in a glove box filled with 

high purity argon, as shown in Figure 2.1(c). 
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Figure 2.1: (a) Retsch PM100 planetary ball mill; (b) steel vial and stainless steel balls 
with diameters of 12.5 and 25 mm; (c) glove box. 
 

Before milling, the Cu powder and Al2O3 nanopowder were mixed using 61 stainless 

steel balls of 12.5 mm in diameter for 12 hours with a speed of 100 rpm. Two 

different HEMM operations were used in this study. The milling step for the research 

work presented in Chapter 3, 5 and 6 comprised 24 hours (net time) of milling with a 

break of 30 minutes after every 30 minute interval of milling using 6 stainless steel 

balls of 25 mm in diameter and 13 stainless steel balls of 12.5 mm in diameter. 

However, for the research work presented in Chapter 4, the milling process consisted 

of two steps. In Step 1, the powder mixture was milled for 12 hours (net time) with a 

break of 30 minutes after every 30 minute interval of milling using 61 stainless steel 

balls with a diameter of 12.5 mm. In Step 2, the 12 hours milled powder was milled 

for a further 12 hours (net time) with a break of 30 minutes after every 30 minute 

interval of milling using 6 stainless steel balls of 25 mm in diameter and 13 stainless 

steel balls of 12.5 mm in diameter. Between Step 1 and Step 2, the balls were changed 

in the glove box filled with high purity argon. The ball-to-powder weight ratio was 

5:1 for both mixing and milling steps in the different HEMM operations. 

2.2.2 Heat Treatment 

Heat treatment of the samples was conducted in a stainless steel vacuum tube furnace, 

as shown in Figure 2.2. The furnace was programmed to heat samples up at a heating 

rate of 10oC/min and cool samples down with the furnace cooling mode. The 

application temperature of the furnace is up to 1000oC. The as-milled and extruded 

bulk samples were annealed at different temperatures in the range of 300-600 and 

500-1000oC, respectively for various times with a vacuum of ~10-6 mbar. 
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Figure 2.2: Stainless steel vacuum tube furnace. 

2.2.3 Powder Consolidation 

A 100-ton hydraulic press, as shown in Figure 2.3, was used to prepare powder 

compacts for extrusion and carry out the extrusion. 

 

 
 
Figure 2.3: 100-ton hydraulic press and induction furnace. 
 

In this study, two different compaction conditions were adopted to press two different 

milled powders into compacts for the extrusion of Cu-5vol.%Al2O3 composite bulk 

samples. In Chapter 4, the milled Cu-5vol.%Al2O3 composite powder particles were 

uniaxially hot compacted in a H13 steel die with a cylindrical cavity of 25 mm in 
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diameter at 350oC for 20 minutes under a pressure of 300 MPa. The die was 

lubricated with graphite gel. While the milled powder particles in Chapter 5 and 6 

were compacted at room temperature with a pressure of ~2 GPa without any holding 

time. All Cu-5vol.%Al2O3 composite compacts were ground to remove the thin layer 

of graphite on the surface of the compact prior to performing the extrusion. The 

Cu-5vol.%Al2O3 composite compacts, having a shallow hole for a thermocouple to 

measure the temperature of the compact, were then enclosed in the hydraulic press 

chamber with argon atmosphere and heated from room temperature to extrusion 

temperature in the range of 300-900oC by using induction furnace, as shown in Figure 

2.3. An extrusion ratio of 10:1 was used to produce Cu-5vol.%Al2O3 composite rods. 

A complete flow chart for the production of Cu-5vol.%Al2O3 composite bulk samples 

is presented in Figure 2.4. 

 

 
Figure 2.4: A flow chart of the preparation of Cu-5vol.%Al2O3 composite rods using 
milled composite powder particles. 
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2.3 Microstructural Characterization 

2.3.1 Sample Preparation 

The as-milled annealed powder particles, and as-extruded or annealed extruded bulk 

samples were cold mounted in epoxy resin and hardened for 24 hours. The resin 

cylinder was carefully ground using NO.600, 1000, 2000 and 4000 SiC paper with 

running tap water to reveal the cross section of the samples, followed by polishing 

using Al2O3 suspension with a particle size of 0.3 µm. The sample was thoroughly 

rinsed with distilled water to remove any Al2O3 particles from the suspension left on 

the surface. The polished “mirror” of each sample was made parallel to the bottom 

surface of the mount, so that an even height was made for the hardness measurement, 

X-ray diffraction (XRD) analysis and microscopy examination. 

2.3.2 XRD 

XRD characterization of powder particle and bulk samples was conducted using a 

Philips X-pert XRD system with Cu Kα radiation (λ=0.15406 nm) and a graphite 

monochromator. The working voltage and current of the XRD system were 40 kV and 

40 mA, respectively. The XRD patterns of samples were obtained by scanning using a 

step size of 0.02o and a time of 2s per step. The scanning range for the XRD patterns 

collected was 12-100o. 

2.3.3 Scanning Electron Microscopy (SEM) 

Microstructural characterization of as-milled and annealed Cu-5vol.%Al2O3 

composite powder particles and as-extruded and annealed extruded samples was 

carried out using a Hitachi S4700 SEM with an operating voltage of 20 kV. In 

addition to secondary electron (SE) analysis, backscattered electron (BSE) analysis on 

samples was also performed. 
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2.3.4 Transmission Electron Microscopy (TEM) and Scanning Transmission 

Electron Microscopy (STEM) 

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

focused ion beam (FIB) microscope. Thin foils with a thickness of about 50 nm were 

cut from the mounted samples with a Ga ion beam operating at 30 kV, and were 

retrieved out of the vacuum chamber 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 energy dispersive X-ray spectroscopy 

(EDX) system operating at 200 kV was used for both microstructural and 

compositional analysis. A weak beam current was selected to stabilize the 

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

specimens were prepared and characterized in the Electron Microscopy Unit, 

University of New South Wales, Sydney, Australia. 

2.3.5 Microhardness Measurements 

The microhardness was measured using a digital Vickers microindentation tester, 

LECO LM700, with a load of 25/50 gf and a dwell time of 15 s for powder 

particle/bulk samples. Ten indents for each sample were made to produce an average 

microhardness measurement. 

2.3.6 Tensile Testing 

Tensile test specimens, as shown in Figure 2.5, were cut from the extruded 

Cu-5vol.%Al2O3 composite rods using electric discharge machining (EDM) wire 

cutter (DK77 series). The dog-bone shaped tensile test specimens had a gauge length 

of 20 mm and a rectangular cross-section of 2 mm in thickness and 2 mm in width. 

The tensile testing of specimens was carried out at room temperature using an Instron 

4204 testing machine with a maximum load of 5 kN and at a crosshead speed of 0.12 

mm/min which was equivalent to a strain rate of 1×10-4 /s. All reported tensile data 

presented in this research work was the average of three test results. 
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Figure 2.5: Tensile specimens cut from extruded Cu-5vol.%Al2O3 composite rods.
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Chapter Three 

Thermal Stability of the Nanostructure of Mechanically 

Milled Cu-5vol.%Al2O3 Nanocomposite Powder Particles 

3.1 Introduction 

It has been widely accepted that the consolidation of nanostructured powders is an 

effective way of synthesizing bulk nanostructured and ultrafine structured metallic 

materials and near-net shaped components [1]. For this approach to be used 

effectively, either or both of two conditions should be satisfied: (1) the time for 

keeping the nanostructured powder at relatively high temperature (above 0.6 Tm, 

where Tm is the melting temperature of the metal in Kelvin) during consolidation 

should be sufficiently short, being in the order of minutes rather than hours; and (2) 

the thermal stability of the nanostructure of the powder particles is sufficiently high to 

allow the nanostructure to coarsen by only a small amount at relatively high 

temperatures. The first condition can possibly be satisfied if the powder is 

consolidated using processes which involve pressure and/or a large amount of plastic 

flow. Such processes include in-situ consolidation of powder particles by high energy 

mechanical milling [2-3], powder compact forging [4], powder compact extrusion[5], 

and spark plasma sintering [6]. When such processes are not able to produce well 

consolidated materials or are not cost-effective, it is necessary to improve the thermal 

stability of the nanostructure of the powder particles. 

 

As reviewed in Chapter One, many nanostructured materials stabilized by fine second 

phase particles have been reported, but a systematic investigation of the grain growth 

behavior and kinetics of such nanostructures is still missing. The present study is to 

contribute to this body of academic work by systematically investigating the grain 
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growth of the nanocrystalline Cu matrix and other microstructural changes that occur 

during annealing of Cu-5vol.%Al2O3 nanocomposite powder particles. It is hoped that 

an in-depth understanding of the thermal stability of the nanostructure of metal matrix 

nanocomposites can be achieved through the study. 

3.2 Results 

As shown in Figure 3.1, the Cu peaks of the XRD patterns of the as-milled and 

annealed Cu-5vol.%Al2O3 nanocomposite powders became narrower with increasing 

annealing temperature, suggesting that the Cu grains grew during annealing. 

 

 

Figure 3.1: XRD patterns of as-milled and annealed nanostructured Cu-5vol.%Al2O3 
composite powders. 
 

The Cu peaks of the XRD patterns were analyzed to determine the average Cu grain 

sizes and dislocation densities of the as-milled and annealed powder particles. Prior to 

doing this, background and Kα2 signals were removed from the XRD diffraction 

peaks, and instrumental broadening was corrected by producing an XRD pattern of 

the Cu powder annealed at 900oC for 1 h. The Scherrer equation, as given below [7-9], 
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was applied to the first peak of the XRD patterns to evaluate the average grain size of 

the powder particles: 

/ ( cos )hkl hklD Kλ β θ=                           (3-1) 

where Dhkl is the mean grain size, K is a constant and normally taken to be 1, λ is the 

wavelength of the x-rays used to generate the XRD patterns, βhkl is the integral 

breadth of the x-ray diffraction peak (in radians) of the planes with Miller indices of 

{hkl}, and θ is the Bragg angle of the peak used. The internal strain, εhkl, of the 

samples was derived from the following equation [10]: 

/ (4 tan )hkl hklε β θ=                            (3-2) 

The dislocation d en sity of samples, ρ, was evalu ated b y the formula given below 

[11-13]: 

1/222 3 / ( )hkl hklD bρ ε=                                     (3-3) 

where b is the Burger’s vector of pure Cu. In the dislocation density calculation, the 

first three peaks of XRD patterns were used to obtain the average dislocation densities 

of the samples. 

 

Figures 3.2(a) and (b) show the average grain sizes as a function of annealing time at 

different annealing temperatures and a function of annealing temperature with 

different annealing times, respectively. Figures 3.2(a) and (b) demonstrate that the 

grain sizes almost remained unchanged with increasing annealing time for an 

annealing temperature of 400oC or lower, while when the annealing temperature is 

500oC or higher, the grain sizes first increased at a rate which became higher with 

increasing annealing temperature, and then reached stagnation with prolonged 

annealing time. 
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Figure 3.2: Changes of grain sizes of the nanocrystalline Cu matrix of 
Cu-5vol.%Al2O3 composite powder particles with annealing time at different 
annealing temperatures (a) and with annealing temperature for different annealing 
times (b). 
 

The dislocation densities as a function of annealing time at different annealing 

temperatures and a function of annealing temperature with different annealing times 

are presented in Figures 3.3(a) and (b) respectively. 
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Figure 3.3: Variation of dislocation density of nanostructured Cu-5vol.%Al2O3 
composite powder particles with annealing time at different annealing temperatures (a) 
and with annealing temperature for different annealing times (b). 
 

As shown in Figure 3.3(a), at a given annealing temperature, the dislocation density 

dropped significantly within the first 0.1 h of annealing, then underwent fluctuation 

with increasing annealing time, and subsequently changed little with subsequent 

increased annealing time. As shown in Figure 3.3(b), the dislocation density of the 

annealed powder particles did not change significantly with increasing annealing 

temperature from room temperature to 300oC, and then showed a significant linear 

decrease with increasing annealing temperature from 300 to 600oC. 
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To check whether the average Cu grain sizes determined by analyzing the broadening 

of XRD peaks are reasonably accurate, the microstructure of as-milled powder 

particles and the powder particles annealed at 600oC for 5 hours was examined using 

TEM. As shown in Figure 3.4, the Cu grain sizes of the as-milled powder particles 

were in the range of 17-120 nm, while the majority of Cu grains in the powder 

particles annealed for 5 hours at 600oC were in the range of 20-200 nm. Some large 

Cu grains with sizes in the range of 200-300 nm and surrounded by nanometer sized 

Cu grains were also found in the microstructure of the powder particles annealed for 5 

hours at 600oC, as shown in Figure 3.4(b), indicating that abnormal grain growth 

occurred during annealing at 600oC. Based on the Cu grain size distributions 

determined by measuring the sizes of 188 and 247 Cu grains in the microstructures of 

as-milled powder particles and the powder particles annealed at 600oC for 5 hours, 

respectively (Figures 3.4(c) and (d)), the average grain sizes were determined to be 

50±20 and 91±47 nm, respectively. This shows that the average grain size values 

obtained from analyzing the broadening of XRD peaks are reasonably accurate, and 

thus can be used in the subsequent analysis of the kinetics of grain growth. 

 

 
Figure 3.4:TEM bright field micrographs of (a) as-milled nanostructured 

Cu-5vol.%Al2O3 composite powder particles and (b) powder particles annealed at 
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600oC for 5 h and (c) and (d) their corresponding grain size distributions respectively. 

 

As shown by the selected area electron diffraction patterns (SADPs) shown in Figures 

3.5(a) and (b), annealing as-milled powder particles at 600oC for 5 hours generated a 

group of weak diffraction spots corresponding to Al2O3{311} (Figure 3.5(b)), which 

were absent from the SADP of the as-milled powder particle (Figure 3.5(a)). This 

implies that the growth of Al2O3 nanoparticles occurred during annealing at 600oC. 

 

 
Figure 3.5: Selected area electron diffraction patterns corresponding to the TEM 
micrographs shown in Figs. 3.4(a) and (b), respectively. 
 

As shown by the SEM backscattered electron images, STEM images and EDX Al 

elemental maps shown in Figures 3.6 and 3.7, a fraction of Al2O3 nanoparticles were 

dissolved during milling, and relatively large Al2O3 nanoparticles survived in the 

microstructure of the as-milled powder. With the subsequent annealing, the Al3+ and 

O2- ions re-precipitated out to either form new Al2O3 nanoparticles or to cause the 

growth of pre-existing Al2O3 nanoparticles, as shown in Figures 3.6(b)-(d) and 3.7(c) 

and 3.7(d). This is in agreement with the appearance of the Al2O3 {311} diffraction 

spots in the SADP of the powder particle annealed at 600oC and for 5 hours shown in 

Figure 3.5. 



Chapter Three: Thermal Stability of the Nanostructure of Mechanically milled 
Cu-5vol.%Al2O3 Nanocomposite Powder Particles 

43 

 
Figure 3.6: Backscattered electron micrographs showing coalescence of Al2O3 
nanoparticles in the nanostructured Cu-5vol.%Al2O3 composite powder particles with 
annealing. (a) as-milled; (b) annealed at 400oC for 5 h; (c) annealed at 500oC for 5 h; 
(d) annealed at 600oC for 5 h. 
 

 

Figure 3.7: STEM images of (a) as-milled nanostructured Cu-5vol.%Al2O3 composite 
powder particles and (c) powder particles annealed at 600oC for 5 h, and (b) and (d) 
their corresponding EDX Al elemental maps respectively. 
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Figure 3.8 displays the change of the microhardness of the Cu-5vol.%Al2O3 

nanocomposite powder particles with increasing annealing time at different annealing 

temperatures. It shows that the value of the microhardness of the Cu-5vol.%Al2O3 

nanocomposite powder particles annealed at a given temperature decreased with 

increasing annealing time within the first 2 h annealing and then reached a plateau 

with further increases in annealing time. Moreover, the microhardness of the annealed 

Cu-5vol.%Al2O3 nanocomposite powder particles decreased from 2.59 to 1.68 GPa 

with increasing annealing temperature from room temperature to 600oC. Such 

changes in the microhardness of the powder particles with the annealing condition 

clearly reflects the Cu grain growth behavior and the decrease of the dislocation 

density of the powder particles with increasing annealing time and annealing 

temperature noted previously. 
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Figure 3.8: Vickers microhardness of the nanostructured Cu-5vol.%Al2O3 composite 
powder particles as a function of annealing time at different annealing temperatures. 
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3.3 Discussion 

3.3.1 Microstructural Evolution during Annealing 

As shown in Figures 3.2 and 3.3, when the as-milled powder particles are annealed at 

temperatures ≤400oC, the average Cu grain size remains nearly unchanged, while 

those powder particles annealed at temperatures ≥500oC exhibit clear grain growth 

(Figure 3.2). This observation is similar to the finding obtained by Čížek et al. [14] 

that no visible grain growth or recrystallization of the nanocrystalline Cu matrix 

occurs during annealing of Cu-0.5wt.%Al2O3 nanocomposite at temperatures below 

400oC. In contrast, the dislocation density of the as-milled powder particles decreases 

continuously with increasing the annealing temperature from 300 to 600oC (Figure 

3.3). Abnormal grain growth occurs during annealing at 600oC, as shown in Figure 

3.4(b). This might be caused by the coalescence of fine Al2O3 particles, leaving some 

regions having a relatively lower density of Al2O3 nanoparticles. As shown in Figures 

3.6, 3.7 and 3.9, it has also been observed that a fraction of the Al2O3 particles of the 

as-milled powder particles coarsen and their sizes reach a level larger than 100 nm 

after annealing at 600oC for 5 hours. These large Al2O3 particles are less effective in 

dragging the migration of grain boundaries and thus allow faster grain growth than 

Al2O3 nanoparticles smaller than 50 nm [15]. As a result, some grains adjacent to 

large Al2O3 particles grew abnormally, as shown in Figure 3.4(b). 

3.3.2 The Kinetics of Grain Growth of the Nanocrystalline Cu Matrix 

Based on the consideration that the grain growth of a polycrystalline material is 

driven by the grain boundary curvature, the grain size, D, as a function of annealing 

time, t, can be described by using a power law equation [16-17]: 

0
n nD D kt− =                                                 (3-4), 

where n is a constant, D0 is the initial grain size at time t=0, and k is a 

temperature-dependent grain growth rate constant. If the material is a pure single 

phase material, n = 2. However, during grain growth, many factors such as second 
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phase particles [18], impurities [19-20], solute atoms [21], strain release [22], pores 

and grain boundary triple junctions [23-24] can affect the kinetics of grain growth and 

lead to n>2 [25]. In this study, we assume that the curvature-driven grain growth 

mechanism is still operative and Equation (3-4) can be used to quantify the grain 

growth. Considering the influence of Al2O3 nanoparticles on the grain growth of 

nanocrystalline Cu matrix, we take n=3, thus Equation (3-4) can be rewritten as: 

3 3
0D D kt− =                                                         (3-5). 

The values of k at different annealing temperatures were obtained by fitting Equation 

(3-5) with the grain size data obtained from the isothermal annealing experiments 

shown in Figure 3.2(a). k changes with temperature according to the Arrhenius 

relationship [16]: 

0 exp Ek k
RT

 = −                                            (3-6), 

where R is the ideal gas constant, T the absolute temperature, E the apparent 

activation energy for grain growth and k0 a constant. Based on Equation (3-6), the 

value of the grain growth activation energy, E, can be obtained from the slope of the 

line of ln(k) vs 1/RT. By producing a line which best fits the data points of (1/RT, k) at 

three different temperatures (400, 500 and 600oC) as shown in Figure 3.10 and 

determining the slope of this line, the value of the activation energy of grain growth of 

the nanocrystalline Cu matrix of the as-milled nanocomposite powder particles was 

determined to be 63.4 kJ/mol. 
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Figure 3.9: Arrhenius plot of the grain growth rate constant. 
 

For comparison, the values of the apparent activation energy of grain growth of 

monolithic nanocrystalline Cu collected from published literature [26,22,27-30] along 

with the value obtained in this study are summarized in Table 3.1. It can be seen that 

the reported apparent activation energy of grain growth of monolithic nanocrystalline 

Cu is in the range of 30-83 kJ/mol, which is much smaller than that for the grain 

growth of microcrystalline Cu (211 kJ/mol) [31], indicating that the grain growth 

behavior of nanocrystalline Cu is quite different from the lattice diffusion controlled 

grain growth of microcrystalline Cu and is determined by grain boundary diffusion. 

The value of the apparent activation energy of grain growth of the nanocrystalline Cu 

matrix of the Cu-5vol.%Al2O3 nanocomposite (63.4 kJ/mol) falls well within the 

range of reported values of the apparent activation energy of grain growth of 

monolithic nanocrystalline Cu shown in Table 3.1. This shows that the grain growth 

kinetics of the nanocrystalline Cu matrix of the Cu-5vol.%Al2O3 nanocomposite 

powder particles prepared by HEMM are also controlled by grain boundary diffusion. 
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Table 3.1 Values of apparent activation energy for grain growth of monolithic 
nanocrystalline Cu published in the literature and that of the nanocrystalline Cu 
matrix of the nanostructured  Cu-5vol.%Al2O3 composite obtained in this study 
(IKA: Isothermal Kinetics Analysis). 

Preparation 
method 

Materials Temperature range 
(K) 

Study method Activation 
energy 

(kJ/mol) 

Reference 

Inert gas 
condensation 
+compaction 

Nanocrystalline Cu 
(99.95% pure) 

283-425 Tracer or nuclear 
magnetic relaxation 

61.56 or 
66.37 

[27, 29] 

DC magnetron 
sputtering 

Nanocrystalline Cu 573-773 IKA (n=2) 38.7 [30] 

DC magnetron 
sputtering 

Nanocrystalline Cu 373-773 IKA (n=3) 35±11 [26] 

Sliding wear Nanocrystalline Cu 
(99.2% pure) 

575-675 IKA (n=4) 30±9 [28] 

Electrodepositi
on 

Nanocrystalline Cu 
(99.983% pure) 

373-423 IKA (n=4) 83±13 [22] 

HEMM Nanocrystalline Cu 
Matrix 

573-873 IKA (n=3) 63.4±2 This study 

 

3.3.3 The Effect of Al2O3 Nanoparticles on the Grain Growth of 

Nanocrystalline Cu Matrix 

Fine second phase particles located at grain boundaries exert a retarding force to the 

grain boundaries so that their migration becomes more difficult. Such an effect can 

result in a much lower rate of grain growth for a nanocrystalline metal matrix 

dispersed with fine second phase particles compared with its monolithic 

nanocrystalline counterpart. Indeed, although the apparent activation energy for grain 

growth of the nanocrystalline Cu matrix of the Cu-5vol.%Al2O3 nanocomposite 

(Figure 3.2(a)) is very close to that of monolithic nanocrystalline Cu, the growth rate 

of the former during annealing at elevated temperatures in the range of 400-600oC is 

far lower than that of the latter in the same temperature range. For instance, after 5 

hours annealing at 500oC, the average grain size of monolithic nanocrystalline Cu 

increases from 50 to 280 nm [26], while the average grain size of the nanocrystalline 

Cu matrix of the Cu-5vol.%Al2O3 nanocomposite only increases from 56 to 65 nm. 
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According to Zener pinning [16], a balance between the pinning force exerted on a 

grain boundary by fine second phase particles and the driving force for grain growth 

can be established in a material dispersed with the second phase particles. This 

suggests that the grain sizes and grain boundaries with a homogeneous distribution of 

a small amount of fine second phase particles are able to reach a metastable state with 

increasing annealing time, and in such a state the grain growth would virtually stop 

with a further increase of annealing time. 

 

 

Figure 3.10: (a) Backscattered electron image of the Cu-5vol.%Al2O3 nanocomposite 

powder particle annealed at 600oC for 5 h; (b) particle size distribution of the Al2O3 

nanoparticles. 

 

Based on the particle pinning theory [32], the relationship between the particle 

parameters (i.e. volume fraction, f, and size, d, of the particles) and grain size D can 

be empirically described by the following equation: 

4
3

D
d f

=                                                               (3-7). 

The powder particles annealed at 600oC for 5 h was taken as a model to analyze the 

effect of Al2O3 nanoparticles on the grain growth of nanocrystalline Cu matrix of the 

Cu-5vol.%Al2O3 nanocomposite. In this analysis, Al2O3 particles with sizes larger 

than 100 nm are not taken into account because of their negligible effect on the 

thermal stability of the nanocrystalline Cu matrix. By substituting d=41.19 nm and 

f=1.36% presented in Figure 3.9(b) into Equation (3-7), we get D=4038 nm, which 
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means that the metastable grain size of the Cu matrix should reach around 4 µm. This 

value of mean grain size is much larger than the actual mean grain size of the 

Cu-5vol.% Al2O3 nanocomposite annealed at 600 oC for 5 hours which is 91 nm, as 

determined by both TEM examination and X-ray analysis. The data shown in Figure 

3.9(b) show that the total volume fraction of Al2O3 nanoparticles accounted for in the 

measurement is 3.23vol.%, indicating that there is still ~1.77vol.%Al2O3 left in the 

matrix and which may be in the form of Al3+/O2- clusters, being too small to be 

resolved clearly by SEM and TEM. If we assume that the Al3+/O2- clusters have a 

mean size of 5 nm and then do the calculation using Equation (3-7) again, the 

calculation generates a D value of 376 nm, which is still 4 times higher than the actual 

average grain size of 91 nm. This means that the high thermal stability of as-milled 

powder particles observed may not be entirely provided by the pinning effect of Al2O3 

nanoparticles and Al3+/O2- clusters, and other stabilization factors may be involved. 

 

In nanostructured materials fabricated by HEMM, the impurities coming from the 

ambient environment and/or milling tools can strongly influence the thermal stability 

of the materials produced and such impurities may play an important role in 

enhancing the stability of the nanostructure of the powder particles [18,20,19,33]. 

After 24 h milling, the chemical composition of the milled powder examined by XRF 

includes 0.175wt.%Fe. Fe has very limited solubility in a Cu lattice at temperatures 

lower than 600oC. This implies that the Fe atoms in the nanostructured 

Cu-5vol.%Al2O3 nanocomposite are very likely segregated at the grain boundary 

during annealing at 600oC. The segr/egated Fe atoms at the grain boundaries of the Cu 

matrix may impose a retarding force against the motion of the grain boundary via the 

solute drag effect. Therefore, both the Zener drag and the solute drag contribute to the 

high thermal stability of the milled Cu-5vol.%Al2O3 nanocomposite powder particles. 
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3.4 Summary 

A systematic investigation of the microstructural changes that occur during isothermal 

annealing of a nanostructured Cu-5vol.%Al2O3 nanocomposite powder prepared by 

high energy mechanical milling has been performed. The results show that annealing 

at 300 or 400oC only causes a reduction of the dislocation density of the powder 

particles, while annealing at 500 or 600oC causes reduction of dislocation density, 

abnormal grain growth of the nanocrystalline Cu matrix and coarsening of Al2O3 

nanoparticles. Analysis of the grain growth kinetics of the nanocrystalline Cu matrix 

of the Cu-5vol.%Al2O3 nanocomposite shows that the apparent activation energy for 

the grain growth in the temperature range of 400-600oC is 63.4 kJ/mol, being very 

similar to that of monolithic nanocrystalline Cu in the same temperature range and 

showing both are grain boundary diffusion controlled. However, the microstructure of 

the nanostructured Cu matrix of the nanocomposite exhibits a far higher thermal 

stability than that of monolithic nanocrystalline Cu, with most of the Cu grains being 

still in the nanometer scale after annealing at 600oC for 5 hours. This high thermal 

stability of the nanocrystalline Cu matrix of the nanocomposite can be attributed to 

the drag effects of finely distributed Al2O3 nanoparticles, Al3+/O2- clusters and 

impurity Fe atoms on the grain boundary motion. 
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Chapter Four 

Tensile Properties of Ultrafine Structured Cu-5vol.%Al2O3 

Nanocomposites Prepared by High Energy Mechanical 

Milling and Powder Compact Extrusion 

4.1 Introduction 

Metal matrix nanocomposites (MMNCs) reinforced by a dispersion of nanometer 

sized ceramic particles (diameter<100 nm) have been extensively investigated [1-10]. 

In comparison with metal matrix composites (MMCs) reinforced with micrometer 

sized ceramic particles which have also been widely studied, the advantages of using 

nanometer sized ceramic particles to reinforce the metal matrix are twofold: stronger 

strengthening effects through the Orowan mechanism due to much smaller 

interparticle distances [11-12] and prevention of particle cracking during deformation 

[13-14]. When the ceramic nanoparticles in the MMNCs are oxide nanoparticles and 

their volume fraction is not higher than 5%, such materials are also called oxide 

dispersion strengthened (ODS) alloys. 

 

Among MMNCs which have been studied, copper based MMNCs have been most 

popular due to their potential of offering high strength, high electrical conductivity 

and high microstructural stability at elevated temperatures which are highly desirable 

for applications as resistance welding electrodes, electrical contact and connect 

materials [12,11,3-5,15,9,16,10,17]. Recently, attention has been paid to combining 

grain boundary strengthening of the metal matrix and nanoparticle strengthening to 

raise the strength of MMNCs with a given volume fraction of ceramic nanoparticles 

to a higher level [5-7,10]. To achieve significant grain boundary strengthening, the 

grain size of the metal matrix needs to be reduced to less than 500 nm [18]. Such 
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MMNCs are called ultrafine structured MMNCs. The most widely used materials 

processing route for synthesizing ultrafine structured MMNCs is high energy 

mechanical milling (HEMM) of a mixture of starting powders to produce 

nanostructured powder particles with or without nanometer sized ceramic particles 

dispersed in them followed by powder consolidation. If the nanoparticles in the final 

microstructure are not dispersed inside the powder particles through HEMM, they 

may be produced through reactions such as internal oxidation of powders (e.g. 

internal oxidation of Cu-Al alloy to form dispersed Al2O3 nanoparticles) or internal 

reactions during heat treatment of the milled powders or powder consolidation. As an 

excellent example, Nachum et al. [5] recently reported that the ultrafine structured 

Cu-(1 and 5)vol.%Al2O3 nanocomposites made by a combination of HEMM, powder 

oxidation and powder consolidation exhibited high tensile yield strength of up to 460 

and 620 MPa, respectively, and a good ductility reflected by an elongation to fracture 

of 10%. To reinforce the achievement of this work, our study demonstrates that 

ultrafine structured Cu-5vol.%Al2O3 nanocomposite samples with a combination of 

high strength and good ductility can also be produced by a combination of HEMM of 

a mixture of Cu powder and Al2O3 nanoparticles and powder compact extrusion. We 

also discovered that dissolution of Al2O3 nanoparticles during heating and extrusion 

had a significantly beneficial effect on the mechanical properties of the ultrafine 

structured Cu-5vol.%Al2O3 nanocomposite. 

4.2 Results 

From the bright and dark field TEM images and STEM images as shown in Figures 

4.1 and 4.2, it can be seen that the sample consolidated at 750oC had a microstructure 

consisting of equiaxed Cu grains with sizes in the range of 100-500 nm, and 

increasing the extrusion temperature to 900oC did not change the grain sizes 

significantly. The XRD patterns of the consolidated samples shown in Figure 4.1(e) 

only exhibited diffraction peaks of Cu. The absence of Al2O3 peaks in the XRD 
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patterns may be due to low crystallinity and small sizes of gamma Al2O3 nanoparticles. 

The mean grain size and internal strain of the two consolidated samples were 

estimated based on the XRD line broadening analysis of Cu peaks through the 

modified Williamson-Hall and classic Williamson-Hall methods [19-20]. The 

background and Kα2 signal were removed and careful correction for instrumental 

broadening was done prior to carrying out the analysis. The calculated values of the 

mean grain size and the square root of the mean square of the internal strain were 272 

nm and 1.24×10-7 for the sample extruded at 750oC, and 237 nm and 6.4×10-7 for 

the sample extruded at 900oC. By using the following equation [21-22]: 

22 3
Db

ρ ε= 〈 〉                                                 (4-1) 

where ρ, D, b and < 𝜀𝜀2 > are the dislocation density, mean grain size, Burgers 

vector and mean square of the internal strain of the sample extruded, the dislocation 

densities of samples extruded at 750 and 900oC were calculated to be 1.75×1013 and 

3.98×1013 m-2 respectively. 
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Figure 4.1: The bright field ((a) and (c)) and dark field ((b) and (d)) TEM micrographs 
and XRD patterns ((e)) of Cu-5vol.%Al2O3 samples extruded at 750 and 900oC, 
respectively. 
 

 

Figure 4.2: The STEM images ((a) and (c)) and corresponding EDX Al elemental 

maps ((b) and (d)) of Cu-5vol.%Al2O3 samples extruded at 750 and 900oC, 

respectively. 
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Based on the TEM bright field images, STEM images, EDX elemental mapping and 

SEM backscattered electron images shown in Figures 4.1-4.3, we can see that the 

microstructure of the samples extruded at 750oC had a dispersion of Al2O3 

nanoparticles with sizes in the range of 20-345 nm. Based on the SEM backscattered 

electron images, the volume fraction of the Al2O3 nanoparticles and nanoparticle 

clusters was estimated to be around 5vol.%, showing that the amount of Al2O3 being 

dissolved in the matrix was insignificant. As clearly shown in Figures 4.1(a) and 

4.2(a), the Al2O3 nanoparticles/nanoparticle clusters are mostly distributed along the 

grain boundaries. With increasing the extrusion temperature from 750 to 900oC, the 

sizes of Al2O3 nanoparticles/nanoparticle clusters clearly increased to the range of 

20-450 nm, and the number density of the Al2O3 nanoparticles/nanoparticle clusters in 

the microstructure clearly decreased. Based on the SEM backscattered electron 

images of the sample extruded at 900oC, the volume fraction of the Al2O3 

nanoparticles/nanoparticle clusters was estimated to be about 1.38vol.%, showing that 

3.62vol.% of Al2O3 nanoparticles being dissolved during heating the powder compact 

to 900oC and extrusion. The size distributions of Al2O3 nanoparticles/nanoparticle 

clusters in the two consolidated samples were also determined and they are shown in 

Figures 4.3(a) and (b). 

 

 
Figure 4.3: SEM backscattered electron images of Cu-5vol.%Al2O3 samples extruded 
at different temperatures: (a) 750oC and (b) 900oC. Insets in (a) and (b) are their 
corresponding Al2O3 particle size distributions. 
 

As seen from the tensile engineering stress-strain curves shown in Figure 4.4 and the 
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values listed in Table 4.1, the samples consolidated at 750 and 900oC had an average 

yield strength (YS) of 414 and 566 MPa, an average ultimate tensile strength (UTS) 

of 478 and 630 MPa and an average elongation to fracture of 5.65% and 7.6%, 

respectively. 

 

 
Figure 4.4: The tensile engineering stress-engineering strain curves of 
Cu-5vol.%Al2O3 samples extruded at 750 and 900oC, respectively. 
 
Table 4.1: The average tensile yield strength (YS), ultimate tensile strength (UTS) and 
elongation to fracture (εf) of the Cu-5vol.%Al2O3 samples extruded at 750 and 900oC, 
respectively. 

ET (oC) YS (MPa) UTS (MPa) εf(%) 
750 414 ± 46.4 478 ± 1.7 5.65 ± 2.26 
900 566.5 ± 10.4 630 ± 6.2 7.54 ± 2.67 

ET: Extrusion temperature. 
 

As shown by the tensile stress-strain curves, the samples exhibited nearly ideal (or 

nearly perfect) plastic deformation in tension, being lack of both significant strain 

hardening and necking before fracturing. This observation is consistent with similar 

observations made on tensile mechanical response of ultrafine structured Cu-(1 and 



Chapter Four: Tensile Properties of Ultrafine Structured Cu-5vol.%Al2O3 
Nanocomposites Prepared by HEMM and PCE 

59 
 

5)vol.%Al2O3 nanocomposites [5] and nanocrystalline pure Cu [23]. As shown in 

Figure 4.5(a), the fracture surfaces of the tensile test specimens cut from the sample 

extruded at 750oC showed a large number of rounded dimples which are indicators of 

cavities formed through Al2O3 nanoparticle/Cu matrix decohesion and perhaps also 

debonding at prior interparticle boundaries during plastic deformation. On the other 

hand, as shown in Figure 4.5(b), the fracture surfaces of the tensile test specimens cut 

from the sample extruded at 900oC showed a much smaller number of rounded 

dimples. Instead, much larger and deeper dimples formed by intergranular fracture 

and smaller and shallower dimples formed through transgranular fracture were 

observed. 

 

 
Figure 4.5: The fracture surfaces of Cu-5vol.%Al2O3 samples extruded at 750 and 
900oC, respectively. 
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4.3 Discussion 

It can be envisaged that the yield strength of the Cu-5vol.%Al2O3 nanocomposite 

samples, σy, is the sum of the basic strength of copper associated with lattice friction 

of dislocations, σ0, the strength increase caused by grain boundary strengthening, 

∆σgb, nanoparticle strengthening, ∆σnp and dislocation strengthening, ∆σρ. Thus, we 

have the following equation: 

0y gb np ρσ σ σ σ σ= + ∆ + ∆ + ∆                                (4-2). 

For copper, σ0  is quite small, being in the order of 5 MPa [24]. ∆σgb  can be 

estimated by using the Hall-Petch relationship which is expressed by the following 

equation: 

1/2
gb HPk Dσ −∆ =                                                 (4-3), 

where kHP is the Hall-Petch coefficient. Based on previous work on the relationship 

between the strength of copper and its mean grain size [25], we can take k = 0.142 

MPa m1/2. As mentioned above, the mean grain sizes of samples extruded at 750 and 

900oC are 272 and 237 nm, respectively. By using Equation (4-3), it can be estimated 

that ∆σgb  is 272 and 291 MPa for the samples extruded at 750 and 900oC, 

respectively. Based on the Orowan mechanism of nanoparticle strengthening which 

considers the interaction between dislocations and non-shearable nanoparticles 

leading to the formation of Orowan loops [26], ∆σnp  can be estimated using the 

following equation: 

0.13 ln p
np

rGb
b

σ
λ

 
∆ =  

 
                                             (4-4), 

where G is the shear modulus, b is the Burgers vector, rp is the mean radius of the 

nanoparticles and 
2
3pr

f
πλ =  [27] is the interparticle spacing (f is the volume 

fraction of the nanoparticles). For copper, we can take G = 47.7 GPa and b = 0.256 
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nm [28,24]. For the sample extruded at 750oC, the nanoparticle clusters with sizes 

greater than 200 nm are disregarded in the consideration, since they are too large to be 

effective in causing strengthening through forming dislocation loops. For particles 

with sizes smaller than 200 nm, based on Figure 4.3(a), the volume fraction and mean 

radius size of Al2O3 nanoparticles are 2.43% and 52.5 nm and thus λ = 487.3 nm. The 

same consideration is also used for the sample extruded at 900oC, based on Figure 

4.3(b), the volume fraction and mean radius of Al2O3 nanoparticles smaller than 200 

nm are 0.5% and 41.3 nm and from which we can get λ = 845.1 nm. Using this 

information and Equation (4-3), it can be estimated that ∆σnp  = 17.3 and 10 MPa for 

the samples extruded at 750 and 900oC, respectively. 

 

The dislocation strengthening, ∆σρ, can be estimated based on the Taylor equation 

[26]: 

M Gbρσ α ρ∆ =                                             (4-5), 

where M and α are the Taylor coefficient and strength coefficient of the dislocation 

network which can be taken to be 3.06 and 0.2 [17]. As mentioned above, the 

dislocation densities are 1.75×1013 and 3.98×1013 m-2 for the samples extruded at 750 

and 900oC, respectively. Using this information and Equation (4-4), ∆σρ can be 

estimated to be 31 and 47 MPa for the samples extruded at 750 and 900oC, 

respectively. 

 

The sums of σ0 + ∆σgb  + ∆σnp + ∆σρ are 335 and 353 MPa for samples extruded at 

750 and 900oC, respectively. Referring to Table 4.1, it can be seen that these sums are 

about 79 and 214 MPa lower than the actual yield strength of the samples 

consolidated at 750 and 900oC, respectively. For the sample consolidated at 750oC, 

this significant discrepancy may be caused by the disregard of the synergy between 

grain boundary strengthening, which is the basis of the Hall-Petch relationship 

between strength increase and grain size, and nanoparticle strengthening in 
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calculating the contributions of different strengthening mechanisms. As has been well 

shown, Equation (4-3) [26] does not make any consideration of the effect of presence 

of hard nanoparticles on grain boundary strengthening. Similarly, Equation (4-4) was 

derived based on the consideration that Orowan loops form around hard nanoparticles 

without the interference of grain boundaries. This is certainly not true for ultrafine 

structured metal matrix nanocomposites where the grain sizes are very similar to the 

distances between nanoparticles. More theoretical work is needed to quantify the 

synergy between grain boundary strengthening and nanoparticle strengthening in 

ultrafine structured MMNCs. 

 

For the sample extruded at 900oC, the discrepancy is even larger. The very small 

volume fraction of particles (0.5%) present in the microstructure of this sample would 

not be sufficient to induce a large enough synergistic effect of nanoparticle 

strengthening and grain boundary strengthening to account for the approximate 250 

MPa discrepancy. It is clear that the main possible reason for this discrepancy is the 

disregard of the strengthening effect of Al3+ and O2- ions and Al3+/O2- clusters in the 

Cu matrix FCC lattice formed by the dissolution of Al2O3 nanoparticles. At this point 

of research, it is not clear in which form the Al3+ and O2- ions exist in FCC Cu lattice. 

Since Al3+ and O2- ions are highly charged, it is very likely that they form electrically 

neutral Al3+/O2- clusters. The fact that the dissolution of 3.62vol.%Al2O3 nanoparticles 

did not cause any change of the lattice parameter of the Cu lattice (as confirmed by 

XRD analysis shown above) strongly suggest that all or most of the Al3+ and O2- ions 

exist in the form of nanometer sized and electrically neutral Al3+/O2- clusters. It can be 

envisaged that the very strong electrostatic attraction within the clusters would not 

allow the dislocations to cut through, and the dislocations would have to bypass the 

clusters by forming Orowan loops. This means that we can estimate the contribution 

of the strengthening effect of Al3+/O2- clusters based on the Orowan looping 

mechanism. If we take rp = 5 nm and f = 3.62vol.%, we get λ = 38 nm. Substituting 

this data into Equation (4-3) and doing the calculation would give ∆σp(Al3+/O2-) = 
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125.3 MPa. This value is still not sufficient to account for the 214 MPa discrepancy. 

However, if we take rp = 3 nm and f = 3.62vol.%, we can get λ = 22.81 nm. 

Substituting this into Equation (4-3), we get ∆σnp (Al3+/O2-) = 208.7 MPa. This value 

is very close to the 214 MPa discrepancy. This strongly suggests that the dissolution 

of Al2O3 nanoparticles lead to the formation of Al3+/O2- clusters with sizes around 3 

nm. 

4.4 Summary 

Ultrafine structured Cu-5vol.%Al2O3 metal matrix nanocomposite samples prepared 

by a combination of high energy mechanical milling of a mixture of Cu powder and 

Al2O3 nanopowder and powder compact extrusion exhibit different microstructures 

due to the use of different extrusion temperatures (750 and 900oC). Increasing the 

extrusion temperature from 750 to 900oC causes a large fraction of the Al2O3 

nanoparticles to dissolve, and the dissolution of Al2O3 nanoparticles brings a dramatic 

beneficial effect: significant increase of the strength and clear increase of tensile 

ductility. It appears that this beneficial effect is caused by the strengthening effect of 

nanometer sized (possibly around 3 nm) Al3+/O2- clusters formed as a result of the 

dissolution of Al2O3 nanoparticles. 
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Chapter Five 

Microstructures and Tensile Properties of Ultrafine 

Structured Cu-5vol.%Al2O3 Nanocomposite Synthesized by 

Powder Compact Extrusion at Different Temperatures 

5.1 Introduction 

Bulk ultrafine structured metal matrix nanocomposites (MMNCs) combine grain 

boundary strengthening, ceramic nanoparticles strengthening, as well as other 

strengthening mechanisms applicable to conventional metals such as solution 

hardening, strain hardening and precipitate hardening, and thus have the potential of 

offering high strength while retaining good ductility. The established favorable effect 

of ceramic nanoparticles on stabilizing the microstructures of ultrafine grained metal 

matrix [1-7] through the Zener pinning of grain boundaries allow these materials to be 

processed and used at elevated temperatures without totally losing the ultrafine 

structures which are critical to maintaining the grain boundary strengthening effect. 

When ultrafine structured MMNCs are fabricated by thermomechanical consolidation 

of nanostructured MMNC powders, there is an additional microstructural factor which 

can play a critical role in determining the mechanical properties of the bulk solid 

materials. This factor is the interparticle atomic bonding. 

 

Powder compact extrusion is one of the thermomechanical powder consolidation 

techniques which has been widely used in fabricating bulk ultrafine structured 

MMNCs from nanostructured MMNC powders which are often produced by high 

energy mechanical milling of a mixture of metal powder and ceramic nanopowder. It 

has been well established that one of the key process parameters, the extrusion 

temperature, can have a significant effect on the matrix microstructure such as grain 
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sizes, the nanoparticle size, and the level of interparticle atomic bonding, all of which 

can lead to changes to mechanical properties of the materials reflected by strength and 

ductility. By changing the extrusion temperature, ultrafine structured MMNC samples 

with different matrix microstructures, different sizes of ceramic nanoparticles and 

different levels of interparticle atomic bonding can be fabricated. Studying the 

microstructures and mechanical properties of these samples systematically can allow 

us to get important outcomes for research on ultrafine structured MMNCs. One 

outcome is that it can elucidate the effect of extrusion temperature on the 

microstructure, level of interparticle bonding and mechanical properties of the 

ultrafine structured MMNCs, and thus can give an indication of the optimum range of 

extrusion temperatures for fabricating ultrafine structured MMNCs with desirable 

mechanical properties. The other outcome is that this study allows correlation of 

microstructure, level of interparticle atomic bonding and mechanical properties which 

in turn reflects the underlying linkage between the microstructure, level of atomic 

bonding and mechanical properties. 

 

A number of studies on ultrafine structured MMNCs made by consolidation of 

nanostructured MMNC powders have shown that ceramic nanoparticles can 

substantially enhance the strength and thermal stability of materials by interacting 

with dislocations and inhibiting the migration of grain boundaries [8-11]. For example, 

an ultrafine structured Mo-0.6wt.% La2O3 nanocomposite with La2O3 nanoparticles 

uniformly distributed within ultrafine Mo grains had a yield strength value of 813 

MPa, which is 418 MPa higher than that of conventional monolithic Mo [8]. The 

microstructure and hardness of oxide dispersion strengthened (ODS) ultrafine 

structured ferritic steel annealed in the temperature range 650-1350oC for 1h was 

found to remain stable at temperatures up to 1250oC [10]. In this study, bulk ultrafine 

structured MMNC samples with different microstructures, different sizes and volume 

fractions of Al2O3 nanoparticles and different levels of interparticle atomic bonding 

were fabricated by consolidating a nanostructured Cu-5vol.%Al2O3 MMNC powder 

by powder compact extrusion at temperatures ranging from 300 to 900oC. 
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Subsequently, the microstructure and mechanical properties of these samples were 

investigated in detail to determine the influence of extrusion temperature on their 

microstructures and room temperature tensile properties and establish the correlation 

between the matrix microstructure, Al2O3 nanoparticle size and volume fraction, 

interparticle atomic bonding and mechanical properties. The contributions of different 

strengthening mechanisms to the strength of the ultrafine structured MMNCs, 

different superposition models of basic strengthening mechanisms to the prediction of 

the strength of samples and the influence of the key microstructural and interparticle 

atomic bonding factors on the tensile ductility of the material are discussed. 

5.2 Results 

5.2.1 Microstructure 

TEM bright field and STEM micrographs shown in Figures 5.1 and 5.2 illustrate the 

microstructures of the Cu matrix of the ultrafine structured Cu-5vol.%Al2O3 

nanocomposite samples extruded at four temperatures ranging from 300-900oC. It can 

be seen clearly that the microstructure of the ultrafine structured Cu matrix becomes 

coarser as the extrusion temperature increases. The ultrafine structured 

Cu-5vol.%Al2O3 nanocomposite samples had a high density of dislocations in the Cu 

grains as indicated by their heavy contrast in the TEM bright field images (Figure 

5.1). 
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Figure 5.1: TEM bright field micrographs and corresponding SAED patterns (insets) 
of the ultrafine structured Cu-5vol.%Al2O3 nanocomposite samples extruded at 
different temperatures: (a) 300oC, (b) 500oC, (c) 700oC and (d) 900oC. 
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Figure 5.2: STEM micrographs ((a)-(d)) and EDX Al elemental maps ((a1)-(d1) of the 
ultrafine structured Cu-5vol.%Al2O3 nanocomposite samples extruded at different 
temperatures: (a) and (a1) 300oC; (b) and (b1) 500oC; (c) and (c1) 700oC and (d) and 
(d1) 900oC. 
 
The Cu grain size distributions of the ultrafine structured Cu-5vol.%Al2O3 

nanocomposite samples extruded at 300, 500, 700 and 900oC, shown in Figure 5.3, 



Chapter Five: Microstructures and Tensile Properties of Ultrafine Structured 
Cu-5vol.%Al2O3 Nanocomposite Synthesized by PCE at Different Temperatures 

71 

demonstrate that the extruded samples have a wide range of grain sizes ranging from 

nanometer scale to submicrometer scale, and the sizes of the majority of Cu grains in 

the extruded samples are in the range 100-500 nm. Figure 5.3 also shows that the 

volume fraction of the nanometer sized Cu grains in the extruded sample decreases 

when the extrusion temperature increases, suggesting that grain growth occurs during 

the heating and extrusion of the powder compacts. 
 
 

 
Figure 5.3: Cu grain size distributions of the ultrafine structured Cu-5vol.%Al2O3 
nanocomposite samples extruded at (a) 300oC, (b) 500oC, (c) 700oC and (d) 900oC, 
respectively. 
 

Figure 5.4 shows the mean grain size of Cu matrix of the ultrafine structured 

Cu-5vol.%Al2O3 nanocomposite samples as a function of extrusion temperature from 

300 to 900oC. It shows clearly that the mean grain size of the Cu matrix increases 

with increasing extrusion temperature, and there is a critical temperature of 800oC 

below which the grain growth of Cu is limited, with the mean grain size of Cu 

increasing slowly from 132 and 204 nm between extrusion temperatures of 300 to 

800oC. However, increasing the extrusion temperature from 800 to 900oC, the mean 
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grain size of the Cu matrix increases dramatically 204 to 263 nm. 

 

 
Figure 5.4: The mean grain sizes of the Cu matrix of the ultrafine structured 
Cu-5vol.%Al2O3 nanocomposite samples as a function of extrusion temperature. 
 

As shown in Figures 5.2(a1-d1), the EDX Al elemental maps show that Al2O3 

nanoparticles coarsen and their volume fraction increases with increasing the 

extrusion temperature. Such coarsening results in a clear increase of the relative 

volume fraction of Al2O3 nanoparticles with sizes larger than 100 nm from 7.7 to 82.9% 

with the increase of the extrusion temperature from 300 to 900oC, as shown in Figures 

5.5-5.7. Furthermore, the volume fraction of Al2O3 nanoparticles in the ultrafine 

structured Cu-5vol.%Al2O3 nanocomposite samples increases progressively from 0.75 

to 4% with increasing the extrusion temperature from 300 to 900oC. The fact that the 

measured volume fractions of Al2O3 nanoparticles in all ultrafine structured 

Cu-5vol.%Al2O3 nanocomposite samples are below the nominal value of 5vol.% 

indicates that there is still a fraction of Al2O3 nanoparticles being dissolved in the 

ultrafine structured Cu matrix after extrusion. The volume fraction of dissolved Al2O3 

in the sample extruded at 300oC was 4.25%, suggesting that the majority of Al2O3 

nanoparticles added to the initial powder mixture were dissolved during high energy 

mechanical milling (HEMM). The decrease of the volume fraction of dissolved Al2O3 

from 4.25 to 1% with increasing the extrusion temperature from 300 to 900oC 
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suggests that the dissolved Al2O3 precipitates out during the induction heating and 

extrusion, and the amount of Al2O3 precipitating out increases significantly with 

increasing the extrusion temperature. 

 

 
Figure 5.5: SEM backscattered electron images showing the Al2O3 nanoparticles in 
the ultrafine structured Cu-5vol.%Al2O3 nanocomposite samples extruded at different 
temperatures: (a) 300oC; (b) 500oC; (c) 700oC and (d) 900oC. 
 
 

 
Figure 5.6: The size distributions of the Al2O3 nanoparticles in the ultrafine structured 
Cu-5vol.%Al2O3 nanocomposite samples extruded at (a) 300oC, (b) 500oC, (c) 700oC 
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and (d) 900oC, respectively. 
 

 
Figure 5.7: The mean particle size and volume fraction of the Al2O3 nanoparticles in 
the ultrafine structured Cu-5vol.%Al2O3 nanocomposite samples as functions of 
extrusion temperature. 
 

The XRD patterns of the extruded samples shown in Figure 5.8 show that the lattice 

parameter of the Cu matrix is not affected by the difference in the volume fraction of 

the Al2O3 nanoparticles dissolved in the Cu matrix. This indicates that the vast 

majority of the Al2O3 in nanostructured Cu matrix of Cu-5vol.%Al2O3 nanocomposite 

powder particles produced by HEMM may exist in Al3+/O2- clusters which are too 

small to be resolved by TEM, STEM and SEM. This speculation is in agreement with 

the experimental observations made by Dai et al. [12] and Toualbi et al. [13] which 

show the Y2O3 from dissolution of initially added Y2O3 nanoparticles in the ferritic 

matrix after 48 or 100 h of HEMM exist in the form of clusters of very small sizes. It 

appears that the Al2O3 nanoparticles in the extruded samples tend to be distributed at 

the grain boundaries of the Cu matrix, as indicated by white dots shown in TEM and 

STEM images (Figures 5.1 and 5.2). 
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Figure 5.8: XRD patterns of the ultrafine structured Cu-5vol.%Al2O3 nanocomposite 
samples extruded at 300, 500, 700 and 900oC, respectively. 

5.2.2 Effect of the Extrusion Temperature on Mechanical Properties 

As shown in Figure 5.9, the Vickers microhardness of ultrafine structured 

Cu-5vol.%Al2O3 nanocomposite samples decreases almost linearly from 2.1 to 1.8 

GPa as the extrusion temperature increases from 300 to 900oC. 
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Figure 5.9: The microhardness of the ultrafine structured Cu-5vol.%Al2O3 
nanocomposite samples as a function of extrusion temperature. 
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As shown by the engineering tensile stress-strain curves and the images of the tensile 

test specimens shown in Figure 5.10(a), the tensile specimens cut from the samples 

extruded at 500oC or lower fractured prematurely before reaching their UTS and the 

fracture occurred at the corners of the specimens. On the other hand, the specimens 

cut from the samples extruded at temperatures of 700oC or higher fractured after 

reaching the UTS and the fracture occurred well within the gauge length of the tensile 

test specimens. It is apparent that the tensile test specimens cut from samples extruded 

at higher temperatures have a greater plastic strain to fracture with slightly decreased 

values of strength, as shown in Figure 5.10(a). Figure 5.10(b) shows the averaged 

tensile test results of the samples as functions of extrusion temperature in the range of 

300-900oC. The samples extruded at temperatures ≤400oC failed prematurely before 

reaching their YS. Hence, the YS shown in Figure 5.10(b) are only for those samples 

extruded at T≥500oC. As shown in Figure 5.10(b), the YS of the samples extruded 

first decreased from 517 to 466 MPa with increasing the extrusion temperature from 

500 to 800oC, and then increase slightly from 466 to 472 MPa when the extrusion 

temperature is increased to 900oC. It is noted that the samples extruded at 

temperatures ≤500oC do not have UTS due to early fracture and only have fracture 

strength (FS). For the samples extruded at temperatures ≥600oC, the value of the UTS 

changed little with increasing the extrusion temperature from 600 to 900oC and thus 

had a small range of 546-564 MPa. On the other hand, the plastic strain to fracture of 

the extruded samples increased almost linearly from 0.76 to 2.48% when the extrusion 

temperature increased from 500 to 800oC and then increased rapidly to 5.82% with 

increasing the extrusion temperature from 800 to 900oC, as shown in Figures 5.10(a) 

and (b). 
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Figure 5.10: (a) Engineering tensile stress-strain curves of the ultrafine structured 
Cu-5vol.%Al2O3 nanocomposite samples extruded at 300, 500, 700 and 900oC, (the 
examples of fractured specimens cut from different extruded samples are shown in the 
inset); (b) FS, YS, UTS and plastic strain to fracture of the ultrafine structured 
Cu-5vol.%Al2O3 nanocomposite samples as functions of extrusion temperature. 
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As shown by the images of the tensile test specimens in Figure 5.10(a), the fracture of 

the specimens cut from samples extruded at 300 and 500oC occurred near the corners 

where the width of the specimen changes, while the tensile test specimens cut from 

samples extruded at 700 and 900oC occurred at locations well within the gauge length 

of the specimens. This indicates that the former fractures through cracks nucleated 

from surface corners where stress concentration occurs, while the latter fractures 

through formation of cavities inside the specimens. Indeed the top view of the 

fractured specimens (Figure 5.11) shows clearly that the fracture of the tensile test 

specimens cut from the samples extruded at 300 and 500oC initiated from the side 

surfaces of the specimens, while the fracture of the tensile test specimens cut from the 

samples extruded at 700 and 900oC initiated from cavities formed inside the 

specimens. 

 

 
Figure 5.11: Top views of the fractured tensile test specimens cut from the ultrafine 
structured Cu-5vol.%Al2O3 nanocomposite samples extruded at (a) 300, (b) 500, (c) 
700 and (d) 900°C, respectively. 
 

The low magnification SEM images of the fracture surfaces of the tensile test 
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specimens (Figure 5.12) show that the fracture surfaces of the tensile test specimens 

cut from samples extruded at 300 and 500oC are fairly smooth and lack large sized 

dimples, while the fracture surfaces of the tensile test specimens cut from samples 

extruded at 700 and 900oC are fairly rough, and contain large sized dimples and 

secondary cracks (indicated by arrows in Figures 5.12(a) and (b)). On the other hand, 

high magnification SEM images of the fracture surfaces of the tensile test specimens 

(Figure 5.13) show that the fracture surfaces of the tensile test specimens cut from 

samples extruded at 300 and 500oC are fairly rough, consisting of micrometer sized 

dimples and submicrometer sized features of intergranular fracture, while the fracture 

surfaces of the tensile test specimens cut from samples extruded at 700 and 900oC are 

fairly smooth, only consisting of submicrometer sized features of intergranular 

fracture. 

 

 
Figure 5.12: Low magnification SEM images of fracture surfaces of the tensile test 
specimens cut from the ultrafine structured Cu-5vol.%Al2O3 nanocomposite samples 
extruded at (a) 300oC, (b) 500oC, (c) 700oC and (d) 900oC, respectively. 
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Figure 5.13: High magnification SEM images of the fracture surfaces of the tensile 
test specimens cut from the ultrafine structured Cu-5vol.%Al2O3 nanocomposite 
samples extruded at (a) 300oC, (b) 500oC, (c) 700oC and (d) 900oC, respectively. 
 
SEM examination of the longitudinal sections of the tensile test specimens near their 

fracture surfaces (Figure 5.14) failed to reveal any cavities formed by separation of 

the powder particles under tensile stress. However, two distinct crack paths were 

observed for the tensile test specimens. The tensile test specimens cut from the 

samples extruded at 300 and 500oC had fairly straight crack paths, whereas the crack 

paths were curved for the tensile test specimens cut from the samples extruded at 700 

and 900oC and the secondary cracks were also found. Here, the relatively straight 

crack path means that the specimen has a low resistance to crack propagation, leading 

to a low fracture toughness. On the other hand, the relatively curved crack path with 

the secondary cracks could offer a high resistance to crack propagation, leading to a 

high fracture toughness. 
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Figure 5.14: Longitudinal sections of the fractured tensile test specimens cut from the 
ultrafine structured Cu-5vol.%Al2O3 nanocomposite samples extruded at (a) 300oC, (b) 
500oC, (c) 700oC and (d) 900oC, respectively. 

5.3 Discussion 

5.3.1 Contributions of Different Strengthening Mechanisms 

Based on the published literature [14-16], the value of the yield strength, yσ ，of an 

ultrafine structured metal strengthened with homogeneously distributed second phase 

nanoparticles mainly depends on grain boundary strengthening, gbσ∆ , nanoparticle 

strengthening, Orσ∆ , and strain hardening, ρσ∆ . In this study, the yield strength of 

the ultrafine structured Cu-5vol.%Al2O3 nanocomposite samples is mostly determined 

by these three strengthening contributions as the basic strength of copper associated 

with lattice friction of dislocations, 0σ , is quite small being in the order of 5 MPa 

[17]. gbσ∆ can be evaluated by using the Hall-Petch relationship which is expressed 

by the following equation [18-19]: 
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1/2
gb HPk Dσ −∆ =                                                       (5-1), 

where HPk  is the Hall-Petch coefficient being taken to be 0.112 MPa m/2 [20] and D 

is mean grain size. Orowan strengthening ( Orσ∆ ) originates from the interaction of 

mobile dislocations with non-shearable nanoparticles resulting in the formation of 

Orowan loops [21] and can be evaluated by the equation as given below: 

0.13 lnOr
Gb r

b
σ

λ
 ∆ =  
 

                                                  (5-2), 

where G is the shear modulus, b is the Burgers vector, λ is the inter-nanoparticle 

spacing and equal to 

1
22

3
r

f
π 

⋅ 
 

[22] (f is the volume fraction of nanoparticles and r is 

the mean radius of the nanoparticles). For Cu, G and b are 47.7 GPa and 0.256 nm 

[17], respectively. It is worth pointing out that only Al2O3 nanoparticles which can be 

resolved by SEM were considered to evaluate the strength increase caused by the 

Orowan mechanism. The strain hardening, ρσ∆ , is from the interaction of sliding 

dislocations with the configurations of dislocations and can be estimated based on the 

Taylor equation [21]: 

M Gbρσ α ρ∆ =                                               (5-3), 

where M is the Taylor factor and 3.06 for copper [17], α  is the strength coefficient 

of the dislocation network which can be taken to be 0.2 [14] and ρ is the dislocation 

density of the material prepared. The calculation procedure of the dislocation density 

was given in Chapter Three. Substitution of corresponding parameters and 

experimental data into the grain boundary strengthening, nanoparticle strengthening 

and strain hardening models allows us to obtain the contributions of different 

strengthening mechanisms of the ultrafine structured Cu-5vol.%Al2O3 nanocomposite 

samples as a function of extrusion temperature (Figure 5.15(a)). Clearly, the grain 

boundary strengthening is the most effective way in strengthening the ultrafine 

structured Cu-5vol.%Al2O3 nanocomposite sample compared with nanoparticle 

strengthening and strain hardening. 
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Figure 5.15: (a) Contributions of the three strengthening mechanisms of the ultrafine 
structured Cu-5vol.%Al2O3 nanocomposite samples as a function of extrusion 
temperature; (b) Calculated and experimentally measured values of yield strength of 
the extruded samples as a function of extrusion temperature. 
 

The grain boundary strengthening, nanoparticle strengthening and strain hardening 

models are used to construct an equation to predict the yield strength of the ultrafine 

structured Cu-5vol.%Al2O3 nanocomposite samples. The constructed equation has the 
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following expression [23-25]: 

1/
0 ( )k k k k

y gb np ρσ σ σ σ σ= + + +                                (5-4), 

where k is an adjustable parameter depending on the strengthening mechanisms 

involved and normally within the range of 1-2. If there is no interaction between the 

involved strengthening mechanisms, a linear superposition of different strengthening 

mechanisms can be assumed to be valid, i.e., k=1 in Equation (5-4). 

 

The yield strength calculation demonstrated that the calculated values are below 

experimentally measured values with a discrepancy being less than 90 MPa for the 

extruded samples (Figure 5.15(b)). It should be realized that those Al2O3 nanoparticles 

dissolved in the Cu matrix which cannot be resolved by SEM were not taken into 

account in the calculation of the Orowan strengthening contribution. The dissolved 

Al2O3 may exist as Al3+/O2- clusters. The fraction of the dissolved Al2O3 nanoparticles 

must interact with dislocations to further strengthen the matrix. Within clusters there 

is an extremely strong electric field which could generate a very large electrostatic 

force to inhibit dislocations cutting through. This effect would force a dislocation to 

bow out and leave a loop behind after passing through Al3+/O2- clusters. Consequently, 

it can be assumed that the dissolved Al2O3 nanoparticles which have a mean particle 

size of 10 nm interact with dislocations through the Orowan mechanism. The 

strengthening contribution from the dissolved Al2O3 nanoparticles to the overall 

strength of the extruded sample was estimated by using Equation (5-2) for each 

studied extrusion temperature and is presented in Table 5.1. As seen in Table 5.1, the 

sums of various strengthening contributions of the extruded ultrafine structured 

Cu-5vol.%Al2O3 nanocomposite samples show reasonable agreements with their 

experimental results. The agreement between the calculated strength and 

experimentally measured one reveals that the analysis on the contributions of different 

strengthening mechanisms plays a very significant role in linking the strength of an 

ultrafine structured metal matrix nanocomposite to its microstructural features and 

understanding its dominant strengthening contributions. Such information can be used 
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as a reference to tailor an ultrafine structured metal matrix nanocomposite with 

superior mechanical property. 

 

Table 5.1 The values of different strengthening contributions, total calculated strength 
and the measured strength of ultrafine structured Cu-5vol.%Al2O3 nanocomposites 
extruded at T≥500oC. 

 

Extrusion 

temperature 

(oC) 

 

Peierls 

force 

(MPa) 

 

Dislocation 

contribution 

(MPa) 

Resolved 

Al2O3 

nanoparticles 

contribution 

(MPa) 

Dissolved 

Al2O3 

nanoparticles 

contribution 

(MPa) 

Grain 

boundary 

contribution 

(MPa) 

Total 

calculated 

Strength 

(MPa) 

 

Measured 

strength 

(MPa) 

500 5 150 25 123 273 576 517 

600 5 131 43 110 263 552 482 

700 5 133 34 102 260 534 469 

800 5 131 35 91 248 510 466 

900 5 120 38 80 219 462 472 

5.3.2 Effect of Extrusion Temperature 

It is known that the ductility of a bulk material consolidated from powders is 

associated with its densification level and interparticle bonding. In general, a full 

density and complete chemical bonding between powder particles can be achieved by 

the combination of large plastic flow and high temperature during consolidation. 

Previous studies [26-27] have shown that when the consolidation temperature is 

relatively low the ductility of the consolidated material increases with the increase of 

the consolidation temperature. The authors attributed this to the improvement of the 

interparticle bonding level. In this study, the tensile elongation at failure of ultrafine 

structured Cu-5vol.%Al2O3 nanocomposite samples increased with the increase of the 

extrusion temperature from 300 to 900oC (Figure 5.10). Due to poor interparticle 

bonding formed under 500oC, the samples extruded at temperatures ≤500oC fracture 

prematurely before the macroscopic yielding starts. The samples extruded in the 
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temperature range 600-800oC have comparable mean Cu grain sizes (Figure 5.4); 

however, their interparticle bonding is believed to be enhanced with the increase of 

the extrusion temperature. Accordingly, the enhancement of the interparticle bonding 

accounts for the increase of the elongation to fracture with the increase of the 

extrusion temperature for the samples extruded in the temperature range of 600-800oC. 

A rapid increase of the elongation to fracture was observed for the sample extruded at 

900oC. For this sample, Al2O3 nanoparticles had very little effect in the dislocation 

storage during tensile testing as most of them resided on Cu grain boundaries. On the 

other hand, its Cu grains underwent significant coarsening which offer more room to 

accommodate plastic deformation. Furthermore, the level of the interparticle bonding 

of the extruded sample was expected to be further improved when the extrusion 

temperature is high up to 900oC. Hence, the substantial increase in ductility observed 

for the sample extruded at 900oC mainly comes from the grain growth of the Cu 

matrix (Figures 5.1, 5.2, 5.3 and 5.4) and improved interparticle bonding. 

 

The fracture surfaces of the tensile test specimens cut from the extruded samples have 

irregular-shaped pits with sizes ranging from several to tens of micrometers 

comparable to the sizes of milled nanocomposite powder particles (Figure 2.4). 

Similar fracture features were also observed on the fracture surface of the cryomilled 

Al-10Ti-2Cu (in wt.%) alloy by Hayes et al. [28]. Such characteristics of the fracture 

surface support the speculation that the fracture path of materials produced under 

tensile stress is related to their interparticle bonding. According to the characteristic of 

powder particle boundaries regarding the interparticle bonding strength, two different 

fracture mechanisms which are illustrated by schematics shown in Figure 5.16 are 

proposed to describe the fracture behavior of ultrafine structured Cu-5vol.%Al2O3 

nanocomposite samples extruded at different temperatures. Mechanism I illustrated in 

Figure 5.16(a) is applicable to the samples extruded at T≤500oC. For these samples, 

the powder particle boundaries have not transformed into grain boundaries through 

extrusion and the interparticle bonding strength is weak so that a fatal crack can be 

initiated by a surface flaw of the tensile test specimen due to lack of sufficient plastic 
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deformation to resist the crack formation. The presence of the crack results in the 

nucleation and growth of cavities at its tip and then the linkage of cavities ahead of 

the crack tip leads to the propagation of the crack and cause the failure of the samples. 

Mechanism II illustrated in Figure 5.16(b) is applicable to those samples extruded at 

temperatures ≥700oC where the surface defect is not able to act as a crack nucleation 

site because a complete transformation of powder particle boundaries into grain 

boundaries has been achieved, and the sample has a sufficiently high tolerance to the 

surface flaws. In this case, cavities first nucleate at grain boundary junctions and/or 

the matrix-particle interfaces where stress concentration occurs, and then grow, 

coalesce, and finally cause the fracture of the tensile test specimen. 

 

 
Figure 5.16: Schematics of the fracture mechanism of the tensile test specimens cut 
from the extruded ultrafine structured Cu-5vol.%Al2O3 nanocomposite samples. (a): 
the fracture mode of the samples extruded at T≤500oC; (b): the fracture mode of the 
samples extruded at T≥700oC. 
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5.4 Summary 

The microstructures and tensile properties of ultrafine structured Cu-5vol.%Al2O3 

nanocomposite samples extruded at temperatures in the range 300-900oC were 

systematically investigated in the present study and the following conclusions can be 

drawn: 

(1) Cu grains, the sizes and volume fractions of Al2O3 nanoparticles and the levels of 

interparticle atomic bonding of ultrafine structured Cu-5vol.%Al2O3 

nanocomposites increase with increasing extrusion temperature from 300 to 

900oC; 

(2) Grain boundary strengthening has the largest contribution to the strength of the 

extruded samples relative to the nanoparticle strengthening and strain hardening. 

The yield strength of the extruded samples calculated by using the linear model of 

0y gb np ρσ σ σ σ σ= + + + shows an appropriate agreement with the 

experimentally measured value; 

(3) The tensile ductility of the samples is proportional to the extrusion temperature 

and associated with the interparticle atomic bonding and the microstructure of the 

Cu matrix. The ductility of the extruded samples is primarily determined by the 

interparticle bonding when T≤800oC; when T=900oC it is controlled by both the 

interparticle bonding and the microstructure of the Cu matrix. 
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Chapter Six 

Effect of Annealing Temperature on Microstructure and 

Microhardness of an Ultrafine Structured Cu-5vol.%Al2O3 

Nanocomposite 

6.1 Introduction 

Annealing plays a very important role in determining the thermal stability and 

optimizing the mechanical properties of materials. By annealing bulk ultrafine 

structured MMNCs consolidated by powder compact extrusion at different 

temperatures, different matrix microstructures, nanoparticle sizes and different 

strengths, reflected by microhardness values, can be produced. This microstructural 

and mechanical property data obtained through annealing can be further used to judge 

the thermal stability of the material and as input parameters to optimize the materials 

property. It has been shown by previous studies that the microstructural stability and 

associated stable mechanical properties, of bulk ultrafine structured MMNCs 

consolidated is largely controlled by the resistance of nanoparticles to coarsening 

[1-3]. 

 

In the present study, a bulk ultrafine structured Cu-5vol.%Al2O3 nanocomposite 

sample extruded at 900oC was annealed at temperatures ranging from 500 to 900oC 

for 1 hour to establish the relationship between the microstructure and mechanical 

property of the sample annealed and to further understand the role of ceramic 

nanoparticles on the thermal stability of bulk ultrafine structured MMNCs materials. 
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6.2 Results 

6.2.1 The effect of annealing on microstructure 

Figure 6.1 presents the TEM bright field images of the microstructures of the 

Cu-5vol.%Al2O3 nanocomposite sample before and after annealing at different 

temperatures. As shown in Figure 6.1(a), the microstructure of as-extruded sample 

consisted of ultrafine Cu grains which contained considerable dislocations. The sizes 

of the Cu grains increased with increasing the annealing temperature from 500 to 

900oC, as shown in Figures 6.1(b)-(d). 

 

 

Figure 6.1: Bright field TEM micrograghs of the microstructures of (a) the 
as-extruded Cu-5vol.%Al2O3 nanocomposite sample and (b)-(d) the extruded sample 
after annealing at 500, 700 and 900oC for 1 h, respectively. The insets are their 
corresponding SAED patterns. 
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The variation of the average Cu grain size of the samples is presented in Figure 6.2. 

After annealing the extruded sample at 500oC for 1h, the average value of Cu grain 

size remained almost unchanged. The average Cu grain size of the extruded sample 

increased gradually with increasing annealing temperature and reached a value of 336 

nm at 900oC, as shown in Figure 6.2. 

 

 

Figure 6.2: The average Cu grain size of the as-extruded Cu-5vol.%Al2O3 
nanocomposite sample as a function of annealing temperature. 
 

The microstructural change of the Cu matrix of the samples can be further quantified 

by the change of grain size distribution. As shown in Figure 6.3, in comparison with 

the as-extruded sample, the range of the Cu grain size distribution of the sample 

annealed shifted from left to right. This means that with increased annealing 

temperature, the volume fraction of smaller Cu grains decreases, indicating that the 

growth of Cu grains occurs. The extent of shifting was proportional to the annealing 

temperature, suggesting that the amount of Cu grain growth increases with increasing 

annealing temperature. 
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Figure 6.3: Cu grain size distributions of (a) the as-extruded Cu-5vol.%Al2O3 

nanocomposite sample and the extruded sample annealed at (b) 500, (c) 700 and (d) 
900oC for 1 h, respectively. 
 

The SEM backscattered electron images of as-extruded and annealed samples, 

as-shown in Figure 6.4, demonstrated the coarsening of Al2O3 nanoparticles in the 

microstructure of the extruded sample with the increase of annealing temperature. As 

shown in Figure 6.4, it is not easy to see the difference between Al2O3 nanoparticles 

from the samples annealed at different temperatures. 

 

 

Figure 6.4: Backscattered electron images of (a) the as-extruded Cu-5vol.%Al2O3 
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nanocomposite sample and the extruded sample annealed at (b) 500, (c) 700 and (d) 

900oC for 1 h, respectively. 

 

To overcome this, the statistical data of Al2O3 nanoparticles of the samples annealed 

at different temperatures was collected and is presented in Figures 6.5-6.7, 

respectively. From the data shown in Figure 6.5, it can be seen that after 1h annealing 

at temperatures ≤600oC, the average Al2O3 particle size of the extruded sample 

increased from 100 to 116 nm when the annealing temperature was increased from 

room temperature to 600oC. With increasing the annealing temperature to 700oC, the 

average particle size of Al2O3 nanoparticles decreased unexpectedly to 95 nm. The 

average Al2O3 particle size increased with the further increase of the annealing 

temperature and reached 126 nm at 900oC. Figure 6.6 presents the change of the 

measured Al2O3 volume fraction of the extruded sample with changing the annealing 

temperature. It is clear that when the annealing temperature was ≤600oC, a slight 

increase of the volume fraction of Al2O3 nanoparticles of the annealed sample was 

observed as compared to that of the as-extruded sample. However, the measured 

Al2O3 volume fraction did not change much with the further increase of the annealing 

temperature from 600 to 900oC. 

 

 
Figure 6.5: The average Al2O3 particle size of the Cu-5vol.%Al2O3 nanocomposite 
sample extruded as a function of annealing temperature. 
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Figure 6.6: The Al2O3 volume fraction of the Cu-5vol.% Al2O3 nanocomposite sample 
extruded as a function of annealing temperature. 
 

As shown in Figure 6.7, the relative volume fraction of Al2O3 nanoparticles with sizes 

smaller than 70 nm in the microstructure of 500oC annealed sample was clearly lower 

than that in the microstructure of the as-extruded sample, indicating that a fraction of 

small Al2O3 nanoparticles were consumed to achieve the coarsening of relatively large 

Al2O3 nanoparticles. Then with increasing the annealing temperature from 500 to 

700oC, the relative volume fraction of Al2O3 nanoparticles with sizes smaller than 

70nm increased significantly, indicating the precipitation of Al3+/O2- clusters in the 

extruded sample. Such precipitation which generates a considerable number of small 

Al2O3 nanoparticles leads to a sudden reduction in the average Al2O3 particle size, as 

shown in Figure 6.5. As shown in Figures 6.7(c) and 6.7(d), increasing the annealing 

temperature to 900oC, caused the relative volume fraction of Al2O3 nanoparticles with 

sizes smaller than 110 nm to decrease markedly, suggesting that coarsening of Al2O3 

nanoparticles occurred. 
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Figure 6.7: Al2O3 particle size distributions of (a) the as-extruded Cu-5vol.%Al2O3 
nanocomposite sample and the extruded sample annealed at (b) 500, (c) 700 and (d) 
900oC for 1 h, respectively. 

6.2.2 The effect of heat treatment on microhardness 

The microhardness of the extruded sample as a function of annealing temperature is 

shown in Figures 6.8. It can be seen that the microhardness of the extruded sample 

decreased with increasing the annealing temperature to 600oC from 1.8 to 1.6 GPa. As 

the annealing temperature was further increased to 700oC, the microhardness of the 

annealed sample suddenly increased to 1.7 GPa. With further increasing the annealing 

temperature to 800oC, the microhardness value of the annealed sample decreased 

slightly to 1.67 GPa, but then decreased significantly to 1.5 GPa with further 

increasing the annealing temperature to 900oC. 
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Figure 6.8: The variation of the microhardness of the Cu-5vol.%Al2O3 nanocomposite 
sample extruded with the annealing temperature for an annealing time of 1 h. 

6.3 Discussion 

Figures 6.1, 6.2 and 6.3 demonstrate that the grain growth behavior of the Cu matrix 

of the extruded sample occurs during 1h annealing in the temperature range 

500-900oC. The average Cu grain size of the annealed sample increases from 263 to 

336 nm when the annealing temperature is increased from room temperature to 900oC. 

In the present work, the growth behavior of Cu grains during annealing is mainly 

determined by the thermal stability of Al2O3 nanoparticles in the extruded sample. 

Thus, the low growth rate observed for the Cu grains in the extruded sample is 

attributed to the high resistance of Al2O3 nanoparticles to coarsening during annealing. 

While the coalescence of Al2O3 nanoparticles of the extruded sample was not 

significant during the process of annealing, such coarsening may be sufficient to 

break the balance between the grain growth driving force and pinning force provided 

by Al2O3 nanoparticles and subsequently account for the slight Cu grain grow 

observed. According to the Ostwald ripening theory [4-5], small Al2O3 nanoparticles 

must be consumed to achieve the growth of relatively big Al2O3 nanoparticles of the 

extruded sample during annealing. This must lead to the loss of the thermal stability 
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of some Cu grains. As a result, inhomogeneous grain growth of the extruded sample 

occurred during annealing (Figure 6.1). 

 

Since the microhardness of the ultrafine structured metal matrix nanocomposites is 

closely related to its internal stress, average grain size and the size and distribution of 

second phase nanoparticles in the matrix, the change of the microhardness value of 

the Cu-5vol.%Al2O3 nanocomposite sample with the annealing temperature (Figure 

6.8) can be explained in terms of the change of its microstructure during annealing. 

The observed decrease in the microhardness of the sample annealed at 500oC (Figure 

6.8) is primarily caused by the coarsening of Al2O3 nanoparticles and Cu grains 

(Figures 6.2 and 6.5). When the annealing temperature is increased to 600oC, both Cu 

grains and Al2O3 nanoparticles coarsened further which results in a further reduction 

in microhardness. Although the sample annealed at 700oC has a greater average Cu 

grain size compared with those of the samples annealed at 500 and 600oC (Figure 6.2), 

the microhardness is larger.  This is likely due to the precipitation of residual 

Al3+/O2- clusters of the as-extruded sample (Figures 6.5-6.7). In other words, the 

increase of the microhardness caused by the small precipitated Al2O3 nanoparticles of 

the sample annealed at 700oC exceeds the decrease of the microhardness resulting 

from the reduction of the dislocation density, Cu grain growth and the Al2O3 

nanoparticle coarsening. Higher annealing temperature (>700oC) weakens the 

strengthening effect caused by small Al2O3 precipitates due to the coarsening of Al2O3 

nanoparticles, in addition, the Cu grains become larger. These microstructural changes 

lead to a quick decrease in microhardness of the sample with increasing the annealing 

temperature to 900oC (Figure 6.8). 

6.4 Summary 

Annealing of the ultrafine structured Cu-5vol.% Al2O3 nanocomposite sample extruded 

at 900oC at temperatures ranging from 500 to 900oC for 1h was conducted. The results 
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obtained in this study allow the following conclusions to be drawn: 

(1) Oxide dispersion strengthening enables excellent thermal stability of a bulk 

ultrafine structured Cu. The microstructure and microhardness of the extruded 

sample remain stable up to annealing at 800oC for 1 h; 

(2) High resistance of Al2O3 nanoparticles to coarsening is responsible for the high 

thermal stability of the microstructure of the extruded sample; 

(3) The sudden drop in microhardness of the sample annealed at 900oC is associated 

with the coarsening of Al2O3 nanoparticles and grain growth of the Cu matrix. 
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Chapter Seven 

Conclusions and Recommendations for Future Work 

7.1  Conclusions 

 The microstructure of nanostructured Cu-5vol.%Al2O3 nanocomposite powder 

particles produced by HEMM had a dramatically high thermal stability at 

temperatures up to 600oC. After annealing at 600oC for 5 h, Cu nanograins in the 

microstructure of the nanocomposite powder particles only grew slightly and the 

microstructure of the Cu matrix of powder particles was still well within the 

nanostructure range. The activation energy for the grain growth of powder 

samples was calculated to be 63.4 kJ/mol suggesting grain boundary diffusion 

controlled grain growth behavior. The impressive thermal stability of the 

microstructure of the powder particle samples is mainly associated with the effect 

of Al2O3 nanoparticles on the grain growth through inhibiting the grain boundary 

diffusion, which leads to a higher grain growth activation energy compared to 

nanocrystalline pure Cu (30 kJ/mol). 
 HEMM and consolidation conditions can significantly affect the microstructures 

of bulk ultrafine structured Cu-5vol.%Al2O3 nanocomposites and thus influence 

their mechanical properties such as strength and ductility. The dissolution of 

Al2O3 nanoparticles in the extruded sample was observed when the extrusion was 

done at 900oC. Such phenomenon was found to be beneficial to the enhancement 

of the strength and ductility of the extruded sample. 
 Cu grains and the sizes and volume fractions of Al2O3 nanoparticles of bulk 

ultrafine structured Cu-5vol.%Al2O3 nanocomposite samples extruded increased 

with increased extrusion temperature. The average sizes of Cu grains and Al2O3 

nanoparticles and the volume fraction of Al2O3 nanoparticles of the extruded 

samples increased from 132 nm, 43 nm and 0.75% to 263 nm, 100 nm and 4%, 
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respectively, as the extrusion temperature increased from 300 to 900oC. The 

increases in the sizes and volume fraction of the Al2O3 nanoparticles with the 

increase of the extrusion temperature were caused by the precipitation of Al2O3 

nanoparticles during extrusion. 
 The samples extruded at 400oC or lower fractured prematurely without yielding, 

while the samples extruded at T≥500oC fractured after yielding. The YS and UTS 

of such materials changed only slightly with the increase of the extrusion 

temperature and had values in the range 466-517 and 546-564 MPa. However, the 

tensile ductility of the extruded samples was proportional to the extrusion 

temperature and increased from 0.76 to 5.82% with increasing the extrusion 

temperature from 500 to 900oC. The increase in the ductility was associated with 

the improved interparticle atomic bonding and the coarsening microstructure of 

the Cu matrix. It was also found that the ductility of the extruded samples was 

primarily determined by the interparticle bonding when T≤800oC; when T=900oC 

it is controlled by both the interparticle bonding and the microstructure of the Cu 

matrix. 
 The grain boundary strengthening made the largest contribution to the strength of 

the extruded samples relative to the nanoparticle strengthening and strain 

hardening and experimentally measured yield strength of the extruded samples 

could be predicted appropriately by the sum of Peierls stress, grain boundary 

strengthening, nanoparticle strengthening and strain hardening. 
 Al2O3 nanoparticles enabled excellent thermal stability of the ultrafine structured 

Cu of the sample extruded at 900oC. The microstructure and microhardness of the 

sample extruded remained stable up to annealing at 800oC for 1 h. High 

resistance of Al2O3 nanoparticles to coarsening was responsible for this 

dramatically high thermal stability. The microhardness increase observed for the 

sample annealed at 700oC for 1 h came from the precipitation of small Al2O3 

nanoparticles. The sudden drop in microhardness of the sample annealed at 900oC 

for 1 h was related to the coarsening of small Al2O3 nanoparticles and grain 

growth of the Cu matrix. 
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7.2  Recommendations for Future Work 

 Measure electrical conductivity of the bulk ultrafine structured Cu-5vol.%Al2O3 

nanocomposite sample extruded at 900oC and then use the measured electrical 

and mechanical data as input to further improve the property of the extruded 

sample by annealing and/or changing initial volume fraction of Al2O3 

nanoparticles. 

 Determine softening temperature of the sample with the optimized mechanical 

and electrical properties. 

 Conduct high temperature tensile tests on the sample with the optimized 

mechanical and electrical properties to link high temperature strength with 

microstructure. 
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