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Abstract 

The present work investigates the microstructure and property correlation of hot-

pressed copper (Cu)-X wt.% aluminium (Al) (X = 0, 3, 5, 10, 15) alloys and Cu-X wt.% 

zirconium diboride (ZrB2) (X= 0, 1, 3, 5 and 10) composites. The starting powder 

compositions were subjected to mixing and milling processes to understand its effect on the 

densification, microstructure and properties of both Cu-Al alloys and Cu-ZrB2 composites. 

The samples were prepared using hot press under low processing temperature of 500oC and 

high pressure of 500 MPa for an optimal holding time of 30 min. The microstructure, 

mechanical, tribological and electrical properties of the hot-pressed (milled and mixed) 

compacts were evaluated. The morphology of the ball-milled Cu-Al and Cu-ZrB2 powders 

changed from coarse flaky structure to small hard agglomerates with the addition of Al/ 

ZrB2. While the mixing of Cu-Al/ZrB2 powders resulted in uniform distribution of 

relatively coarse, flaky and soft agglomerate particles; in case of milled powders, relatively 

fine and hard agglomerates were observed. Considerably high density (min. 95.0% and 

max. 99.7% of theoretical density (th)) was observed in the hot-pressed Cu-Al and Cu-

ZrB2 samples prepared via mixing condition. Whereas the density of Cu-Al and Cu-ZrB2 

samples varied between ~ 92.0-98.0% th for the hot-pressed samples prepared using milled 

powders. The crystallite size of Cu-Al (milled) and Cu-ZrB2 (milled) samples decreased for 

both the milled powders and hot-pressed samples. The XRD, SEM-EDS analysis of the hot-

pressed Cu-Al (milled) alloys confirmed the presence of α-Cu solid solution phase for the 

Cu alloyed with Al up to 5 wt.%. Further addition of Al to Cu lead to the formation of both 

intermetallic compound (Cu9Al4) and α-Cu solid solution phases. In contrast, Cu, α-Cu, γ1 

(Cu9Al4), δ (Cu3Al2), ζ1 (Cu4Al3), η2 (CuAl) and θ (CuAl2) phases were observed in the hot-

pressed Cu-Al (mixed) samples. Nevertheless, the presence of only Cu and ZrB2 phases 

were evident in the hot-pressed Cu-ZrB2 (milled and mixed) composites. The high hardness 

of 6.1 GPa was noted in Cu-Al (milled) alloys compared to other Cu-Al (mixed) alloys and 

Cu-ZrB2 (milled/mixed) composites. Further, the nanoindentation tests indicated a 

significant increase in hardness (2.4 to 7.9 GPa) and elastic modulus (121.1 to 177.4 GPa) 

of hot-pressed Cu-Al (milled) alloys. The Cu-Al (milled) alloys were measured with very 

high compressive strength (up to 1120.2 MPa) and the low compressive strain varied in the 

range of 29.8 to 5.8% depending on the Al content. On the other hand, the Cu-Al (mixed) 

and Cu-ZrB2 (mixed/milled) samples exhibited moderate compressive strength and high 
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compressive stain above 50% (except Cu-ZrB2 (milled) composites). The coefficient of 

friction (COF) and specific abrasive wear rate of Cu alloys and Cu composites decreased 

with the addition of Al and ZrB2, respectively. Low COF (0.49 to 0.16) and specific wear 

rate (49.3 ×10-3 to 0.8 ×10-3 mm3/Nm) were observed in Cu-Al (milled) samples compared 

to Cu-Al (mixed) and Cu-ZrB2 (milled and mixed) samples after sliding against SiC emery 

paper. In pure Cu (milled and mixed), the continuous chips (wear debris) were formed 

during sliding wear by the plowing mechanism. Whereas the major amount of material loss 

occurred due to the plowing mechanism with discontinuous and short chip formation in Cu-

Al alloys and Cu-ZrB2 composites (both the milled and mixed conditions). The electrical 

conductivity of Cu-Al and Cu-ZrB2 samples decreased with the addition of Al and ZrB2, 

respectively. The high electrical conductivity about 97.0% IACS was obtained with pure 

Cu (as received) and the conductivity was reduced to ~75.0% IACS for Cu (milled) due to 

the lattice strain in the milled Cu. However, Cu-ZrB2 (mixed) composites showed better 

electrical properties (68.2-97.0% IACS) than the other Cu alloys and composite systems. 

On a whole, the Cu-Al/Cu-ZrB2 materials processed via mixing exhibited moderate or 

better electrical properties and is advantageous as it lowers processing costs than the milled 

samples. These results indicate the advantage of Al and ZrB2 addition and use of 

milling/mixing conditions in controlling microstructure, mechanical, wear and electrical 

properties of Cu. 

Keywords: Cu, Al, ZrB2, Ball milling, Hot-pressing, Mechanical properties, Wear and 

Electrical conductivity. 
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Chapter 1 

 Introduction 

1 Chapter 1 

1.1 Background and motivation 

Copper (Cu) based materials have been extensively used for various engineering 

applications such as naval, rail, aerospace, energy and automobile industries etc. [1]. In 

particular, braking and electro-discharge machining (EDM) electrode applications require 

the development of Cu based materials with high strength, good electrical conductivity and 

workability, structural stability at high temperatures (~200 – 450 oC), good wear, oxidation 

and corrosion resistance [1,2]. Cu has been alloyed with alloying elements such as Zn, Sn, 

Al, W, Fe, Cr and Zr, etc. and these alloys were mainly strengthened by solid solution 

strengthening or precipitation hardening mechanisms [3–7]. In particular, in view of its 

nonsparking characteristics, good wear and corrosion resistance, the Cu-Al alloys have the 

potentiality for a range of applications such as welding electrodes, tool material for sheet 

forming, bearings, rocket nozzle, heat sink, automobile, mining and naval engineering 

applications etc. [8].  

Also, Cu can be strengthened by incorporating with the hard ceramic reinforcements 

such as Al2O3, B4C, SiC, Si3N4, TiB2, TiC, ZrB2 and ZrO2 etc. by dispersion strengthening 

[9–14]. Among all the ceramic additives, borides and carbides, particularly, TiB2, SiC, and 

TiC are widely used as the reinforcements or additive materials to prepare Cu matrix 
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composites. Especially, in the present study, ZrB2 was selected as a reinforcement for Cu 

because it possesses high hardness, high electrical and thermal conductivity, and good 

chemical stability which enhances the performance of Cu composites for electrical and 

structural applications as well. Also, As limited studies were available on Cu-ZrB2 

composites in the open literature, the present work widens the understanding of these 

materials. Because of the potential applications of Cu composites in heavy-duty wear, 

mining and electric applications, it is essential to improve mechanical and wear properties 

of Cu with good electrical properties. 

Traditionally, Cu based materials were processed by casting route [15]. One of the 

major disadvantages of the casting route is the coarse grain structure that will lead to poor 

mechanical properties. Hence, it is required to use other processing technique to control the 

grain size, particle distribution and improve the mechanical properties of Cu based materials. 

Mechanical working methods such as severe plastic deformation (SPD) techniques 

including high-pressure torsion (HPT) [16], equal channel angular pressing (ECAP) [17] 

twist extrusion [18] accumulated roll bonding [19] repetitive corrugation and straightening 

[20] cryo-rolling [21] have been applied. Recently, friction stir processing [22] was also 

adopted for Cu based materials. Powder metallurgy (PM) processes (including Mechanical 

alloying (MA), spark plasma sintering (SPS)) and additive manufacturing methods (such as 

selective laser sintering and selective laser melting) have also been attempted to produce Cu 

materials with fine structure [23–26].   

The processing of Cu based materials through powder metallurgy, particularly 

conventional pressureless sintering technique has been reported by many researchers, in 

which the powders were consolidated using cold press and further sintered the compact at 

higher temperatures [27,28]. Shukla et al. [29] prepared the Cu-Cr-Nb alloys via powder 

metallurgy route at low pressures. They processed at a high temperature of 800-1000 oC and 

low pressure of 10-30 MPa. Maximum relative density of upto ~99% was obtained Cu-Cr-

Nb alloys and the formation of fine Cr2Nb precipitates increased the hardness (100 BHN) 

and tensile strength (400 MPa).  

Commercially Cu–Al alloys are popularly known as Cu–Al bronzes or Al bronzes 

and are of particular interest for marine and automobile applications due to its excellent 

wear, corrosion resistance and good mechanical properties [30,31]. In particular, Cu–Al 

alloys are available with various amounts of aluminium addition (up to 10 wt.%) [32]. Krebs 
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et al. [30] investigated the use of Cu–10Al–5Fe–5Ni as a coating material to reduce 

cavitation damage of ship rudder. It has to be noted that generally other alloying elements 

such as Fe, Ni, Si, Mg were added to Cu–Al alloys for improving specific properties [3]. In 

another work, Meyer et al. [31] reported that Cu–Al bronze used as non-sparking material 

since no mechanical sparks occurred when the bronze was in contact with stainless steel. 

Gyimah [33] developed new Cu–Al alloy based composite material for train brake pad 

application and it was stated that materials processed at a high sintering temperature of 950 

oC and it exhibited high wear properties in view of its better density. Soliman and Habib 

[34] observed that ageing (at 450 oC for 12 h) of Cu–12.5 wt.% Al shape memory alloy 

doubled the hardness (262 Hv) when compared to unaged alloy. 

In recent years, researchers paid more attention towards the mechanical alloying of 

Cu-based alloys due to its potential and versatility in producing the alloys, and 

nanocrystalline materials with improved properties [35–38]. Youssef et al. [35] reported the 

effect of grain size on mechanical and electrical properties of bulk nanocrystalline Cu–1at.% 

Nb alloy prepared by mechanical alloying. High yield strength of 1035 MPa was reported 

for Cu–1 at.% Nb alloys and it was attributed to its fine grain structure (~18 nm). In another 

work, the saturation limit of solubility in Cu–Fe system was significantly enhanced by the 

mechanical alloying approach [36]. Also, the ball milling procedure was adopted to enhance 

the solid solubility of Cu–Cr–Mo ternary system [37]. As the milling time increased up to 

50 h, the particle size of Cu–20Cr(Mo) alloy considerably reduced to less than 20 nm. 

Further, these nano-sized powders enhanced the densification of the Cu alloy [37]. 

Chakravarty et al. [38] explained the grain size stabilization and strengthening of cryomilled 

nano-Cu–12 at.% Al alloy. It was revealed that the hardness of the nano-sized alloy was 

significantly high when compared to the raw powders.  

Rajkovic et al. [39] prepared the Cu-3.5Al alloys through powder metallurgy (PM) 

route. They consolidate the ball-milled Cu-Al powders using hot-pressing equipment at a 

temperature of 800 oC under a pressure of 35 MPa for 1 h.  The hardness of the Cu-3.5Al 

was observed to be 3.06 GPa due to the formation of solid solution which is 18% high 

compared to Cu-4Al2O3 composites processed at the similar hot-pressing conditions. In 

another work, Traleski et al. [40] processed the Cu-Al-Ni alloys via. PM route at a 

pressureless sintering temperature between 900 to 950 oC. Prior to the consolidation of 

samples, the powders were ball milled for 8 h with a ball to powder ratio (BPR) of 5:1. The 

relative density of the Cu-13.2Al-3.8Ni alloys was found to be 78.5% and the corresponding 
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hardness was 3.72 GPa which was attributed to the developed lattice strains and intermetallic 

compounds. Saiprasad et al. [41] reported that the dense Cu-5Al alloys could be prepared 

by the PM route. Initially, the Cu-Al powders were mechanically alloyed for 8 h and then 

consolidated using spark plasma sintering (SPS) method at 700 oC under a pressure of 40 

MPa for 10 min. The relative density and hardness of the samples was 98.5% and 0.90 GPa, 

respectively. Gohar et al. [42] investigate the effect of Ag addition on the thermal and 

mechanical properties of Cu-10Al-XAg (X: 0-6 wt.%) alloys processed through PM 

technique. They processed the Cu-Al-Ag powders using a planetary ball mill at 200 rpm for 

5 h. The powders were consolidated using cold press at 200 MPa and sintered at 850 oC for 

3 h. They achieved relatively low density (~75%) and low compressive strength (155 MPa) 

for Cu alloys.  

As far as the novelty of the present work is concerned in developing Cu-Al alloys, a 

systematic study on understanding the use of Al on microstructure and properties of Cu is 

carried out, which is lacking in the open literature. The present work explores whether the 

high amount of Al addition (upto 15 wt.%) along with the powder preparation (ball 

milling/mixing) methods have any beneficial effects on properties of Cu. 

Shang et al. [28] studied the effect of ZrB2 (and other factors include the shape and 

size of ZrB2 particles) along with hot-press sintering parameters on Cu–ZrB2 composites. 

Their work showed that the relative density (~91%–75%) of Cu decreased with the ZrB2 

addition. In recent work, Wang et al. [27] prepared the Cu–ZrB2 composites through hot-

pressing route with the application of high processing temperature and low applied pressure 

(840°C and 25 MPa). They reported that the use of micron-sized ZrB2 significantly 

improved the hardness of Cu up to ~1.0 GPa and electrical conductivity more than 58% 

IACS. In another study, Fan et al. [9] explored the effect of ZrB2 on the wear and electrical 

properties of in-situ Cu–ZrB2 composites. They found that the addition of ZrB2 particles to 

Cu resulted enhancement of the hardness and wear properties of Cu composites by ~2.0 

times when compared to pure Cu. In another work, Zhang et al. [43] reported that the use of 

low content of ZrB2 (7 wt.%) improved the hardness up to 1.2 GPa without much change in 

its electrical conductivity (~70% IACS). From the above discussion, it is clear that the 

reinforcement amount has a significant effect on the properties of Cu. Restricting the 

reinforcement content below 12 wt.% reportedly improved the mechanical and wear 

properties while retaining good electrical conductivity of Cu composites [9,43–45]. 
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However, in the literature, studies on Cu-Al alloys and Cu-ZrB2 composites have 

been low and in particular, systematic investigation of Al and ZrB2 effect on the 

microstructure and various properties of Cu processed via PM route. In this work, we 

attempted to process the Cu-Al alloys and Cu-ZrB2 composites through the hot pressing 

route. These Cu based materials were consolidated relatively at a low sintering temperature 

of 500 oC with the application of high hot press pressure of 500 MPa in a vacuum 

environment. It has three implications: (i) achieving good density at low sintering 

temperature and it can result in improvement of properties due to fine structure, (ii) avoiding 

the use of multiple combinations of processes, for example, most of the instances heat 

treatment/mechanical working methods is used as an additional step with the primary 

process in order to improve properties, and (iii) reducing the processing cost. The high-

pressure processes are reportedly advantageous as they facilitate high nucleation rate, reduce 

atomic diffusion coefficient, restrain grain growth, result in refinement of grain structure 

and improve the properties [25,26]. 

1.2 Objectives of the present work 

 Processing of Cu-X wt.% Al alloys (X = 0, 1, 3, 5, 10 and 15) and Cu-X wt.% ZrB2 

composites (X = 0, 1, 3, 5 and 10) via two different powder processing conditions 

(mixing and ball milling/mechanical alloying conditions) and study its effect on the 

densification and microstructure 

 Realizing the usefulness of (high pressure) hot pressing in densifying Cu-Al alloys and 

Cu-ZrB2 composites at the low sintering temperature with a good combination of 

properties 

 Evaluating mechanical, wear and electrical properties of Cu-Al alloys 

 Assessing the influence of hard ZrB2 ceramic reinforcement addition on the mechanical, 

wear and electrical properties of Cu 

 Comparing the performance of Cu-Al and Cu-ZrB2 materials to understand the 

underlying mechanisms and relating it with other Cu-based materials reported in the 

literature 
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1.3  Organization of thesis 

The thesis contains 8 chapters. The 1st chapter provides an introduction, highlights 

the background of present work, objectives and structure of the thesis in brief. The literature 

review on Cu based materials was presented in the 2nd chapter. The extensive survey of 

similar work carried out by the other researchers and scientists was covered in this chapter. 

The relevant reported research works were referred wherever it is necessary to support and 

explain the present experimental findings. Also, the chapter dedicated to exploring detailed 

information regarding copper-based materials and processing techniques; the effect of 

alloying elements on mechanical, tribological and electrical properties. The 3rd chapter deals 

with the materials and methodology of the current work and details of materials and 

instruments, sample preparation and characterization procedures were discussed. The 4th, 

5th, 6th and 7th chapters present the results and discussion of different copper-based systems, 

such as Cu-Al alloys and Cu-ZrB2 composites processed through mixing and milling routes 

in the form of figures, tables, equations and schematics. Each of these chapters begins with 

a brief introduction, later detailed discussion of results was made based on the obtained 

experimental results and summarized with the conclusions and lastly, the relevant references 

were cited. Finally, the 8th chapter highlights the conclusions based on the experimental 

findings. The references used in the thesis has been listed at the end of the thesis. The 

following schematic (see Fig. 1.1) illustrates the work plan and methodology of the current 

research work.  
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Fig. 1.1 Schematic of the work plan. 

1.4  Novelty  

Cu based materials are widely used in structural, thermal and electrical applications 

such as welding electrodes, tool material for sheet forming, bearings, rocket nozzle, heat 

sink, automobile, mining and naval engineering applications due to the excellent 

formability, moderate strength, good electrical and thermal conductivity. Numerous studies 

have been carried out to improve the strength of the Cu; especially, Cu based materials 

processed through powder metallurgy (PM) route by controlling processing parameters. 

Based on the literature, we attempted to develop Cu based materials through PM at low 

processing temperatures with the application of high-pressure hot press (with short holding 

time: 30 minutes). Such techniques certainly reduce the processing cost, result in materials 

with fine microstructure and improvement in the densification, mechanical, tribological and 

electrical properties. In fact, to refine the microstructure and improve mechanical properties 
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of Cu materials, the additional processing steps (such as heat treatment and mechanical 

working methods) have been widely followed. In the present work, the effect of mechanical 

alloying and mixing of powders on the Cu based materials has also been explored.  It proved 

that those processing steps had a significant impact on the microstructure and properties of 

Cu-Al alloys and Cu-ZrB2 composites.  
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Chapter 2 

Literature 

2 Chapter 2  

The present chapter begins with the brief introduction on copper (Cu) and Cu-alloys 

and its properties followed by a discussion on the use of different processing techniques 

(such as casting, powder metallurgy, superplastic deformation and other processes) to 

prepare Cu materials. Particularly, the effect of processing parameters, alloying elements 

and secondary reinforcements on mechanical, wear and electrical properties of Cu. Finally, 

the applications of Cu based materials is illustrated.  

2.1 Copper  

Copper and copper alloys have a big timeline of their usage from the past ~ 10,000 

years [46].  One of the major ages of human history was termed as copper age (also, bronze 

age). The invention of copper played an important role in human civilization from the stone 

age to modern age. Cu is a non-polymorphous material with face centered cubic (FCC) 

crystal structure and belongs to the group of non-ferrous metals. It is reddish-brown in colour 

and having the melting temperature of 1083˚C and density of 8.9 g/cc. Copper is extracted 

from different ores (Bornite, Chalcopyrite, Chalcocite, Covellite and Cuprite). Copper is 
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widely extracted from the oxide and sulphide ores. Commercially pure copper is available 

(> 99.92%) in the market and other impurities kept at the minimum level (during extraction) 

for its specific applications.  

The Cu metal possesses various distinctive properties such as high electrical 

conductivity (5.96 × 107 S/m), good thermal conductivity (394 W/mK), excellent ductility, 

corrosion resistance and biofouling resistance [47]. These exceptional qualities of pure Cu 

make it suitable for electrical, electronic, energy, automobile, petrochemical and marine 

applications. Some specific applications like electrical wires, switches, connectors, printed 

circuit boards, electrodes in electro-discharge machines (EDM); pipes in solar heaters, 

condenser tubes in power plants; filters and valves in corrosive petroleum environments; 

radiators, braking pads, cylinder liners, gears and fasteners in automobiles; seawater piping, 

heat exchangers and fuel lines in ships. In particular, bearings, electrical connectors and 

braking system require good strength, electrical conductivity, thermal conductivity as well 

as wear resistance. The poor mechanical strength and wear resistance of pure Cu often needs 

to be improved without much affecting its electrical and thermal conductivity. 

2.2 Cu-based alloys 

The pure Cu can be strengthened by various strengthening mechanisms such as solid 

solution strengthening, precipitation hardening, dispersion strengthening, grain boundary 

strengthening or grain refinement and strain hardening [48,49]. In solid solution 

strengthening, a minor amount of other alloying elements is added to enhance the desired 

characteristic properties of copper. Fig. 2.1 presents the flow diagram of various alloying 

elements added to Cu in order to prepare Cu alloys. The Cu alloys were designated with 

Unified Numbering Systems and its specification is provided in Table 2.1. The Cu is 

commonly alloyed with aluminium (Al), chromium (Cr), nickel (Ni), lead (Pb), tin (Sn), 

zinc (Zn) and zirconium (Zr) to improve its strength, wear resistance and corrosion 

resistance [47,50–58]. In solid solution strengthening method, the major alloying elements 

added to copper are Al, B, Be, Cr, Co, Fe, Ga, Ni, Mg, Mn, Pb, Si, Sn, Ti, V, W, Zn and Zr 

[4–7,34,48,57,59–66]. 
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Fig. 2.1 Flow diagram showing different Cu alloys that are formed with the addition of 

various alloying elements to Cu [46]. 

The concept of precipitation strengthening was discovered in the first decade of the 

20th century. A Cu alloy can be termed as precipitation-hardenable (for example Cu-Al and 

Cu-Be) when its hardness or strength can be increased with ageing heat treatment [67,68].  

In case of precipitation hardening, the strength of Cu alloys enhanced with the fine 

precipitates while maintaining the good electrical and thermal properties. Further ageing 

heat treatment is optimized to control the size of precipitates and thus attaining desired 
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properties of the alloys [69]. In this strengthening method, rapid solidification process 

produces the ultra-fine precipitates that results in higher mechanical properties [70]. The 

limitation of precipitation hardening is the lacking of strength at above 500 oC which detracts 

the structural stability due to coarsening of the precipitated particles. 

Table 2.1 Classification of various Cu alloys and corresponding UNS numbering. 

Alloy 
Unified Numbering Systems 

Wrought alloys Cast alloys 

Copper C10100 - C15999 C80000 - C81399 

High copper alloys (<96% Cu) C16000 - C19999 C81400 - C83299 

Copper-zinc alloys (<40% Zn) C20000 - C49999 C83300 - C89999 

Copper-tin alloys (<10% Sn) C50000 – C59999 C90000 - C95199 

Copper- Aluminium alloys (<10% Al) C60000 – C69999 C95200 - C95999 

Copper-nickel alloys (<30% Ni) C70000 - C73499 C96000 - C96999 

Copper-nickel-silvers  C73500 - C79999 C97000 - C97999 

Copper-lead alloys -- C98000 - C98999 

Special alloys  -- C99000 - C99999 

2.1.1 Copper – Aluminium (Cu-Al) alloys 

Cu-Al alloys are also termed as aluminium bronzes. The commercially available 

alloys in the market exist as-cast ingots/rods and having Al content ranging between 5 to 11 

wt.% [15]. In general, a small quantity of Cr, Fe, Ni, Mn and Si are added to get desired 

properties of the Cu-Al alloy [71]. These alloys exhibit superior mechanical, non-sparking 

and corrosion properties compared to the other groups of Cu alloys which make them as the 

first choice among all Cu alloys. Cu-Al alloys are the promising materials for the application 

where excellent mechanical properties, high hardness and corrosion resistance are required. 

Cu-Al alloys have similar strength to that of low alloy steels. Good fatigue, creep and 

oxidation resistance of Cu-Al alloys gives long service life at elevated temperatures. The 

Cu-Al alloys are well suitable for the bearing and small gear applications because of the 

high hardness and wear resistance. Other properties include good weldability, machinability 

and availability of these alloys make the production more economical. They give 

outstanding performance in the sea environment similar to the stainless steels due to the 

excellent corrosion resistance. The Cu-Al alloys have a wide variety of applications in the 
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various engineering applications such as large bearings and bushings used in mining 

applications, gear selector forks in automobiles, non-sparking valves used in hydraulic 

pumps, pipe fittings and tubes of heat exchangers, deep drawing dies, non-magnetic parts in 

the electric equipment, landing gears in aircraft, underwater fasteners and propellers used in 

naval ships and structural retrofit building applications. 

Cu-Al alloys have been conventionally processed through the casting technique. 

These alloys expected to have high relative density compared to other processing methods. 

The cast Cu-Al alloys are available in two distinct forms; one is single-phase alpha alloy 

and the second one is duplex type alloys. The single-phase alloys consist of Al content below 

9% with a minor amount of iron which is suitable for cold working. The duplex alloys 

consist of Al ranging from 9 - 11% with a small content of Fe and Ni. Addition of a small 

amount of alloying elements to the Cu may increase the recrystallization temperature and 

lead to refinement of microstructure which further increases the mechanical properties [72]. 

The addition of silicon lowers the magnetic permeability of the Cu-Al alloys [73] and the 

castability of the aluminium bronzes can be enhanced using the magnesium [74].  

The mechanical properties of the Cu-Al alloys primarily depend on the Al content. 

At lower Al content (<8 wt.%), these alloys exhibit good cold working properties which are 

favourable for the sheet, strip making, tube and wire drawing operations. These alloys are 

annealed at a temperature in the range between 595 - 650 oC. Hasan et al. [75] fabricated the 

Cu-Al alloy through the casting process. They observed the presence of α-phase copper-rich 

solid solution and exhibited Widmanstatten microstructure with the addition of 10Al. Maki 

et al. [48] reported that the solid solution strengthening significantly increases the strength 

of the copper but with a large decrease in electrical conductivity. This can happen due to the 

solute atoms dissolved in the copper which produces lattice distortion or strain and that lead 

to more scattering of the electrons. To achieve the high strength along with the good 

electrical conductivity of copper alloys, precipitation hardening method is preferred [15,76]. 

However, this method is very expensive due to the use of costly alloying additives such as 

Ag, Be, Co, Ni or the use of secondary heat treatment processes to produce uniformly 

distributed fine precipitates [77].  

In the recent work, the strength of the copper was improved without affecting its 

ductility by introducing the gradient structures in the materials using various techniques such 

as pre-torsional treatment [78,79], surface mechanical grinding treatment [80] and surface 
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mechanical attrition treatment [81]. In these processes, simultaneous strain hardening and 

strain softening were produced by the grain refinement and the grain growth, respectively. 

In another work, Gong et al. [78] fabricated the Cu-6Al alloy through the vacuum induction 

melting technique. Further, they carried out the hot rolling followed by annealing at 900 oC 

for 10 h to obtain the ultra-fine grained structure. Also, pre-torsional treatment was 

performed to improve the Cu-Al alloys. They found that the size of grains become more 

than 1 mm after hot rolling, torsion and annealing treatments. The microstructure of the Cu-

Al alloy grain structure is shown in Fig. 2.2. The hardness of the Cu-6Al alloys reported 

upto ~2.05 GPa after pre-torsional treatment. The tensile strength of the Cu-6Al alloys 

increased (~362 MPa) with the torsional pressure without much affecting the strain (~62%). 

The increase in strength of Cu-Al alloys was attributed to the strain hardening. Chen et al. 

[82] conducted a oscillating ball-on-disc wear test for Cu-2.2Al alloys (Counter-body: WC-

Co) processed through the vacuum induction melting. They reported that the wear resistance 

of theses alloys was increased with small amount of Al content (0.5 wt.%). With further 

increase of Al content upto 2.2 wt.%, the wear loss increased due to the increase of fracture 

in the lamellar recrystallization structure. 

 

Fig. 2.2 The optical micrographs of the ultra-coarse-grained Cu-6Al alloy with a coarse-

grained (CG) surface layer, respectively. 

Fig. 2.3 shows the equilibrium phase diagram of Cu-Al alloy. Al completely soluble 

in the liquid copper. But the solubility of Al is limited upto 9.4 wt.% in the solid solution 

state [77,83]. According to Eq. 2.1, the β phase transforms into the α and γ2 phases at the 
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eutectoid reaction. At a temperature of 500 oC, a maximum amount of aluminium (up to 

15.6%) dissolves in copper and forms γ2 phase. Similar observations were reported for die-

casted Cu-11.8 wt.% Al alloy, that formed the γ2 phase by eutectoid decomposition of β 

phase at a temperature of 565 oC [84].  

   (2.1)  

Aluminium bronzes are copper-based alloys with aluminium as the major alloying 

element usually in the range 5 - 14% compositionally in the alloy, other alloying elements 

sometimes intentionally introduced are iron, nickel, manganese, silicon and tin depending 

on the intended application of the aluminium bronze.   

As the Al content varied between 8 wt.% to 10 wt.%, the alloys produce secondary 

harder phase in the soft solid solution phase (Alpha-beta alloys), which strengthen the alloy 

[68].  These alloys are heat treatable and their heat treatment cycle is shown in Fig. 2.3. 

Slow cooling to room temperature of these alloys produces the alpha and gamma dual 

phases. Reheating of these alloys above the eutectoid temperature (565 oC) yields the alpha 

and beta phases. Further heating of these alloys about 910 oC, results in beta solid solution 

phase; which can be converted to the martensitic structure by heating upto 960 oC followed 

by quenching [68]. Further increase of Al (>10 wt.%) develops more hard intermetallic 

compounds; which significantly increases its strength and hardness [50,85]. Ying et al. [86],  

Feng et al. [87], Abbasi et al. [88], Mai et al. [89], Lee et al. [90] and Chaudari reported that 

the intermetallic compounds such as Cu9Al4, Cu3Al2, Cu4Al3, CuAl and CuAl2 were formed 

at the interface junction of Cu and Al due to the variation in diffusion rate from the interface 

surfaces.  Also, Pintore et al. [91] explained the diffusion phenomena of the bilayer Cu-Al 

prepared using the casting process. They reported formation of Cu4Al3, CuAl and CuAl2 at 

the interface junction of those two layers.  

Recently, Alex et al. [92,93] developed the Cu-Al and Cu-Sn based intermetallic 

alloys for solar energy applications. Their work revealed that the Cu-based intermetallic 

compounds can be used as a coating material (Hardness: ~2 GPa) in the solar panels to 

protect the glass surfaces without affecting its reflectance. 

Al wt.% 
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Cooling 

β 

(11.8 %) 

γ
2
 α  + 
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Fig. 2.3 Cu–Al equilibrium phase diagram (copper-rich end). The resultant microstructure 

with heat treatment indicates the types of phases present in the alloy [68].  

The Cu- Al intermetallic alloys prepared through casting route having hardness upto 

2.1 GPa; whereas, the alloys fabricate through powder metallurgy technique showed better 

hardness upto 7.8 GPa compare to cast one due to the combination of fine microstructure 

and the presence of intermetallic compounds [94]. Chakravarty et al. [38] reported that the 

grain growth of the nanocrystalline Cu-12 at.% Al alloy was restricted by the pinning effect 

produced at elevated temperature by the nano-scale intermetallic compounds. The hardness 

of these alloys slightly decreased with the annealing at 900 oC.   

However, in the literature, studies on Cu-Al alloys have been low and in particular, 

systematic investigation of Al effect on the microstructure and mechanical properties of Cu. 

Calvo et al. [95] studied the effect of pressure and temperature on bonding between Cu and 

Al. Their work revealed that the bonding between Cu and Al was mainly dominated by 

diffusion (between 400 oC – 520 oC and up to 289 h). The diffusion bonding between Cu 

and Al reportedly starts at around 500 oC [96]. In particular, Chen et al. [97] proposed the 

diffusion mechanism in Cu-Al alloy system and the high diffusion rate of Al resulted in the 

formation of the saturated solid solution at the interface of Cu and Al. In another work, Wu 

et al. [98] refined the microstructure by reducing the diffusion coefficient with the 

application of high pressure (5 GPa) heat treatment at 750 oC for 15 min. Wang et al. [99] 
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stated that high-pressure heat treatment favours the formation of a fine structure as it reduces 

the solid phase transformation temperature and activation energy. 

2.1.2 Copper – Chromium (Cu-Cr) alloys 

Cu-Cr alloys are the high copper alloys consists of Cr content ranging between 0.6 

– 1.2 wt.% due to the low diffusivity of Cr in Cu. The higher amount of Cr content results 

precipitate formation in the Cu at elevated temperatures. Cu-Cr alloys are the most suitable 

materials for nuclear and aerospace industries due to their excellent mechanical, thermal and 

electrical properties [100]. Other applications include resistance welding electrodes, spot 

welding tips, circuit breakers, electric connectors and thermal conductors. The Cu-Cr alloys 

having better corrosion resistance compared to the pure copper due to the formation of a 

protective layer under the sea environment. The strength of the Cu-Cr alloys is two times 

high and electrical conductivity is about 85 % IACS as that of the pure copper. The 

microstructure of the quenched Cu-Cr alloys is similar to the pure copper where the 

chromium remains a supersaturated solid solution in the copper. The slow cooling of the 

alloy allows the pure copper to solidify it in the initial stage, later the eutectic mixture of 

alpha and chromium. These eutectic materials consist of a lamellar structure in the dendritic 

regions [101]. TEM image of Cu-43 wt.%Cr alloy showing equiaxed and randomly oriented 

ultra-fine grains (average grain size ~13.7 nm) after the sample subjected to high-pressure 

torsion (HPT) sample with 100 rotations (Fig. 2.4a) [7]. The HRTEM image shows the 

presence of Cu and Cr grains with different zone axes (Fig. 2.4b).   

Recently, Patra et al. [102] processed the Cu-Cr alloys through powder metallurgy 

technique in which mechanical alloying followed by sintering was carried out. They studied 

the effect of sintering pressure on the densification and mechanical properties of the Cu-8Cr 

alloys. Their results reveal that the relative density, mechanical properties and electrical 

conductivity were increased with the increase in sintering pressure and sintering 

temperature. Zhang et al. [103] studied the effect of Cr on the mechanical and electrical 

conductivity of Cu-Cr alloys fabricated through selective laser melting technique. This 

technique was found to be advantageous where the relative density of the Cu-Cr alloy was 

reported upto 99.98%. The tensile strength of these alloys after annealing at 480 oC for 4 h 

was moderately high (upto 468 MPa). This can be attributed to the Cr precipitates. The 

electrical conductivity of the Cu-Cr alloys was found to be 98.3% IACS; whereas the 
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electrical conductivity of these alloys before annealing was 37.7% IACS due to the presence 

of Cu-Cr solid solution phase which scatters the movement of the electrons. 

 

Fig. 2.4 Microstructure of Cu-43 wt.% Cr after subjecting to high-pressure torsion (HPT) 

sample with 100 rotations. (a) Transmission Electron microscope (TEM) bright-field image 

and (b) high-resolution TEM (HRTEM) image showing three neighbouring grains of Cu and 

Cr having different zone axis [7]. 

2.1.3 Copper – Lead (Cu-Pb) alloys 

Cu-Pb alloys are also known as the free machining copper alloys [101]. Generally, 

lead is added to copper alloys to improve their machinability and lubricating properties. The 

microstructure of the cast Cu-Pb alloys is similar to the pure copper; since Pb is practically 

insoluble in the copper. The microstructure of the Cu-Pb alloys primarily consists of alpha-

copper dendrites with Pb globules located at the grain boundaries of dendrites. These alloys 

can be classified into two leaded alloys. One is a low Pb alloy (2 - 4 wt.%) in which Pb is 

acting as a chip breaker and lubricant in machining operation; whereas, the other one (High 

leaded copper alloy: more than 4 wt.%) used as bearing material in which it acts as a solid 

lubricant. High Pb alloys are not suitable for welding and brazing. Cu-Pb alloys are widely 

used in automotive industries as the electrical connectors and mechanical bearings. Biswas 

et al. [104] developed the Cu-Pb alloys via. spark plasma sintering method. They used Pb as 

a sintering additive in the Cu-Pb alloys to densify the Cu samples. 
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Fig. 2.5 (a) TEM (Bright-field) micrograph of spark plasma sintered Cu-10 wt.%Pb 

(Temperature: 600 oC, 100 MPa, 5 min.) and (b) The dislocation activity in Cu grain. In (a), 

the arrow shows the entrapped Pb-particle inside Cu grains. In (b), the white arrow inside 

the grain shows dislocations [57]. 

Sharma et al. [57] reported that the spherical shaped Pb precipitates were located in 

the grains and at the grain boundaries of the Cu. In Fig. 2.5, a representative the TEM 

micrograph of spark plasma sintered Cu-10wt.% Pb, which shows the dislocations activity 

in the Cu grains under the processing conditions (Temperature: 600 oC, 100 MPa, 5 min.) is 

presented.  The relative density of the spark plasma sintered Cu-Pb alloys increased to more 

than 90% with 10 wt.% Pb and the hardness of upto 2 GPa was reported for Cu-Pb alloys. 

2.1.4 Copper – Nickel (Cu-Ni) alloys 

In copper-nickel alloys, the nickel content varied from 2 – 30 wt.% [101]. These 

alloys commonly used in the electrical and electronic applications. In power plants, they are 

used as tubes for condensers and marine applications include pumps, fittings, valves and 

ship hulls due to their good corrosion resistance, oxidation resistance, biofouling resistance 

and thermal stability. The microstructure of these alloys has a single-phase alpha due to the 

complete diffusion of Ni in Cu. The microstructure of the Cu-Ni alloys has similar 

microstructure to pure copper which consists of twinned grains. The dendritic structure has 

large gradient cores due to the wide freezing temperature range (see Fig. 2.6).  



20 

 

 

Fig. 2.6 The microstructure of Cu-8.5Ni-1.2Sn alloy [101]. 

Martinez et al. [65] studied the effect of Ni on the microstructure and mechanical 

properties of Cu. They synthesized the Cu-Ni alloys by mechanical alloying followed by 

hot-pressing at 300 oC with the application of high pressure (900 MPa). The compressive 

strength and hardness of Cu-50Ni alloy were found to be 330 MPa and 5.1 GPa, respectively. 

Yang et al. [105] studied mechanical and corrosion behaviour of Cu-Ni-Fe-Mn alloys under 

the marine environment. The tensile strength of 242 MPa was reported with the Cu-Ni alloys 

(with the addition of 7 wt.% Ni). These alloys showed better corrosion resistance with the 

corrosion rate of 0.041 mm/yr in the seawater environment.  

2.1.5 Copper – Tin (Cu-Sn) alloys 

Cu-Sn alloys are also known for their corrosion resistance [5]. These bronzes are 

more strong and ductile than the other bronzes. Their high wear resistance and low 

coefficient of friction make them suitable for bearings, gears, piston rings and valves. Other 

applications include solders used in printed circuit boards, batteries, corrosion protection 

layers, decorative items. The single-phase alpha solid solution retains even at low solubility 

of Sn in copper. The microstructure of the Cu-Sn alloys has cored dendrite structure. The 

Cu-Sn alloys consist of Sn content more than 15.8%, forms alpha and delta phases. Nassef 
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et al. [5] studied the effect of Sn on microstructure and mechanical properties of Cu-Sn alloy. 

They revealed that the compressive strength of the Cu-Sn alloy decreased from 243 MPa to 

191 MPa with the addition of Sn (upto 15%). This decrease in strength attributed to the 

presence of coarse Cu3Sn and Cu6Sn5 intermetallic precipitates. Interestingly, the toughness 

of the alloys increased with Sn content because of the fineness and soft nature of Sn. Han et 

al. [106] reported that the mechanical properties of hot-pressed Cu-Sn alloys were affected 

by the sintering process conditions. In this work, Cu with 25 wt.% of Sn alloys were 

consolidated using the hot press.  

2.1.6 Copper – Zinc (Cu-Zn) alloys 

The Cu-Zn alloys are famously known as brass [101]. These alloys are commercially 

available in the market as the cast rods. The brasses are used in the various industrial 

applications such as ammunition, the base for gold plates, blanking, coining, drawing, 

flexible hose, fire extinguishers, jewellery, piercing, lamp fixtures and radiators. They have 

good mechanical strength and corrosion resistance. But certain Cu-Zn alloys consists of Zn 

content above 15 wt.% are susceptible to corrosion in the marine environment. The 

dezincification and stress corrosion cracking of these alloys occur in NaCl environment; as 

the zinc is removed from the surface of the alloy, they produce a porous structure which 

leads to poor mechanical properties. The stress corrosion cracking of Cu-Zn alloys occurs 

in the environment containing amines and ammonia when subjected to the tensile stress 

loading conditions [101]. Heat treatment processes are required to eliminate the stress 

corrosion cracking problem of these alloys. The brasses consist of alpha phase solid solution 

upto 35 wt.% zinc. These alpha phase alloys have good strength along with the ductility 

which is easily cold worked. The Cu-Zn alloys are also used as jewellery, due to its change 

in colour from yellow to red, good formability and good castability. As the zinc content 

varied between 32% to 39%, it produces the dual-phase consists of alpha and beta phases. 

The beta phase is harder and stronger than alpha and Cu-(more than 39%) Zn alloys are 

known as the Muntz metal. Fast cooling allows these alloys to induce complete beta 

structure.   
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2.3 Cu composites 

In the past few decades, Cu-based alloys proven to be potential candidate materials 

for many engineering applications in the fields of automobile, defence, electrical and mining 

industries. Alloying elements in Cu can enhance the mechanical and corrosion properties, 

but the formation of solid solution phases and intermetallic compounds significantly affect 

the thermal and electrical properties of copper. In such cases, copper composites can perform 

better than the Cu alloys by enhancing the strength and ductility without much 

compromising on the thermal and electrical conductivity [69]. The Cu composites have 

several advantages over alloyed materials including a) improved strength and stiffness of 

the materials, b) achieving the high strength to weight ratio, c) low coefficient of thermal 

expansion, d) enhancing the creep strength and e) better electrical conductivity, wear 

resistance, catalytic and biocompatible properties. The strength of the copper composites 

can be mainly improved by dispersion strengthening technique [67,107–111].  

The dispersion strengthening enhances the strength of the materials by the 

incorporation of secondary hard particles usually they are inert, highly hard and possess a 

high melting temperature. The strength of the dispersion strengthened composites can be 

improved by restricting the movement of dislocations by the fine second phase particles. 

These materials can withstand at high temperature without losing its strength compared to 

precipitation strengthened alloys due to the high thermal stability of secondary elements and 

ensures no diffusion into the matrix at high temperatures.  At the same time, the electrical 

conductivity of dispersion strengthened Cu-based materials can be observed comparatively 

higher to the precipitate hardened Cu alloys [112,113]. Thus, the high electrical conductivity 

of about ~ 80-95% IACS can be attained via composites processing route. The Cu 

composites have been developed using various processing techniques such as conventional 

casting, in-situ casting, mechanical alloying, powder metallurgy, spray deposition and self-

propagating synthesis [114–117]. Generally, Cu-based composites are reinforced with the 

Oxides, borides, carbides, nitrides ceramic materials (Al2O3, B4C, SiC, TiB2, TiC and ZrB2) 

[11,27,39,118–124]. 

Among the borides family, titanium diboride (TiB2) and zirconium diboride (ZrB2) 

ceramics are used as reinforcements to Cu. Among these reinforcing elements, TiB2 have a 

high melting temperature (~3200°C), high hardness (~34 GPa), low electrical resistivity 
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(about 14.4 μΩ cm), high thermal conductivity (about 65 W/mK), high Young modulus and 

better creep resistance [125,126]. Sharma et al. [127] prepared the Cu-10TiB2 composites 

using spark plasma sintering technique at a temperature between 400 to 700 oC under a 

pressure of 50 MPa for 5 min.  They reported that the relative density varied between ~72% 

and ~91% and the hardness of samples varied between ~1.5 - 2.0 GPa. In another work, the 

Cu-30TiB2 composites processed through in-situ combustion synthesis exhibited a hardness 

of 48 HRC [128].  

It has to be mentioned here that zirconium diboride (ZrB2) is an interesting ceramic 

reinforcement for Cu composites due to its superior electrical conductivity (>106 S/m), 

thermal conductivity (~90 W/m.K), elastic modulus (~450 GPa), hardness (~23 GPa), good 

chemical stability, good wear and oxidation resistance [129]. Wang et al. [27] studied the 

effect of ZrB2 on microstructure and mechanical properties of Cu-ZrB2 composites 

fabricated via. casting route. The hardness of these composites is more than 0.1 GPa and the 

electrical conductivity is more than 85% IACS. In another study, Zhang et al. [43] reported 

that the hardness of in-situ formed Cu-ZrB2 composites found to be more than 1.2 GPa and 

electrical conductivity was more than 70% IACS. However, while reviewing the literature, 

it was realised that the Cu-based composites require good bonding between reinforcement 

and matrix material to achieve good properties.  

2.4 Processing of Cu-based alloys/composites 

Now the different processing techniques which have been used in developing Cu 

alloys and Cu composites will be discussed in this chapter. The Cu based materials can be 

processed through several techniques such as melting processing route which include casting 

[130], vacuum induction melting [131] and plasma arc melting [132]. Also, solid-state 

processing via powder metallurgy includes pressureless sintering [133], hot-pressing [94], 

spark plasma sintering [134], microwave sintering [135] and isostatic-pressing and allied 

processes including electrolysis [136], chemical vapor deposition [137] and additive 

manufacturing [138] have been used. 

2.4.1 Casting 

Casting is one of the oldest manufacturing process (around 3400 BC) where the 

molten metal is poured into the refractive mould cavity and the metal allowed to solidify. 
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Copper-based alloys and composites fabricated using the casting process possess moderate 

strength, hardness, good ductility, and excellent electrical conductivity [139]. The castings 

of Cu and Cu alloys are prepared using different techniques, such as sand casting, investment 

casting, centrifugal casting, squeeze casting, shell and die casting. Fig. 2.7 shows the 

different types of casting processes used for making Cu alloys and Cu composites [140].  

 

Fig. 2.7 Various metal casting process for producing Cu-based alloys [140]. 

The cast Cu alloys were categorized into three main groups based on their 

solidification range. The first group of alloys having the low solidification range upto 50 oC 

between solidus and liquidus lines. Example, aluminium bronzes, nickel bronzes and 

manganese bronzes. The second category belongs to intermediate solidification temperature 

ranging from 50 oC to 110 oC which are silicon brass, silicon bronzes and copper-beryllium 

alloys. The third category alloys that have high solidification range is about 110 oC to 170 

oC. These alloys are lead bronzes, tin bronzes and lead-tin bronzes [101].  The casting route 

is preferred for making copper alloys due to low processing cost and to achieve various 

properties such as high ductility, moderate tensile strength, moderate compressive strength, 

good corrosion resistance, excellent machinability (upto 90%) good electrical conductivity 

(upto 100% IACS) and thermal conductivity (upto 391 W/mK) [15]. In Fig.2.8, the effect 

of arc melting and chill casting on microstructure development of Cu-21.2 at.% Sn 

(Cu41Sn11) alloy is presented. 
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Fig. 2.8 Microstructure of Cu41Sn11 (Cu–21.2 at.%Sn) alloy. (a) as arc melted and (b) as chill 

cast [92]. 

Since the casting process involves the use of high processing temperature to melt the 

materials, there could be a possibility of getting coarser grain structure in cast components 

which could decrease the mechanical properties of Cu alloys. Hence, to develop fine grain 

structures in Cu alloys, further heat treatment processes are required. These secondary 

processes increase the production cost of Cu alloys. Generally, the casting process requires 

various levels of surface finishing operations such as fettling, machining, linishing and shot-

blasting to produce final objects which further increases the production cost. Also, the cast 

components consist of casting defects such as hot tears and cast inclusions which reduce the 

yield of production. The precise control over various casting parameters is required to 

minimize these casting defects (maintaining the lowest possible pouring temperature and 

providing minimum turbulence) [141,142].  

The main disadvantage of fabricating Cu composites through casting technique is an 

agglomeration of secondary particles in the Cu matrix and inhomogeneous mixing which 

could deteriorate the physical, mechanical as well as wear properties. Hence, an alternative 

technique is required to produce sound Cu-based composites. Powder metallurgy technique 

is a proven alternative technique (which uses low processing temperatures) to produce Cu 

composites with high density (upto 99%) with better properties.   

2.4.2 Powder metallurgy 

Powder metallurgy (PM) technique involves the powder preparation, mechanical 

alloying or mixing of powders with additives lubricants, powders compaction and sintering 

or simultaneous application of both compaction and sintering. Generally, powder metallurgy 
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method is preferred for the materials which are difficult to process through conventional 

melting routes such as high melting point metals and ceramics. Also, this technique is used 

to produce near-net-shape products which minimize the machining cost. The main 

applications for copper and copper-based powder metallurgy materials include structural 

parts, electrical components, friction materials, contact brushes, bearings and oil filters 

[143]. The conventional processing of powder metallurgy route is presented in Fig. 2.9. 

Usually, the processed powders were consolidated in closed die and subsequent desired 

compact pressure is applied to achieve a good green strength of the components. Low 

compaction pressures can be susceptible to more porosity in the components whereas, the 

high-pressure leads to layer and crack formation of green compacts which lowers the 

strength and electrical conductivity. After compaction, the components are heated up to the 

sintering temperature of the materials. The sintering temperature of the materials can be 

considered as 2/3 of the melting temperature of the base material/metal.  

 

Fig. 2.9 Steps involved in conventional processing of Cu-based powder metallurgy 

components [47]. 
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The powder metallurgy process mainly classified into two types namely the 

pressureless sintering process and pressure-assisted sintering (hot-pressing) process. In the 

pressureless sintering process, the powders are consolidated in cold press at room 

temperature and sintered in a furnace. One of the advantages of the pressureless process is 

that the density variation can be avoided in the final product.  While the pressure-assisted 

sintering process involves the simultaneous application of pressure and heat. The pressure-

assisted sintering process can be adopted to produce full dense objects. Thereby 

enhancement in the mechanical, wear, thermal and electrical properties of the materials can 

be achieved.  

Copper alloys and copper composites are widely used in many industrial applications 

such as marine, energy and transportation etc. Especially, Cu-Al alloys or Al bronzes are 

widely used as electrodes for spot welding, machining of metals such as electric discharge 

machines (EDM), heat-exchangers in thermal power plants, brazing alloy for diamond grits 

and over-head power collectors in electric trains [46,48,49]. For such applications, high 

strength, good electrical and thermal conductivity, high thermal stability, good corrosion 

and wear resistance are very essential. Conventionally, most of the Cu-Al alloys have been 

primarily produced by casting process [47]. However, this process cannot improve the 

mechanical or wear properties significantly, due to its limitation in controlling grain growth 

and in turn the properties. Also, the wear rate of Cu-Al alloys can be decreased by achieving 

a fine-grain structure [50]. In the light of this, use of alternative processing techniques such 

as powder metallurgy and sinter forging processes were attempted to improve the required 

properties of Cu-Al alloys [48,50].  

Table 2.2 Various copper-based composites prepared via. powder metallurgy route. 

Composites 
Processing 

technique 

Relative 

density 

(%) 

Hardness 

(GPa) 

Strength 

(MPa) 

Elonga-

tion 

(%) 

Ref 

(Cu-14Zn-4Si) HP 97.0 2.98 475.6 (C) 25.2 [144] 

(Cu-14Zn-4Si)-3B4C HP 95.1 3.31 647.0 (C)  22.9 [144] 

(Cu-14Zn-4Si)-6B4C HP 94.5 3.69 823.8 (C)  22.2 [144] 

(Cu-14Zn-4Si)-9B4C HP 93.6 4.25 968.9 (C) 23.0 [144] 

(Cu-14Zn-4Si)-12B4C HP 91.9 4.75 1077.8 (C) 21.5 [144] 

Cu CP + Sintering 95.1 0.53 410.2 (C) 50 [118]  

Cu-2.5Al2O3 CP + Sintering 92.5 0.71 490.5 (C) 30 [118]  
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Cu-7.5Al2O3 CP + Sintering 78.9 0.78 530.6 (C) 20 [118]  

Cu-12.5Al2O3 CP + Sintering 87.8 0.86 620.1 (C) 15 [118]  

Cu-1Fe VIM + HT - 0.61 160 (T) - [62] 

Cu-1Cr VIM + HT - 0.63 180 (T) - [62] 

Cu-1.5Ti VIM + HR - 0.86 300 (T) - [145] 

Cu-2.7Ti VIM + HR - 1.20 430 (T) - [145] 

Cu-4.5Ti VIM + HR - 2.12 630 (T) - [145] 

Cu-5.4Ti VIM + HR - 3.06 780 (T) - [145] 

Cu HP 99.7 0.97 129.6 (C) - [146] 

Cu-2 vol.% SiC-2 

vol.% CNT 
HP 98.8 0.92 257.6 (C) - [146] 

Cu-2 vol.% SiC-4 

vol.% CNT 
HP 98.4 1.05 285.2 (C) - [146] 

Cu-2 vol.% SiC-6 

vol.% CNT 
HP 97.4 1.08 279.5 (C) - [146] 

Cu-0.2SWCNT HP 91.3 0.69 220.2 (C) - [147]  

Cu-5SWCNT HP 98.2 0.52 345.5 (C) - [147] 

Cu-10SWCNT HP 94.8 0.33 350.6 (C) - [147]  

Cu-5MWCNT HP 94.0 0.53 175.8 (C) - [147]  

Cu-10MWCNT HP 98.5 1.06 249.5 (C) - [147]  

Cu CR + sinter + EX 99.2 0.83 209.0 (T) - [148]  

Cu-0.2La2O3 CR + sinter + EX 98.7 0.87 258.0 (T) - [148]  

Cu-0.6La2O3 CR + sinter + EX 98.3 0.93 286.0 (T) - [148]  

Cu-1La2O3 CR + sinter + EX 97.9 1.05 312.0 (T) - [148]  

Cu-1.3La2O3 CR + sinter + EX 97.6 1.18 329.0 (T) - [148]  

CP: Cold-pressing; HP: Hot-pressing; HT: Heat treatment; CR: Cold rolling; EX: 

extrusion; VIM: Vacuum induction melting; (T): Tensile strength and (C): Compressive 

strength. 

From the literature (see Table 2.2), it is evident that the copper and copper-based 

composites processed via. powder metallurgy route showed better mechanical properties 

over the conventional casting technique [62,118,144–148]. Effect of the addition of nano 

B4C on the density and hardness of [82Cu-4Si-14Zn]100-x - x wt.% B4C (x=0, 3, 6, 9, and 12) 
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nanocomposite (after vacuum hot pressing) is presented in Fig. 2.10. With increasing B4C 

content the relative density decreased from 97 to 91.5% and hardness increased from 3 to 

4.8 GPa for Cu-Si-Zn-B4C composite [144]. Zhu et al. [149] processed nano Cu-10Ag-10W 

ternary alloy via mechanical alloying and hot pressing and studied its wear phenomena 

against stainless steel. Their study revealed the formation of precipitates, solid solution and 

heat treatment of alloys also improved the mechanical and wear properties. Particularly, 

these alloys exhibited a maximum microhardness of 3.61 GPa and nanohardness of 4.61 

GPa. In a different work, Purcek et al. [150] reported the tribological properties of coarse-

grained and ultrafine Cu-0.7Cr-0.07Zr alloy. The ultrafine grains considerably increased the 

hardness, strength and wear resistance of Cu-alloys.  

It was reported that adhesion wear mechanism was predominant in Cu-Cr-Zr alloys 

with coarse grain structure and the wear mechanism transformed to abrasion with ultrafine 

grains. Zheng et al. [148] studied the effect of La2O3 on mechanical and wear properties of 

nano-copper composites, which were developed for contact material applications in 

satellites and spacecraft. In view of the potential application of Cu for brake pad applications 

in high-speed trains, Zhang et al. [151] reported the effectiveness of the use of Fe (22 to 35 

wt.%) as an additive for copper composite. Chen et al. [152] investigated the effect of solid 

lubricants (graphite and h-BN) on wear properties of Cu and suggested that the wear of Cu 

lowered due to the tribo-film formation. In another work, Pellizzari et al. [153] explored the 

effect of mechanical milling and mechanical alloying on wear behaviour of spark plasma 

sintered Cu materials. The reinforcement of Cu with hard TiB2 ceramic reportedly exhibited 

significant improvement of tensile strength and hardness; however, the electrical 

conductivity of Cu was compromised [154]. Li and co-workers [66] suggested that the 

refinement of grain size in Cu can significantly improve the mechanical and wear properties 

of Cu-0.1 wt.% Zr alloy.  

It is also observed that high pressure in powder metallurgy affects the structure of 

Cu-based materials. Rohatgi et al. [155] studied the behaviour of cold working on Cu-Al 

alloys by varying the pressure. They estimated the dislocation density of Cu-Al alloys from 

the DSC curve i.e., by calculating the energy released during recrystallization. It was 

reported that the dislocation density of Cu-4Al increased from 1.22×1014 m-2 to 17.64 ×1014 

m-2 by increasing pressure from 10 to 35 GPa. 
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Fig. 2.10 Density and hardness variation of [82Cu-4Si-14Zn]100-x - x wt.% B4C (x=0, 3, 6, 

9, and 12) nanocomposite [144]. 

Zhao et al. [156] reported the dislocation density of 2.3×1014 m-2 for ultra-fine copper 

and 5.9×1014 m-2 for ultra-fine bronze that was processed by high-pressure torsion (HPT) at 

6 GPa pressure and cold rolling. In another study, the dislocation density of 4.3×1014 m-2 

was reported for equal channel angular pressing (ECAP) processed copper [157].  From 

these studies, it can be observed that the dislocation density of Cu based alloys is varying 

with the function of temperature and pressure i.e., the dislocation density of Cu alloys was 

observed to be low at the higher processing temperature and lower pressures. Also, the 

calculated dislocation density values of Cu-Al alloys in the present study are comparable 

with the reported Cu alloys. In summary, the use of high-pressure in PM proven to be 

advantageous the dislocation density and lattice strain enhances the densification and 

densification rate of Cu-Al samples.  

2.4.3 Severe plastic deformation 

The Severe plastic deformation (SPD) is the metal forming process in which the 

materials undergo severe plastic deformations and large plastic strains induced to obtain 

ultra-fine grain structure in the bulk materials. The SPD process can be used where obtaining 

the ultra-fine grain structure is difficult. Various types of SPD techniques have been 
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extensively reported for Cu-based materials such as high-pressure torsion (HPT) [7,16,158] 

equal channel angular pressing (ECAP) [17] twist extrusion [18] accumulated roll bonding 

(ARB) [19] repetitive corrugation and straightening [20] cryo-rolling [21], friction stir 

processing  [22]. The components produced by the SPD process have high strength, ductility 

and fatigue resistance. Thus, this process is widely used in automobile, aerospace and 

defense industries especially in structural applications. Fig. 2.11 presents the various SPD 

processes include ECAP, HPT and ARB.  

 

Fig. 2.11 Schematic representation of various SPD processes. (a) ECAP [159], (b) HPT 

[160] and (c) ARB [161]. 

(A) EQUAL CHANNEL ANGULAR PRESSING (ECAP) 

The ECAP process consists of pressing the material using a punch through the die in 

which the channel is bent at an angle equals to 90 oC. Fig. 2.11a shows the schematic 

representation of the ECAP process. The material is extruded at an angle (Φ) where the shear 

deformation is imposed continuously on the material. Also, the material undergoes 

large plastic deformations without changing the cross-sectional area of the sample. This 

process can be used to process solid materials and consolidate the metal powders [162]. The 

total strain experienced by the material when it extruded through the channel is given by the 

equation 2.2 [159]. 
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where Φ: the angle between inlet and outlet channels and ψ: the angle subtended by the arc 

of curvature at the point of intersection. The total strain of the material in the pass is 1.15; 

in a cyclic process, it is equal to no. of passes multiplied by strain per pass. Qu et al. [163] 

prepared the ultra-fine grained Cu-Al alloys processed through ECAP method. Fig. 2.12 

presents the micrographs of Cu-Al alloys before and after the ECAP process. The Cu-Al 

alloys were annealed at 800 oC for 2 h to obtain the grain size of 100-500 nm. The ultra-fine 

grains (~152 nm) were produced after 4 passes of pressing.  

 

Fig. 2.12 The microstructure of Cu-8 at.% Al alloys before and after ECAP process. (a) SEM 

image and (b) EBSD maps after 4-passes [163]. 

In another work, Li et al. [66] reported that the ultrafine grain microstructure (~350 

nm) of Cu-0.1Zr alloy can be produced after 8 passes through the ECAP process. As the no. 

of passes increased to produce ultra-fine grains, the processing cost increases. Hence, the 

use of the ECAP process is limited due to low productivity and high production cost.  

(B) HIGH-PRESSURE TORSION (HPT) PROCESS 

In the HPT process, a very thin disc specimen is compressed in a closed die by very 

high pressure and the torque is applied by the punch. The schematic diagram of the HPT 

process is shown in Fig. 2.11b. The total strain in HPT process is given by the Eq. 2.3 [159]. 

𝜀 (𝑟) =
2𝜋𝑛𝑟

√3×𝑙
        (2.3) 

Jiang et al. [164] reported that the ultra-fine grain microstructure (~150 nm) of Cu 

after HPT for 5 turns. The hardness of the Cu was observed to be increased from the center 

2 µm 

(a) 
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to the outer surface of the sample (see Fig. 2.13) and the maximum hardness of ~1.9 GPa 

was observed at the edge.  

 

Fig. 2.13 The distribution of hardness across the radial distance of the Cu disc after HPT 

process [164]. 

Purcek et al. [150] have studied the influence of high-pressure torsion on 

microstructure and tribological properties of Cu-Cr-Zr alloy. The size of the sample used in 

this process was about 20 mm dia. and 2.5 mm in thickness. The ultra-fine grains about ~155 

nm were produced after application of torsional pressure. The strength of the alloy after HPT 

process was increased by 3.5 times compared to other alloys without HPT. At the same time, 

the electrical conductivity of these alloys decreased by 2 times after HPT process.  The HPT 

process is limited to its use because the specimens used for this process are small in size and 

difficult to produce the bulk samples.  

(C) ACCUMULATIVE ROLL-BONDING (ARB) PROCESS 

In the ARB process, the sheets are stacked and pressed by conventional rolls. 

Initially, the interface of the two strips is surface treated to avoid contamination. After rolling 

of the strips, they are cut into two halves and again surface treated, repeated roll bonded (see 

Fig. 2.11c). This process continues until the desired properties of the materials are obtained. 

The total strain after the ARB process is given by Eq. 2.4 where to is the initial thickness of 

sheet and t is the final thickness after the ABR process. 



34 

 

𝜀 =
√3

2
ln (1 −

𝑡

𝑡𝑜
)        (2.4)  

In this process, the elongated ultra-fine grains are developed after n number of 

passes. Takata et al. [165] prepared the ultra-fine grain structured bulk Cu by the 

accumulative roll-bonding process. The grain size of the Cu decreased extensively from 100 

µm to 200 nm (lamellar grains) after 8 passes of the ARB process. The tensile strength of 

the ultra-fine grained Cu increased by 3 times compared to untreated Cu which is having 

micro-sized grains. In another work, Lee et al. [166] studied the effect of temperature on the 

microstructure of the Cu-Fe-P alloy processed through ARB method. Their work revealed 

that the ultra-fine grains (~400 nm) were produced in Cu-Fe-P alloys after 8 passes of ARB 

process. These ultra-fine grains are replaced with equated and coarse grains with the increase 

of temperature from 250 oC to 300 oC due to the recrystallization of the material.  

2.5 Mechanical properties 

The Cu materials can be strengthened by the solid solution, dispersion strengthening, 

precipitation hardening, work hardening and grain refinement or grain boundary 

strengthening [124] [159]. Among these strengthening methods, solid solution strengthening 

and dispersion strengthening techniques are widely used to improve the mechanical 

properties of Cu. Especially, solid solution strengthening of Cu significantly enhances the 

strength of Cu by changing the atomic structure of the materials. The addition of alloying 

elements to Cu results in the development of solid solution phases and intermetallic 

compounds in the material. These microstructural phases interfere with dislocation motion 

and thereby enhances the mechanical properties of the Cu.  

2.5.1 Effect of alloying elements  

The addition of a minor amount of alloying elements significantly affects the strength 

of Cu. In case of Cu-Al system, solid solution phases such as α-Cu and intermetallic 

compounds such as γ1 (Cu9Al4), δ (Cu3Al2), ζ1 (Cu4Al3), η2 (CuAl) and θ (CuAl2) phases 

improves the hardness and strength of the Cu. Liu et al. [167] processed the Cu-xAl (x:1, 2, 

4 and 6) alloys by arc melting technique at a temperature range between 710-800 oC. The 

effect of Al content and multi-axial compression on the hardness of Cu-Al alloy is presented 

in Fig. 2.14. The hardness of the Cu-Al alloys increased with the increase of Al content. 
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Also, it can be observed that the multi-axial compression significantly increased the 

hardness of Cu-Al alloys due to the increase of dislocation density; after 2 passes, the 

hardness of the alloys decreased because of the dislocation annihilation. Further application 

of large strains on the compacts results in no change of hardness values due to recovery 

phenomena.   

 

Fig. 2.14 The evolution Vickers hardness (Hv) of Cu–Al alloys during different passes of 

multi-axial compression [167]. 

In another work, Glas [168] reported hardness of 2.95 to 3.7 GPa for Cu-Al alloys 

processed by casting technique (at 1150 oC). Nassef et al. [58] produced the Cu-Sn and Cu-

Pb alloys through hot pressing route; depending on the composition the hardness of Cu-10Pb 

alloys varied between 1.01 to 2.10 GPa; whereas, for Cu-10Sn-10Pb it varied between 1.08 

to 2.22 GPa. Biswas et al. prepared the Cu-Pb alloys and Cu-TiB2 composites using spark 

plasma sintering at a sintering temperature between 350-400 oC and uniaxial pressure of 50 

MPa for 5 min. The Cu-Pb alloy exhibited the hardness upto 1.9 GPa even after obtaining 

the high densification of the alloy due to the soft nature of Pb addition to Cu. Relatively high 

hardness (2 GPa) and low densification were observed in case of Cu-TiB2 composites due 

to the hard TiB2 particles resist the dislocation movement. Also, So far in the literature, for 

Cu based materials a maximum hardness of 4.1 GPa was reported [5,58,104,169]. The 

mechanical properties of various Cu-based alloys [34,62,74,145,170–172] is given in Table 

2.3.  
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Table 2.3 Mechanical properties of copper alloys processed through various techniques. 

Alloys Processing technique 
Processing 

conditions 

Density 

(g/cc) 

Hardness 

(GPa) 
Phases 

Strength 

(MPa) 

Strain 

(%) 
Ref 

Cu-11Al Casting - 7.74 38.4 (HRC) α and β 230.4 (T) 11.2 [74] 

Cu-11Al Casting + HT + 20% CR HT: 900 oC for 15 h ,, 51.3 (HRC) α and γ2 321.8 (T) 58.7 [74] 

Cu-12Al Casting +HT + 10% CR HT: 800 oC for 24 h - 1.32 β - - [34] 

Cu-12Al Casting + HT + aging 
HT: 800 oC for 0.5 h; 

aging: 450oC for 12 h 
- 2.62 α and γ2 - - [34] 

Cu-12.5Al-4Fe Spray formed + extruded 1080 oC 7.2 300 (HB) 
α, β and 

γ2 
1200 (C) 5.0 [170] 

Cu-14.5Al-4Fe ,, ,, 7.0 380 (HB) ,, 1600 (C) 5.0 [170] 

Cu-10Al-2.5Ti Casting 1200 oC - 2.36 γ and κ 385 (T) - [171] 

Cu-10Al-2.5Zr ,, ,, - 2.28 γ and κ 348 (T) - [171] 

Cu-0.8Cr-0.08Zr HT 

HT: 1020 oC for 20 

min.; aging: 470 oC 

for 5 h 

 0.93 Cu2Cr 189 (T) 59.0 [172] 

Cu-0.8Cr-0.08Zr HT + aging ,,  1.60 Cu2Cr 369 (T) 15.0 [172] 

Cu-0.8Cr-0.08Zr HT + ECAP ,,  1.73 Cu2Cr 618 (T) 14.9 [172] 

Cu-0.8Cr-0.08Zr HT + ECAP + aging ,,  2.10 Cu2Cr 742 (T) 9.0 [172] 

HT: Heat treatment; CR: Cold rolling, ECAP: Equal channel angular pressing; (T): Tensile strength and (C): Compressive strength. 
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Donatus et al. [74] studied the mechanical behaviour of cast Cu-11Al alloys under cold 

rolling. The strength of the Cu-Al alloys found to be increased by 39% with the grain refinement 

which was caused by the 20% cold rolling. Kudashov et al. [170] reported that the compressive 

strength of Cu-XAl-4Fe-Co-Mn (X: 12.5-14.5 wt.%) alloys processed through the spray coating 

technique found to be in the range between 1200-1600 MPa due to the fine grain structure and 

Cu9Al4 intermetallic compounds.  Nwambu et al. [171] studied the effect of Zirconium and 

titanium addition on microstructure and mechanical properties of Cu-Al alloys. The addition of 

zirconium and titanium (upto 2.5 wt.%) enhanced the tensile strength of Cu-10Al alloy by ~95% 

and ~105% due to the formation of γ and κ intermetallic compounds during the casting process. 

Rohatgi et al. [173] reported that the small amount of (2 wt.%) Al addition improves the tensile 

strength of Cu by ~22% compared to pure Cu due to the formation of solid solution. In another 

work, Nagarjuna et al. [145] fabricated the Cu-Ti alloys by vacuum induction melting 

technique. The 2.7 wt.% of Ti addition increased the tensile strength of the Cu by ~34%. From 

the above literature, it can be noted that the maximum compressive strength of Cu-based alloys 

was 1600 MPa, which is obtained with the addition of several alloying elements and application 

of additional heat treatment process to Cu alloys. 

2.5.2 Effect of reinforcing elements 

The dispersion strengthening of Cu-based materials improves the strength, wear 

properties with good electrical and thermal properties. In this technique, the strength of the 

materials depends on the several factors such as the quantity of reinforcement, size and shape 

of reinforced particles, wettability between the reinforcement and matrix materials, hardness of 

the reinforcing elements [174].  The list of various mechanical properties of Cu-based 

composites is tabulated in Table 2.4. Clinktan et al. [144] prepared the brass-B4C composites 

via. mechanical alloying and hot press (at a temperature of 900 
o
C, the pressure of 25 MPa for 

45 min.) followed by heat treatment at 900 
o
C for 1 h. Fig. 2.15 presents the effect of B4C on 

densification and mechanical properties of Cu-Si-Zn alloy.  They achieved relative density upto 

97% and it observed to reduce with the B4C addition due to the strain hardening of ball-milled 

powders. The hardness (3.0 to 4.7 GPa) and compressive strength (445 – 1077 MPa) of the 

composites increased with the fine B4C reinforcement. Also, they reported that the increased 

compressive strength of composites attributed to the presence of solid solution phases which 

formed with the addition of Zn and Si to copper, fine B4C particles obstruct the dislocation 

motion, lattice strains in the material and good wettability between B4C brass matrix. 
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Fig. 2.15 The influence of B4C on stress-strain behaviour of (Cu-Si-Zn)-B4C nanocomposite 

[144]. 

Shehata et al. [133] investigated the effect of Al2O3 on the mechanical properties of Cu. 

The Cu-Al2O3 composites were processed through the powder metallurgy route (pressureless 

sintering at 850 oC). The hardness and compressive strength of the Cu- Al2O3 composites found 

to be increased with the Al2O3. The hardness of composites varied between 59.8 BHN to 79.4 

BHN and the compressive strength varied in the range between 490 – 620 MPa. It was observed 

that the addition of Al2O3 to Cu has more effect on the hardness and compressive strength rather 

than the densification of composites. In another investigation, Akbarpour et al. [146] studied 

the combined effect of SiC and CNT content on mechanical properties of Cu. The consolidation 

of mechanically alloyed Cu-(SiC-CNT) powders was processed by using a hot press 

(conditions: 700 oC, 150 MPa, 30 min.) to prepare Cu-based hybrid composites. Their work 

revealed that the relative density of composites was slightly decreased (98 to 97%) with the 

addition of CNT (2 to 6 wt.%). The compressive strength of composites varied between 257 to 

285 MPa, but significant improvement in compressive strength has been observed in 

composites when compared to pure Cu.  
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Table 2.4 The relative density and various mechanical properties of Cu-based composites processed through PM route. 

Composites Processing technique 
Density 

(%) 

Hardness 

(GPa) 

Strength 

(MPa) 
Strain (%) References 

Cu-14Zn-4Si 
HP (900 

o
C, 25 MPa for 45 min.) + HT 

(900 
o
C for 1h) 

97.0 2.98 475.6 (C) 25.2 [144] 

(Cu-14Zn-4Si)-3B
4
C ,, 95.1 3.31 647.0 (C) 22.9 [144] 

(Cu-14Zn-4Si)-6B
4
C ,, 94.5 3.69 823.8 (C) 22.2 [144] 

(Cu-14Zn-4Si)-9B
4
C ,, 93.6 4.25 968.9 (C) 23.0 [144] 

(Cu-14Zn-4Si)-12B
4
C ,, 91.9 4.75 1077.8 (C) 21.5 [144] 

Cu-2.5Al
2
O

3 
 CP (600 MPa) + Sintering (850 

o
C) 92.5 59.83 (HB) 490.5 (C) 30 [133] 

Cu-7.5Al
2
O

3 
 ,, 89.9 67.9 (HB) 530.6 (C) 20 [133] 

Cu-12.5Al
2
O

3 
 ,, 87.8 79.4 (HB) 620.1 (C) 15 [133] 

Cu-2 vol.% SiC-2 vol.% CNT  HP (700 oC, 150 MPa, 30 min.) 98.8 0.92 257.6 (C) - [146] 

Cu-2 vol.% SiC-4 vol.% CNT  ,, 98.4 1.05 285.2 (C) - [146] 

Cu-2 vol.% SiC-6 vol.% CNT  ,, 97.4 1.08 279.5 (C) - [146] 

Cu HP (840 oC, 25 MPa, 2 h) 96.7 0.57 - - [27] 

Cu-1ZrB2 ,, 96.1 0.69 - - [27] 

Cu-5ZrB2 ,, 92.6 0.91 - - [27] 

Cu-9ZrB2 ,, 91.2 0.81 - - [27] 

Cu-7vol% ZrB2 HP (950 oC, 35 MPa for 2.5 h) 95.0 0.16 614.2 - [175] 

CP: Cold-pressing; HP: Hot-pressing; HT: Heat treatment; CR: Cold rolling, EX: Extrusion; (T): Tensile strength and (C): Compressive strength. 



40 

 

Wang et al. [27] studied the effect of ZrB2 on mechanical properties of Cu. They 

prepared the Cu-ZrB2 composites by varying the ZrB2 content from 0 to 9 wt.% through hot-

pressing method at a temperature of 840 oC and pressure of 25 MPa for 2 h. The relative density 

of the Cu-ZrB2 composites decreased from 96.7% to 91.2% with the addition of ZrB2. The 

hardness of these composites increased upto 1.0 GPa with the increase of ZrB2 content to 7 

wt.%; the increase in hardness is due to the fine ZrB2 particles acting as obstacles to dislocation 

movement in Cu matrix.  

In another work, Ruzic et al. [175] demonstrated the effect particle size and ZrB2 content 

on mechanical properties of Cu-ZrB2 composites processed using hot-pressing equipment at 

950 oC and 35 MPa for 2.5 h. Fig. 2.16 shows the influence of milling time on the particle size 

and various mechanical properties of the mechanically alloyed Cu-7 vol% ZrB2 composites. 

The Cu, Zr and B powders were ball milled at 330 rpm with a time duration between 5 to 30 h.  

 

Fig. 2.16 The effect of milling time on (a) particle size and (b) mechanical properties of hot-

pressed Cu-ZrB2 composites [175].  

The maximum particle size reduction was observed after 10 h and ball milling upto 20 

h does not affect particle size. In the initial stage of the ball milling process, the hard Zr particles 

embed into soft Cu particles due to the high energy collision between balls and particles. Further 

collision leads to the cracking and fracture in the brittle Zr rather than the soft Cu particles. The 

Zr embed Cu particles get flatten due to the repeated cold welding of soft particles. In the later 

stages after 10 h milling, the size of the particles reduced due to the work hardening of fractured 

particles. Further ball milling upto 30 h lead to agglomeration of powder particles and the 

particle size increased (see Fig. 2.16a). The density of Cu-ZrB2 composites was reported upto 

95%. The hardness and compressive strength of Cu-ZrB2 composites were found to increase 

(a) (b) 
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with the ball milling duration and they exhibited maximum hardness and compressive strength 

values of 0.16 GPa and 614.2 MPa, respectively (see Fig. 2.16b). 

2.6 Tribological properties 

In general, wear is a system property. The wear of Cu-based materials is highly affected 

by the load, sliding velocity, counter body material and wear environment. Other factors include 

material hardness, thermal properties of the material, temperature, roughness, geometry and 

cleanliness. Many attempts have been made by the researchers to reduce the COF and shear 

stresses thereby wear rate of Cu alloys. The COF is also depending on the roughness, type of 

material and bulk density. The wear properties of various Cu-based alloys and composites 

processed by various techniques [144,148,149,176–181] are given in Table 2.5. Especially, the 

bearing materials used in mining machines and dump trucks should possess high strength, good 

corrosion and abrasive wear resistance [182]. The abrasive wear properties of Cu-based 

materials mainly affected by the counter body/hard particles, test parameters and environmental 

conditions along with the material composition and morphology of reinforcement [183].  

Abundant reports are available on the sliding wear of Cu-based materials. Nassef et al. 

[58] investigated the dry sliding wear behaviour of Cu10Sn alloys at various contact pressures 

of 0.4 – 1.2 MPa at a sliding velocity of 1.8 m/s. It is observed that the wear rate of the Cu-Sn 

alloys increased significantly from 7.66 × 10-3 mg/m to 64.31 × 10-3 mg/m with the increase of 

contact pressures due to the severe damage of the worn surface caused by abrasion and 

delamination. The electrical sliding wear of the Cu-Cr-Zr alloys tested at a low sliding velocity 

of 0.2 m/s revealed that the wear rate of Cu alloy is independent of sliding distance [179]. 

Adhesive, abrasive and erosion wear mechanisms were reportedly observed for the Cu-0.4Cr-

0.2Zr alloys.  

Ma et al. [176] studied the wear behaviour of hot-pressed Cu-5Gr composites which 

slide against the Ti6Al4V alloy at low speeds ranging between 0.01 to 0.5 m/s with a low 

contact pressure of 0.25 MPa for a sliding distance about 120 m. They reported that the specific 

wear of the Cu-5Gr varied between 15 to 22 ×10-5 mm3/Nm with a low coefficient of friction 

ranging from 0.14 to 0.17. The self-lubricating property of graphite lowers the COF of the 

composite, but the higher wear rates observed due to the abrasive wear. The intensity of this 

abrasion the wear was severe with the increase in speed. In another work, Spate et al. [177] 
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reported that the Cu-40SiC composites showed a high COF of 0.55 at the sliding velocity of 

0.5 m/s with low contact pressure (0.25 MPa). The high value of COF in composites was 

developed due to the abrasion mechanism as well as the removal of SiC reinforcing particles 

by shearing mechanism during sliding which further caused damage to the surface of composite 

material.   

 Soleimanpour and co-workers [184] studied the effectiveness of Al2O3 reinforcement 

on the wear of Cu. The wear resistance of Cu was reportedly enhanced with Al2O3 

reinforcement compared to Cu alloys. Xu et al. [185] observed a reduction in wear (4.2×10-3 

mg-m) for Cu-graphite composites with the addition of graphite content of 5 wt.%. (due to its 

lubrication property). In another work, Zheng et al. [148] explored the wear of Cu-La2O3 

composites and observed reduction in wear of Cu with nano-sized La2O3 (<50 nm). Also, the 

wear mechanism changed from abrasion to severe plastic deformation with the applied load. 

Fig. 2.17 shows the influence of La2O3 on the coefficient of friction and wear rate of Cu-La2O3 

composites. The coefficient of friction of Cu-La2O3 composites observed to increase while the 

wear rate reduced with the La2O3 addition.  

 

Fig. 2.17 The effect of La2O3 ceramics on (a) coefficient of friction and (b) wear rate of Cu- 

La2O3 composites. Sample reference A to E: Cu-X La2O3 (0, 0.2, 0.6, 1 and 1.3 wt.%) [148]. 

Fathy et al. [44] studied the tribological properties of Cu-nano ZrO2 composites. In 

recent work, Fan et al. [9] investigated the effect of ZrB2 on the tribological properties of in-

situ Cu-ZrB2 composites. The COF of the Cu composites reduced with the addition of ZrB2. 

However, the COF of composites increased with the increase in the load.   

Particularly, the abrasive wear behaviour of Cu composites was also attempted for 

understanding the severe wear behaviour of Cu [45,111,186–189].  The abrasive wear of Cu-

B4C nanocomposites was carried out against the 400 grit SiC abrasive paper [186].  It was 
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reported that the nano-sized B4C particulates (50 nm) enhanced the wear resistance of Cu due 

to the increase in hardness of Cu. Fathy et al. [118] reported the abrasive wear of thermo-

chemically treated Cu-Al2O3 nanocomposites processed through the powder metallurgy route. 

Fig. 2.18 presents the effect of Al2O3 on the wear rate of Cu-Al2O3 nanocomposites.  

 

Fig. 2.18 Abrasive wear rate of Cu-Al2O3 nanocomposites with varying load [118]. 

The wear resistance of Cu was considerably reduced with the addition of hard Al2O3. 

This was attributed to the strong bonding between Cu and Al2O3 particles; which was evidenced 

by the formation of CuAlO2 new phase at the Cu-Al2O3 interface during sintering. Also, the 

wear rate of Cu-Al2O3 composites observed to increase with the applied load. Reddy et al. [187] 

investigated the abrasive wear of Cu-SiC and Cu-SiO2 composites under similar abrasive wear 

conditions. The addition of SiC to Cu exhibited better wear resistance than SiO2 reinforced Cu 

because of the high hardness of former one. In both the composites, the material loss was 

dominated by plowing and micro-cutting wear mechanisms. In another work, the abrasive wear 

of Cu was supposedly enhanced with TiB2 [45]. In a different work, Fathey et al. [188] studied 

the wear characterization of thermo-chemically treated Cu-ZrO2 materials.  
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Table 2.5 Wear properties of different copper-based alloys/composites. 

Alloy Processing conditions Wear test conditions 
Hardness, 

Hv (GPa) 

COF 

(C.B: 

SS) 

Sp. wear rate 

(mm3/Nm) 
Ref. 

Cu-5Gr HP: 820 oC, 20 MPa  for 30 min.  p: 0.25, v: 0.01-0.5, d: 120, t: 4-200 ~0.71 
0.14-

0.17 
15-22 × 10-5 [176] 

Cu-40SiC CP: 450 MPa, 900 oC for 2 h p: 0.25, v: 0.5-2, d: 1500, t: 12.5-50 1.17 ~0.55 -- [177] 

Cu-1.3La2O3 
CP: 300 MPa, 850 oC for 3 h; 

Extrusion: 750 oC 
p: 0.35 - 1.41, v: 0.2 – 1, d: 500, t: 8-41 1.18 ~0.74 3.30 ×10-3 mg/m [148] 

Cu-10Sn HP: 550 oC, 314 MPa  for 30 min.  p: 0.4, v: 1.8, d: 500-2000, t: 4-18 1.79 -- 7.66 × 10-3 mg/m [178] 

Cu-10Sn HP: 550 oC, 314 MPa  for 30 min.  p: 0.8, v: 1.8, d: 500-2000, t: 4-18 1.79 -- 21.76 × 10-3 mg/m [178] 

Cu-10Sn HP: 550 oC, 314 MPa  for 30 min.  p: 1.2, v: 1.8, d: 500-2000, t: 4-18 1.79 -- 64.31 × 10-3 mg/m [178] 

Cu-0.4Cr-0.2Zr 
Extrusion;  HT: 920 oC  for 30 min.; 

Aged: 420 oC for 2 h 
p: 0.2, v: 14, d: 1500, t: ~1.8 0.54 -- 40.00 × 10-3 mg/m [179] 

Cu-0.4Cr-0.2Zr 
Extrusion;  HT: 920 oC  for 30 min.; 

Aged: 420 oC for 2 h 
p: 0.2, v: 14, d: 5000, t: ~6 0.77 -- 34.00 × 10-3 mg/m [179] 

Cu-0.4Cr-0.2Zr 
Extrusion;  HT: 920 oC  for 30 min.; 

Aged: 420 oC for 2 h 
p: 0.2, v: 14, d: 8500, t: ~10 0.7 -- 41.1 × 10-3 mg/m [179] 

Cu-0.5TiB2 Casting: 1500 oC p: 1.02-7.13, v: 0.44, d: 667, t: ~25-139 0.77 -- 
1 - 25 × 10-3 

mg/m 
[180] 

Cu-1.5TiB2 Casting: 1500 oC p: 1.02-7.13, v: 0.44, d: 667, t: ~25-139 0.98 -- 
1 - 19 × 10-3 

mg/m 
[180] 
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Cu-2.5TiB2 Casting: 1500 oC p: 1.02-7.13, v: 0.44, d: 667, t: ~25-139 1.25 -- 
1 - 17.5 × 10-3 

mg/m 
[180] 

Cu-10 at.% Ag HP: 300 oC, 1 GPa p: 1.38, v: 0.25, d: 450, t: 30 5.2 0.64 1.70 × 10-5 [181] 

Cu-10 at.% Ag 
HP: 300 oC, 1 GPa; HT: 450  oC for 

1 h 
,, 4.2 0.63 1.49 × 10-5 [181] 

Cu-10 at.% Ag 
HP: 300 oC, 1 GPa; HT: 600 oC for 

1 h 
,, 3.1 0.67 1.28 × 10-5 [181] 

Cu-10 at.% Ag 
HP: 300 oC, 1 GPa; HT: 750 oC for 

1 h 
,, 2.5 0.64 0.91 × 10-5 [181] 

Cu-10Ag-10W HP: 300 oC, 1 GPa for 1 h p: 1.38, v: 0.25,      d: 2700, t: 180 3.71 0.43 11.00 × 10-5 [149] 

(Cu-14Zn-4Si) HP: 900 oC, 25 MPa, 45 min p: 30, v: 1.5,            d: 450, t: 300 2.98 0.61 2.71 × 10-3 [144] 

(Cu-14Zn-4Si)-3B4C ,, ,, 3.31 0.60 2.13 × 10-3 [144] 

(Cu-14Zn-4Si)-6B4C ,, ,, 3.69 0.53 1.13 × 10-3 [144] 

(Cu-14Zn-4Si)-9B4C ,, ,, 4.25 0.46 1.03 × 10-3 [144]  

(Cu-14Zn-4Si)-12B4C ,, ,, 4.75 0.39 0.83 × 10-3 [144] 

*  C.B: Counter-body, HP: Hot pressing, CP: Cold pressing, HT: Heat treatment, l: Load (N), p: Contact pressure (MPa), v: Sliding velocity (ms-

1), d: Sliding distance, t: Time (min) and K: Wear coefficient. 
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Tu et al. [180] investigated the wear behaviour of Cu-TiB2 nanocomposites sliding 

against the medium carbon steel under a high contact pressure of 7.13 MPa. The wear rate of 

composites showed a decreasing trend with the increasing TiB2 content due to the local plastic 

deformation of the Cu. Also, no transition of wear (mild wear to severe wear) was observed 

with the increase of load. Also, some other investigators studied the wear behaviour of Cu alloys 

and composites at high loading conditions [149]. It can be observed that the COF of the Cu-

based alloys and composites increased with the contact pressure. 

In recent work, the effect of hot-press pressure on mechanical and wear properties of 

Cu-15 Al was reported [94]. Zhu et al. [149] processed nano Cu-10Ag-10W ternary alloy via 

mechanical alloying and hot pressing and studied its wear phenomena against stainless steel. 

Their study revealed the formation of precipitates, solid solution phases and the heat treatment 

improved mechanical and wear properties of alloys. Particularly, these nanoalloys exhibited a 

maximum microhardness of 3.61 GPa and nanohardness of 4.61 GPa. In a different work, 

Purcek et al. [150] reported the tribological properties of coarse and ultrafine Cu-0.7Cr-0.07Zr 

alloy. The ultrafine grains considerably increased the hardness, strength and wear resistance of 

Cu-alloys. It was reported that adhesion wear was the dominant mechanism in Cu-Cr-Zr alloys 

with coarse grain structure and the wear mechanism changed to abrasion with ultrafine grain 

structure.  

2.7 Physical properties 

2.7.1 Electrical conductivity 

Cu and Cu-based materials are known for their excellent electrical conductivity. The 

pure copper possesses low electrical resistivity of 16.730 nΩ m at 20 °C.  Cu is widely used in 

electrical and electronics industries as electrical contacts, induction wiring, electronic circuits 

(Printed circuit boards), integrated circuits and transmission and distribution lines [101]. 

Especially, some applications such as rail overhead current collector shoes, commutator in 

alternators and electrical discharge machines (EDM) requires good electrical conductivity as 

well as wear resistance. The alloying and dispersion strengthening are adopted to improve the 

strength of the pure Cu without affecting much on the ductility and workability. But they can 

affect the electrical conductivity of Cu and the level of effectiveness depends on the amount of 

alloying elements, concentration and location of particles in the microstructure.  
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It is also observed that the densification, dislocations, lattice strain and grain size affect 

the electrical properties of the materials. The electrical conductivity of Cu based materials 

depends upon the following factors: (a) low densification in samples causes the increase of 

porosity, these pores (insulating sites) make the charge transfer break off and increase the 

scattering of electrons [190]; (b) the lattice strain developed in the materials, which leads to 

more scattering for electrons movement; (c) the use of nano-sized secondary elements develops 

large fraction of grain boundary in the Cu matrix; this results in the scattering of the movement 

of the electrons, and (d) addition of low electrical conductive reinforcements or additives in Cu 

reduces the electrical conductivity. Fig. 2.19 shows the effect of densification on the mechanical 

and electrical properties of Cu. From Fig. 2.19, it can be observed that as the density increased, 

the tensile strength and electrical conductivity of the Cu increased. 

 

Fig. 2.19 Effect of density on electrical conductivity and tensile strength of pure copper [8]. 

Most of the times, a tie exists between strength and electrical conductivity while 

selecting a strengthening technique which depends on the type of alloying element and quantity 

of alloying element added to the Cu. From Fig. 2.20, it can be observed that the strength and 

electrical conductivity of Cu based materials are interrelated each other. As strength increased, 

the electrical conductivity of Cu based materials decreased and vice-versa. Pure Cu showed a 

low tensile strength of 66.6 MPa and high electrical conductivity of 99.5% IACS; whereas Cu-

2Be alloy exhibited a high tensile strength of 196.4 MPa and low electrical conductivity of 

16.4% IACS. Formation of intermetallic compounds in Cu-2Be alloy drastically decreased the 
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electrical conductivity. Precipitation-hardening method exhibits an optimal trade-off between 

strength and electrical conductivity compared to other strengthening methods. In precipitation-

hardening of Cu alloys, it strengthens the Cu based materials without much affecting its 

electrical conductivity due to the formation of intermetallic compounds which were precipitated 

from the supersaturated solid solutions. But increased production cost due to the use of costly 

alloying elements or extra heat treatment processes limits the use of this method. 

 

Fig. 2.20 Relationship between strength and electrical conductivity for copper and copper alloys 

[8]. 

The electrical properties of different copper alloys [39,118,172,175,191–194] and 

composites processed through the various processing techniques are given in Table 2.6. Lee et 

al. [90] studied the effect of an intermetallic compound on mechanical and electrical properties 

on friction welded Cu/Al joints. They found that the electrical resistivity (45 to 85 µΩcm) of 

the Cu/Al interface increased with the increase of thickness of intermetallic compound due to 

the formation of various phases such as CuAl and CuAl2. Gomidzelovic et al. [191] studied the 

alloying effect on the electrical conductivity of Cu-Al-Zn alloys. It was observed that the 

electrical conductivity severely reduced by 6.0 times compared to pure Cu due to the presence 

of α and β phases.  

Table 2.6 Electrical properties of different copper alloys and composites processed through the 

various processing methods. 

Alloy Processing technique 

Electrical 

conductivity 

(%IACS) 

Ref. 

Cu CP 92.7 [118] 

Cu-5Cr VM 84.2 [192] 
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Cu-Cr-Al2O3 HP 66.4 [192] 

Cu-3.5Al MA + HP 39.0 [39] 

Cu-4Al2O3 MA +HP 46.0 [39] 

Cu-4Al-23Zn (mol%) Casting  19.4 [191] 

Cu-4.6Al-24.4Zn (mol%) Casting  17.4 [191] 

Cu-8.3Al-16.6Zn (mol%) Casting  17.9 [191] 

Cu-0.5Al-1Ni CP + sintering 35.0 [193] 

Cu-1Al-1Ni CP + sintering 30.0 [193] 

Cu-5Al-5Ni CP + sintering 28.0 [193] 

Cu-8Cr-4Nb (at.%) HP 66.1 [194] 

Cu-8Cr-4Nb (at.%) HP + HR (50%)  68.0 [194] 

Cu-8Cr-4Nb (at.%) HP + HR (75%)  70.1 [194] 

Cu-8Cr-4Nb (at.%) HP + HR (90%)  70.5 [194] 

Cu-0.8Cr-0.08Zr HT  67.0 [172] 

Cu-0.8Cr-0.08Zr HT + aging 76.0 [172] 

Cu-0.8Cr-0.08Zr HT + ECAP 35.0 [172] 

Cu-0.8Cr-0.08Zr HT + ECAP + aging 70.0 [172] 

Cu-7ZrB2 (vol%) MA + HP 36.0 [175] 

CP: cold press; HP: hot press; MA: mechanical alloying; HT: heat treatment; VM: vacuum 

melting; HR: hot-rolling and ECAP: equal channel angular pressing. 

In another work, Monteiro et al. [193] fabricated the Cu-Al-Ni alloy through powder 

metallurgy technique at 780 oC. The electrical conductivity of these alloys was found to be 

decreased with the increase of alloying amount. Shukla et al. [194] prepared the Cu-Cr-Nb 

alloys via hot-pressing equipment (at a temperature of 1000 oC, 30 MPa for 30 min). In their 

work, it was revealed that the increase of hot rolling deformation per cent can reduce the 

electrical conductivity of Cu alloys due to the increase of dislocation density (with hot rolling) 

and increases the scattering of electrons. Fan et al. [9] studied that effect of ZrB2 on mechanical 

and electrical properties of as-cast Cu-ZrB2 composites. Fig. 2.21 present the hardness and 

electrical conductivity of Cu-ZrB2 composites. They reported that the hardness of Cu increased 

and the electrical conductivity decreased with the addition of ZrB2. This could be attributed to 

the increased dislocation density with the hard ZrB2 particles in the Cu matrix.  
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Fig. 2.21 The effect of ZrB2 on hardness and electrical conductivity of Cu-ZrB2 composites [9]. 

Ruzic et al. [175] developed Cu-ZrB2 composites using hot-pressing (at a temperature 

of 950 oC and 35 MPa) technique. The residual porosity and lattice strains caused the reduction 

of electrical conductivity of the Cu composites. By observing the above results, it can be 

understood that the processing conditions and secondary elements affects the electrical 

conductivity of the Cu. 

2.8 Chemical properties 

2.8.1 Corrosion 

Most of the metals and alloys behave abnormally under saline seawater environment. 

Corrosion is one of the main problems in marine applications which affects the inherent 

properties of this class of materials. Hence, corrosion of metals is an ongoing topic of interest 

among researchers and continuous efforts are being made to reduce their corrosion in such an 

environment. In particular, Cu and Cu-based materials can be considered as very promising 

materials for the marine applications due to its high corrosion resistance, moderate strength and 

good physical properties [195,196]. Use of Cu alloys in naval industries may have positive 

effects in terms of the low maintenance cost, good service life, high recyclability and reliability 

[196].  Generally, use of corrosion inhibitors or alloying copper with other elements (Zn, Sn, 
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Ni, Al, Mn, Ag and Ti etc.) or ceramic reinforcements, and the combination of both have been 

practised to prevent corrosion of Cu [60,195–200]. Aluminium (Al) is one of the attractive 

alloying elements used to inhibit corrosion of copper-based alloys, which forms a protective 

layer on the surface of copper [201].  

Cu-Al alloys possess excellent thermal, electrical, mechanical, non-sparking and 

tribological properties. They are widely used in thermal power plants for condenser and heat 

exchanger applications due to their high strength, high-temperature oxidation resistance and 

good biofouling properties [202]. Also, these alloys are preferred in suction pumps, centrifugal 

impellers, valves and turbine blades due to their high resistance to erosion [203]. The corrosion 

resistance of Cu-Al alloys is mainly because of the formation of a protective passive layer of 

Cu2O and Al2O3 on the surface when exposed to corrosion environment [204,205]. Fig. 2.22 

shows the formation of an oxide layer after immersed in a salt solution. The formation of these 

stable passive layers on Cu-Al alloys is mainly due to the higher affinity of aluminium towards 

oxygen than copper in salt solutions [136,206].  

 

Fig. 2.22 Cross-sectional morphology of Cu-Al alloys after immersion in NaCl solution. (a) 

Presence of protective layer and (b) elemental mapping of protective layer [205]. 

In the past 40 years, extensive research has been carried out on Cu based alloys to 

understand its corrosion mechanisms [207,208]. The corrosion rate of various Cu alloys tested 

under seawater environment is listed in Table 2.7.  Mansfeld et al. [209] discussed the corrosion 

of Cu alloys such as Cu-Ni, Cu-Al and Cu-Zn alloys under natural seawater environment. The 

de-alloying effect was observed in all these three Cu based alloys when they were exposed to 

the corrosive medium, while intergranular corrosion was noticed as the exposure time extended 

up to 30 days. Yamashita et al. [210,211] observed intergranular corrosion and stress corrosion 

(a) (b) 
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cracking for Cu-9 at.% Al alloy. Recently, the corrosion behaviour of different Cu alloys (Cu-

8Al-2Fe, Cu-30Zn and Cu-30Ni) under NaCl media (pH: 6.5 and 10) was studied by Alfantazi 

et al. [197]. The de-alloying effect was minimal in Cu-Al alloys in comparison to Cu-Ni alloys 

due to high reversible potentials and solid-state diffusion between the Cu and Al.  Also, the 

passivity of these binary alloys was high in buffered chloride (pH: 10) solution than low 

buffered solutions.  

Table 2.7 Corrosion properties of different copper alloys. 

Sample reference 
Processing 

technique 

Corrosion 

environment 

Icorr  

(μA-Cm
-2

) 

Ecorr  

(mV) 

Corrosion 

rate 

(mpy) 

Ref. 

Cu Casting 3.5 % NaCl 11.3 293 18.6 [212] 

Cu Casting 3.5 % NaCl+0.001 

MAP* 

1.25 -304 2.05 [212] 

Cu Wire drawing 0.9 % NaCl  1.95 -188 1.83 [213] 

Cu Wire drawing 0.9 % NaCl + 

0.005 M 

cephradine* 

0.14 -170 0.13 [213] 

Cu Casting 0.5 M HCl 23.4 -245 21.52 [214] 

Cu Casting 0.5 M HCl +10mM 

ATA* 

5.9 -241 5.43 [214] 

Cu Casting Tequila (Agave 

Azul Tequilana 

Weber, pH: 3.6) 

2.2 -60 5.33 [215] 

Cu-7Al-2Fe Casting 1M NaCl pH6 9.5 -412 -- [197] 

Cu-9Al-1.7Mn Casting Artificial ocean 

water pH 7.68 

12.06 -276 -- [216] 

Cu-9Al-4Ni-4Fe Casting 3.5 % NaCl 13.4 -284 -- [217] 

Cu-9Al-30Ni Casting 3.5 % NaCl pH 7.0 3.3 -418 1.49 [218] 

Cu-9Al-45Ni Casting ,, 1.6 -455 0.71 [218] 

Cu-10Al-10Zn Casting 3.5 % NaCl 23.3 -509 10,787.40 [219] 

Cu-10Al-10Ni Casting ,, 7.4 -463 3,448.81 [219] 

Cu-10Ni-10Zn Casting ,, 0.8 -442 350.39 [219] 

Cu-11Al-5Ni Casting 3.5 % NaCl pH 7.0 12 -318 5.47 [218] 

Cu-11Al-10Ni Casting ,, 10.2 -322 4.64 [218] 

Cu-11.5Al-4.5Ni Casting 3.5 % NaCl 6.93 -307 5.04 [204] 

Cu-11.9Al-4Ni Casting 3.5 % NaCl 6.9 -307 6.22 [206] 
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Note: NaCl: Sodium chloride, HCl: Hydrochloric acid; Corrosion inhibitors* are ATA: 4-

amino 1,2,4-triazole and MAP: 2-mercapto-4-amino-5-nitroso-6-hydroxy pyrimidine 

Khaled et al. explained the corrosion behaviour of cast (pure) copper under 3.5 % NaCl 

environment. The corrosion rate of copper was 18.6 mpy which was decreased by adding a 

corrosion inhibitor to NaCl such as 2-mercapto-4-amino-5-nitroso-6-hydroxy pyrimidine 

(MAP) [212]. At low concentration of NaCl (0.9 %), a low corrosion rate of 1.83 mpy was 

recorded pure copper [213]. The corrosion rate of copper was reduced by approximately 4 times 

by adding a 4-amino 1,2,4-triazole corrosion inhibitor [214]. In another work, Carreon et al. 

[215] reported the corrosion rate of 5.33 mpy for copper under tequila alcoholic environment. 

 Badawy et al. [219] explained the alloying effect on the corrosion of Cu. They reported 

a very high corrosion rate for three different Cu alloys (namely Cu-10Al-10Zn, Cu-10Al-10Ni 

and Cu-10Ni-10Zn alloys) in a saline environment. Among all, Cu-Ni-Zn alloy was found to 

be more resistant to corrosion. Safaa et al. [204] studied the corrosion of Cu-11.5Al-4.5Ni 

ternary alloy (5.04 mpy) in ocean water conditions. Whereas in a different study, Cu-Al-Ni-X 

(X: Mn, Ti)  high entropy alloys reportedly exhibited the low corrosion rate under NaCl solution 

[206]. When the 0.7 wt.% Ti added to the ternary alloy, the corrosion rate was minimized to 

2.52 mpy; while the 0.7 wt.% Mn added, the corrosion rate was reduced to 1.28 mpy. Nady et 

al. [218] studied the effect of Ni on corrosion behaviour of Cu-Al alloy under chloride 

environment. It was reported that the corrosion rate of alloys decreased with the addition of Ni 

content upto 45 wt.%. Fig. 2.23 shows the open-circuit potential (OCP) and oxide layer 

resistance of Cu-Al-Ni alloys. 

Cu-11.9Al-4Ni-0.7Mn Casting ,, 1.4 -267 1.28 [206] 

Cu-11.9Al-4Ni-0.7Ti Casting ,, 2.8 -249 2.52 [206] 

Cu-11.5Al-0.44Be-

0.2Mn 

Casting Artificial ocean 

water 

0.14 -220 103.39 [59] 

Cu-12Al-0.49Be-

0.3Mn 

Casting ,, 0.20 -158 146.13 [59] 

Cu-12.5Al-0.54Be-

0.25Mn 

Casting ,, 0.19 -191 130.56 [59] 

Cu-12.5Al-0.56Be-

0.25Mn 

Casting ,, 0.23 -190 168.27 [59] 

Cu-12Al-4Ni Vacuum 

induction 

melting 

0.5 M NaCl 2.75 -329 -- [136] 
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Fig. 2.23 Variation of the (a) open-circuit potential and (b) corrosion resistance of the barrier 

layer of the different Cu-Al-Ni alloys immersed in stagnant 0.6 mol dm-3 chloride solution  

[218]. 

 The lowest corrosion rate of 0.71 mpy was observed for Cu-9.5Al-45Ni under 3.5% 

NaCl solution. The addition of a high amount of Ni (45 wt.%) and Al (9.5 wt.%) resulted in a 

high passivation effect for Cu. The corrosion resistance of these alloys increased mainly due to 

the formation of CuO2, Al2O3 and the replacement of cation vacancies of Cu oxide by the Ni. 

From the above discussion, it can be observed that the Al was considered to be an effective 

alloying element for improving the corrosion-resistance of Cu.  

2.9 Applications 

Copper-based materials are widely used in applications that require superior corrosion 

resistance, good bearing-surface qualities, high thermal or electrical conductivity, and other 

special properties. These applications may be divided into five principal groups which are 

presented in Fig. 2.24.  

 

(a) (b) 



55 

 

Fig. 2.24 The usage of copper and copper-based materials in various fields of Engineering [8]. 

2.9.1 Building construction 

The usage of copper in building construction sector is classified into two main 

categories such as plumbing and electric wiring applications. The plumbing goods include 

tubes, taps, valves, connectors and fittings. Other applications include heating and cooling 

systems; safety appliances such as fire sprinklers, lightning arresters, door hinges, doorknobs, 

door fittings, locks; roofing and flashings [220]. 

2.9.2 Electrical and electronic products 

The high usage of Cu-based materials is the electric wires and cables in industrial as 

well as domestic sectors. The cables are mainly used for the power generation, transmission 

and distribution.  Also, the copper cables used for the electronic circuits, instrumentation and 

telecommunication. In the electronic industry, pure copper is mainly used in printed circuit 

boards (PCBs) as copper foil and connectors. 

2.9.3 Industrial machinery and equipment 

In power generation industries, copper and its alloys are widely used in heat exchangers 

and condensers. The Cu-Al, Cu-Ni, aluminium brasses and tin brasses are commonly used 

materials in condensers. The condenser tubes are the critical parts of the power plant cooling 

system due to the use of saltwater in condensers causes hydrogen embrittlement of boiler tubes. 

In such cases, the use of Cu-based alloys plays a vital role in minimizing the effect of stress 

corrosion cracking in condenser tubes. Another use of Cu-based alloys in electric motors is 

bearings. The commonly used materials for bearing applications are bronzes, Cu-Pb alloys and 

tin bronzes.  

2.9.4 Transportation 

The main usage of Cu-based maters in the transportation sector is automobiles and 

trucks. The application includes ships, aircraft and trains where Cu-based materials mostly used 

for heat transfer devices (radiators and oil coolers), electrical elements and sleeve bearings.  

The Cu-Al alloys are one of the versatile materials that exhibit excellent strength under 

high corrosive stress environment. For example, the bearings used in mining industry such as 
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earth moving equipment and rock crushers require high proof strength, fatigue strength, 

abrasive wear resistance, corrosion resistance since they need to work under heavy loads, a 

dusty environment which contains hard SiC debris and the corrosive environment consists of 

high moisture levels [221]. The bearings of Cu-Al alloys can perform better at heavy loads and 

low speeds compared to cast bronzes [222]. Also, the Cu-Al alloys are widely used in marine 

applications such as shafts, propellers, pumps, valves, fire-fittings and mechanical components 

for seawater cooling systems due to their excellent antifouling properties. The non-sparking 

properties of Cu-Al alloys make them use in oil and gas industries as hand tools. Because of 

the non-magnetic properties of Cu-Al, they are used in chains and slings in mining. In recent 

work, Alex et al. [93] reported that the thin films of Cu-Al alloys can be used as flexible 

reflective coatings in solar power applications.  Blanchet et al. [223] suggested that the Cu-Al 

alloy can be most suitable for high wear-resistant applications such as jackscrew in aircraft’s 

horizontal stabilizer assembly.  

The other significant materials of Cu-based materials are Cu composites which are 

having high strength, high toughness, excellent electrical and thermal conductivity. The Cu 

composites have been used in various industrial applications such as electrodes in electric 

discharge machines (EDM), braking and bearing materials [224–230]. Hussain et al. [224] 

reported that the Cu-Al2O3 composites processed through powder metallurgy route are used as 

electrodes in electric discharge machines. Similarly, Khanra et al. [225] and Jin et al. [226] 

suggested the use of Cu-ZrB2 composites for the EDM applications. In another work, Xiao et 

al. [227] proposed Cu-Fe-Gr hybrid composites can be best suitable for brake pad materials in 

high-speed trains. In a similar work, Prabhu et al. [228] reported that the Cu-SiC-Gr hybrid 

composites can be used for frictional materials for brakes and clutches. Also, Cu-Sn-Ni/Al2O3 

composites can be suitable for bearing applications such as bearings in motors of electric 

vehicles [229]. Norasetthekul et al. [230] reported the use of Cu-ZrB2 composites as an 

electrode in plasma applications. 
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Chapter 3 

 

Materials and methodology 

3 Chapter 3 

This chapter describes the raw powders analysis, powders processing, consolidation of 

powders and detailed procedure of various characterization techniques such as microstructural 

characterization using an optical microscope (OM) and scanning electron microscope (SEM) 

equipped with energy dispersive spectroscope (EDS), electron probe microanalyzer (EPMA) 

and phase analysis using X-ray diffraction (XRD); the hardness evaluation using nano, micro-

hardness indentation techniques and compressive strength properties measurement using a 

universal  testing machine (UTM); the wear tests (dry sliding and two-body abrasion test) using 

the pin-on-disc machine and electrical conductivity measurement.  

3.1 Materials 

Commercial copper (Padmasree enterprises, Hyderabad, India) and aluminium powders 

(SRL™, India) with a mean particle size less than 45µm and purity greater than 99% (as per 

the supplier’s data) and ZrB2 powders (H.C. Starck, Grade B) with a mean particle size of 3-5 

µm and purity greater than 97% were used as starting materials in the present study. From SEM 

analysis (see Fig. 3.1), it was observed that the Cu powders are spherical in shape with a mean 
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particle size of ~9.98 µm, Al powders are characterized with irregular particle shape and with 

the size of ~6.47 µm and ZrB2 powders having an irregular shape with a mean particle size of 

~2.96 µm. After high energy ball milling (conditions: Speed: 500 rpm, BPR:20:1 for 10 h), the 

size of ZrB2 particles was considerably reduced to about 0.29 µm (Fig. 3.1). However, the ball-

milled ZrB2 powders were in the agglomerated form. In the literature, the milling of Cu-based 

materials has been reportedly carried out at a milling speed in the range between 120 and 600 

rpm, milling time between 1 and 50 h, and ball-to-powder weight ratio (BPR) ranging from 

1.5:1 to 10:1 [231–234]. Based on the literature and our preliminary experiments, in the present 

work, the milling parameters were selected to reduce the particle size and to ensure uniform 

mixing and dispersion of Al or ZrB2 in Cu. The elemental powders were milled in stainless steel 

vials for 10 h duration at 260 rpm (BPR ~ 10:1), using toluene as dispersing medium.  

 

Fig. 3.1 SEM images of as received (a) copper, (b) aluminium (c) ZrB2 and (d) ultra-fine 

(milled) ZrB2 powders 

The ball-milled powders were dried using rotary vacuum evaporator at 98 oC for 30 min.  

Appropriate amounts of Al powders were added to Cu and the compositions were mechanically 

alloyed at severe milling (wet) conditions with a planetary ball mill to prepare Cu-X wt.% Al 

(X = 0, 3, 5, 10 & 15) nominal compositions; they were referred as Cu (ML), C3Al (ML), C5Al 

(ML), C10Al (ML) and C15Al (ML). Also, ZrB2 powders were reinforced with Cu and 

mechanically alloyed at severe milling conditions to prepare Cu compositions in the range 

Cu 

20 µm 

(d) 

ZrB
2
 

500 nm 

Al 

(b) 

10 µm 

20 µm 

 ZrB
2
 

(a) 

(c) 
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between 0 to 10 wt.% (0, 1, 3, 5 and 10 wt.%) ZrB2. They were referred as Cu (ML), C1Z (ML), 

C3Z (ML), C5Z (ML) and C10Z (ML).  

A similar set of Cu-Al and Cu-ZrB2 powder compositions were also prepared via mixing 

(dry condition).  In case of mixing route, the starting elemental powders were mixed uniformly 

using a planetary ball mill at a low speed of 100 rpm (BPR ~ 2:1) for 1 h. The Cu-Al (mixed) 

compositions were designated as Cu (MX), C3Al (MX), C5Al (MX), C10Al (MX) and C15Al 

(MX). Similarly, Cu-ZrB2 (mixed) compositions were referred as Cu (MX), C1Z (MX), C3Z 

(MX), C5Z (MX) and C10Z (MX). In fact, Cu (MX) represents the use of as-received Cu 

powders and hence for convenience it was referred as Cu (MX).   

The hot press processing parameters were optimized by varying the hot press pressure 

and time (see Fig. 3.2). From Fig. 3.2a, it can be observed that the relative density of C15Al 

(ML) was increased from 88.4% to 97.0% and hardness significantly improved from 2.2 to 6.16 

GPa with the change in hot press pressure from 100 to 500 MPa. This reveals that the high hot 

press pressure promotes good densification and properties of alloys.  

  

Fig. 3.2 Optimization of hot press processing conditions for C15Al (ML). (a) Effect of pressure 

at constant T = 500 oC, t = 30 min. and (b) effect of holding time at T = 500 oC, P = 500 MPa. 

No considerable effect on relative density (97.0 – 97.2%) and hardness (6.16 – 6.19 GPa) 

of the C15Al alloys was evidenced with changing holding time in the range of 30 - 120 min 

(see Fig. 3.2b). Hence, holding time of 30 min was realized as the optimal and cost-effective 

process parameter. Thus, the hot-pressing temperature of 500 oC, pressure of 500 MPa and the 

holding time of 30 min was selected as optimal processing parameters for the hot-pressing 

process. 

 

(a) (b) 
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3.2 Processing of the bulk Cu-Al alloys and Cu-ZrB2 composites 

After conducting several trial hot press experiments (at different sintering conditions in 

order to optimize the processing parameters), it was observed that both pure Cu (milled) and 

Cu (mixed) could be densified to 98.6 and 99.7% theoretical density (ρth), respectively at the 

optimal hot pressing condition of 500oC (temperature), 500 MPa (pressure) and 30 min. (time). 

Hence, this hot press condition was used as a reference to process the Cu-Al and Cu-ZrB2 

systems in the current work. 

The hot pressing of Cu-Al and Cu-ZrB2 (milled and mixed) powders were consolidated 

using a hot press (Model: CMM, VB Ceramic Consultants, India) at a sintering temperature of 

500 oC under hydraulic ram pressure of 500 MPa for 30 min in a vacuum (1.3×10-2 mbar) 

environment (see    Fig. 3.3). The heating rate during the heating cycle of hot pressing was 

programmed at 10 oC/min. and after furnace cooling, the sintered samples were ejected from 

the H13 steel die at room temperature.  

 

Fig. 3.3 Hot press equipment with vacuum pump arrangement 

The samples were prepared with the dimensions of 15 mm in diameter and height of 5 mm. 

The density measurements of hot-pressed samples were carried out using a precision weighing 

balance attached to the density measurement setup (Model: BSA224S-CW, Sartorius). The bulk 

density of compacts was measured by the Archimedes technique according to ASTM B962-08. 
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To compare the densification response of various compositions, the bulk densities were 

normalized with respect to theoretical density.  

3.3  Characterization 

3.3.1 Microstructural characterization 

The microstructure of powders and hot-pressed samples were carried out using an 

optical microscope and the scanning electron microscope (SEM: Tescan Vega 3 LMU). The 

compositional analysis of Cu-Al alloys was carried out by energy dispersive spectroscopy 

(EDS: Oxford Instruments). Metallographic sample preparation was done to reveal the 

microstructure of hot-pressed samples. The polishing of samples was carried out using grinding, 

disc polishing with silicon carbide papers up to 2000 grade and they were further polished to 

mirror finish by using alumina liquid suspension. The surface of these samples was etched with 

ammonia (50%) and distilled water (50%) solution for a few seconds.  

 

Fig. 3.4 (a) Scanning electron microscope with EDS arrangement and (b) X-ray diffraction 

equipment. 

The microstructural characterization of etched and fracture surface of Cu-Al and Cu-

ZrB2 samples were inspected with SEM-EDS (Fig. 3.4a). The elemental quantification of the 

Cu-Al alloys was measured using the electron probe micro-analysis (EPMA: Camebax Micro, 

Cameca).  The phase analysis of starting, milled powders and the sintered compacts were 

carried out by X-ray diffraction (XPERT-Pro, Pan Analytical), using CuKα radiation 

(λ=1.5405Å), which was operated at 45 kV and 30 mA (Fig. 3.4b). The volume fraction of 

(a) (b) 
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individual phases in the hot-pressed samples was estimated by the Rietveld analysis of XRD 

patterns. The XRD data were collected at a scanning rate of 0.0166 o/sec and the patterns 

analyzed by X’Pert High Score software with Inorganic Crystal Structure Database (ICSD). For 

dislocation density measurements, the curve was fitted after stripping the Kα2 component from 

the raw data using X’Pert High score software. The full width half maximum (FWHM) values 

and diffraction angles of major peaks from the X-ray diffraction patterns were considered for 

Williamson–Hall analysis.  

3.3.2  Mechanical properties measurement 

The hardness of polished samples was measured using Vickers Micro-hardness tester 

(Shimadzu, HMV, Japan) at 100 g load for 30 seconds (s) according to ASTM E384-11e1. Fig. 

3.5a shows the photograph of Vickers microhardness tester. A minimum of five indentations 

was made to evaluate the hardness. The nanoindentation test was used to understand load-

displacement behaviour, elastic and plastic properties of Cu alloys.  

 

Fig. 3.5 Photographs of (a) Vickers microhardness tester and (b) Nanoindentation testing 

machine. 

Before the nano-indentation test, the samples were finely polished using colloidal silica 

suspension for 2 h to get the good surface finish and the nanoindentation test (Model: Nano 

Test Ventage, Micro Materials, UK) was carried out using Berkovich indenter (see Fig. 3.5b). 

The test was performed at a constant load of 20 mN with a loading and unloading rate of 2.0 

mN/s. The area (an array of 10×10 matrix with 40 µm spacing) was selected on the sample 

(a) (b) 
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surface such that 100 indentations could be made to get good representative data. Fig. 3.6 shows 

the photograph of a Universal testing machine. The compression test of Cu-Al alloys and Cu-

ZrB2 composites was conducted on the Universal Testing Machine (UTM) (Instron, Model No: 

5982, USA) at a strain rate of 0.02 mm/min. In order to minimize the friction during the 

compression test, grease was applied on the top and bottom specimen-platen interfaces. The 

cylindrical samples having the dimensions of 10 mm diameter (d) and 15 mm length (l) with 

l/d ratio of 1.5 were prepared for the compression test. A minimum of two measurements was 

taken for reporting the compression test results. 

 

Fig. 3.6 Photograph of Universal testing machine. 

3.3.3 Wear test 

The wear test of Cu-Al alloys (milled and mixed) and Cu-ZrB2 composites (milled and 

mixed) was carried out using a pin-on-disc wear testing machine (Ducom Bangalore, Model: 

TR-20). The pin-on-disc wear testing setup is shown in Fig. 3.7 In case of the abrasive wear 

test for Cu-Al and Cu-ZrB2 (both milled and mixed) samples was conducted using the pin-on-

disc testing machine with SiC emery sheet (220 grit size) attachment on the disc. In this test, 

the specimens were ground up to 1500 grit SiC abrasive paper to ensure complete contact with 

the counter body. Before the test, polished specimens were cleaned thoroughly with ethanol. 

The cylindrical samples (10 mm × 15 mm) were prepared for the wear tests. The samples having 

a contact area of 78.5 mm2 were maintained for each sample. The abrasive wear test parameters 

were listed in Table 3.1. The average of three test values was considered to calculate weight 
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loss and wear coefficient. An accurate analytical weighing balance of 0.0001 g resolution was 

used to measure the initial and final weights of samples.  

 

Table 3.1 Summary of abrasive wear test conditions. 

Parameters Remarks 

Applies force (N) 5 

Counter-body SiC emery paper 

SiC abrasive  particle size (µm) ~68 (220 mesh) 

Pin diameter (mm) 10 

Sliding velocity (m/s) 1 

Sliding distance (m) 60 

Temperature (oC) Room temperature 

Test environment Air 

The sliding wear test was additionally used only for Cu-Al (milled condition) samples 

to understand both the abrasive and sliding wear performance of the Cu-Al alloys as they 

exhibited superior hardness when compared to all the other Cu-Al/Cu-ZrB2 samples. The 

sliding wear test of the Cu-Al (milled) alloys was tested against stainless steel disc at a contact 

pressure of 0.5 MPa and the tests were run for a sliding distance of 2000 m.  
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Fig. 3.7 Pin-on-disc wear test setup for Cu-Al alloys. (a) Schematic representation and (b) 

Photograph of sliding wear tester.  

The pin-on-disk wear test was conducted according to ASTM G99 standard in dry 

sliding conditions under a maximum load of 39.2 N and sliding velocity of 0.25 m/s. In general, 

low sliding velocity was used to be selected for the wear test of Cu alloys in order to suppress 

flash temperature at the contact surface [181]. Hence, in the current study, wear tests of Cu-Al 

specimens were conducted at a sliding velocity of 0.25 m/s. The wear test samples were 

prepared with the dimensions of Ø10 × 15 mm. For the sliding wear test, Cu-Al alloy (milled) 

specimens were polished with 1500 grit size silicon carbide papers; further, the samples were 

ultrasonically cleaned using ethanol before and after the wear test. The surface roughness (Ra) 

of all the samples was maintained upto 0.12 µm before the wear test. The EN 31 Grade steel 

disc (C: 0.90-1.20%, Si: 0.10-0.35%, Mn: 0.30-0.75%, Cr: 1.00-1.60%, S: 0.05%, and P: 

0.05%) with the hardness of 60 HRC (~ VHN: 7.2 GPa) was used as a counterbody for the wear 

test.  
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The wear volume loss was calculated by measuring the weight loss and density of 

samples. The specific wear rate (w) is calculated using the Eq. (3.1); whereas, Archard wear 

equation, (Eq. 3.2) was used to determine the wear coefficient (t).  

d

WW
wratewearSp

finalinitial








)(
,.

      (3.1) 

HwtcoefficienWear         (3.2) 

Where, Winitial: weight of the sample before the wear test, Wfinal: weight of the sample 

after the wear test, ρ: experimental/measured density of the sample,  : Applied load, d: sliding 

distance and H: hardness. At least two tests were done under similar wear test conditions and 

the average values were reported.  

After the wear test, worn surfaces of the Cu-Al and Cu-ZrB2, wear debris and the counter 

body surfaces were characterized with SEM-EDS to perceive the underlying material removal 

or wear mechanisms.  

3.3.4 Electrical conductivity test 

The electrical conductivity of Cu-Al alloys and Cu-ZrB2 composites was measured 

using the digital electrical conductivity meter (Model: DCM-580-2000, Technofour). The 

electrical conductivity testing setup is shown in Fig. 3.8. The test was performed according to 

the ASTM E1004 standard. The cylindrical samples with a size of Ø15 × 5 mm were tested at 

an accuracy of ± 0.1%. At least two measurements were considered for measuring electrical 

conductivity. 

 

Fig. 3.8 The photograph of an electrical conductivity test setup 
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3.3.5 Corrosion measurement 

Polishing of working electrodes ((Cu (ML), C15Al (ML)) was done using emery papers 

upto 2000 grit size and the samples were thoroughly washed with distilled water. After 

polishing, a three-electrode cell glass assembly with Cu alloys as a working electrode with an 

exposed area of 0.7854 cm2, Ag/AgCl /1M KCl electrode as a reference electrode and platinum 

spiral electrode as a counter electrode was used for corrosion tests. All electrochemical 

experiments were conducted in a stagnant, naturally aerated neutral 3.5 mass per volume (m/v) 

% NaCl solution (pH: ~ 8.2) at room temperature. The electrochemical impedance 

spectroscopic (EIS) studies and polarization experiments were performed using PARSTAT 

4000 Potentiostat/Galvanostat (see Fig. 3.9).  

 

Fig. 3.9 The photograph of the corrosion test setup. (a) Corrosion work station and (b) corrosion 

test cell. 

The electro-potentials were measured against the standard potential of the saturated 

calomel electrode and standard hydrogen electrode at 0.245 V.  The polarization studies were 

carried out at a scan rate of 1 mVs−1 and the impedance (Z) measurements were taken in the 

frequency range from 0.1 Hz to 60 kHz. The superimposed AC signal amplitude was set to 20 

mV with a peak to the peak measuring system. All electrochemical experiments were conducted 

at least two times for repeatability. After electrochemical studies, the surface morphology of 

the Cu-Al alloys was investigated using SEM-EDS to understand the corrosion behaviour. 
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Chapter 4 

 

Effect of Al addition on densification, mechanical, 

wear and electrical properties of Cu processed via 

milling condition 

 

4 Chapter 4 

The present chapter discusses the morphology and phase analysis of starting powders 

and milled powders. The densification mechanisms of Cu-Al (milled) alloys processed through 

hot-pressing technique was discussed. Further, the microstructural studies were performed by 

the optical microscope and SEM. The phase identification and elemental quantification were 

carried out by XRD, EPMA and EDS. Later, the mechanical properties such as nanohardness, 

hardness and compression strength were investigated and the properties were correlated with 

the densification and microstructure of samples. The abrasive wear test of Cu-Al alloys was 

conducted against SiC (abrasive) emery paper and the related wear mechanisms were explained. 

Additionally, few selected tests such as sliding wear and corrosion of high strength (C15Al 

(ML)) alloys was conducted to assess its potentiality. Finally, the electrical conductivity of the 

Cu-Al (milled) alloys was measured and is related to Al content or microstructure. 
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4.1 Microstructure of Cu-Al (milled) powders 

As discussed in the previous chapter, the copper powders are spherical shape and the 

morphology of aluminium powder particles are observed to be semi-spherical and in the 

elongated form (see Fig. 3.1a-b). However, during the ball milling, the elemental Cu powders 

deformed into flaky shape due to its cold welding (see Fig. 4.1a). The mean particle size of Cu-

Al powders after 10 h ball milling was estimated based on the SEM images. The particle size 

of milled Cu reduced from 84.3 to 9.2 µm with the addition of Al (pure copper: 84.3 ± 8 µm, 

C3Al (ML): 75.1 ± 9 µm, C5Al (ML): 47.4 ± 5 µm, C10Al (ML): 17.6 ± 1 µm and C15Al 

(ML): 9.2 ± 0.9 µm). The particle-particle cold welding in pure Cu might be leading to the 

formation of large flakes. Conversely, the flaky size of Cu reduced considerably and hard 

agglomerates formed with the addition of Al as it can be seen in Fig. 4.1 (a-d). With the 

increasing addition of Al to Cu, the size of agglomerated particles reduced due to continuous 

fracture and cold welding. 

 

Fig. 4.1 SEM images milled powders after 10 h ball milling at 260 rpm (a) Cu (ML), (b) C5Al 

(ML), (c) C10Al (ML) and (d) C15Al (ML). The transition of flake-like shape to small 

aggregates has been seen as Al content increased. 
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 The presence of fine agglomerates in Cu-Al powders indicates relatively easy 

fragmentation of aggregates than in pure Cu. As the Al content increased, the size of flakes and 

agglomerates got reduced due to its continuous impact, cold welding, fracture, re-welding and 

solid solution formation during ball milling. The particle welding in Cu-Al powders during 

milling might be hindered due to the formation of Cu-Al solid solution (see Fig. 4.2) and 

fragmentation of agglomerates.    

 

Fig. 4.2 Comparison of X-ray diffraction patterns of Cu-X wt.% Al milled powders (260 rpm, 

10 h.). Where the nominal composition (X) of Al alloying element is ranging from 0-15 wt.%. 

The inset diagram shows a peak shift of Cu with the addition of Al and indicates the solid 

solution formation. 

The corresponding X-ray diffraction patterns of ball-milled Cu-Al powders were 

presented in Fig. 4.2. During the ball milling process, the copper-rich solid solution α-Cu 

Cu
0.98

Al
0.08

 
Cu 



71 

 

(Cu0.92Al0.08) with a small amount of aluminium was noticed in all alloy powders. The peak 

intensity of Cu for the alloys was observed to decrease as the Al content increased and peak 

shift (which can be attributed to the formation of the solid solution), internal stress and grain 

refinement by cold deformation.  

4.2 Phase analysis and microstructure of hot-pressed Cu-Al 

(milled) alloys 

The X-ray diffraction patterns of hot-pressed samples are presented in Fig. 4.3. The 

XRD patterns of Cu-X wt.% Al (X = 0, 3, 5, 10 & 15) sintered samples revealed the presence 

of α-Cu (Cu0.92Al0.08), α (Cu0.78Al0.22), and γ2 (Cu9Al4) phases. 

 

Fig. 4.3 Comparison of X-ray diffraction patterns of hot-pressed Cu-X wt.% Al alloys (hot press 

conditions: 500 oC, 500 MPa, 30 min.).  Where the nominal composition (X) of Al alloying 

element is ranging from 0-15 wt.%. 

According to the Cu-Al equilibrium phase diagram, α-Cu solid solution formation is 

expected up to 9.4 wt.% Al addition and α solid solution, and γ2 intermetallic phases (from 9.4 
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to 15.6 wt.%) with the Al addition to Cu [96,235]. The phases that were formed in the hot-

pressed Cu-Al (milled) alloys are similar to the phases of the Cu-Al phase diagram. The 

quantification of XRD phases was carried out through Rietveld analysis using X’Pert High 

Score software. 

The results obtained from the XRD patterns of hot-pressed are given in Table 4.1. In 

case of C3Al (ML) and C5Al (ML) alloys, the α-Cu solid solution was the only phase identified 

from the XRD.  

Table 4.1 Densification, microstructural phases of hot-pressed Cu-Al (milled) alloys. 

Sample 

reference 

Theoretical 

density 

(g/cc) 

Bulk density 

(g/cc) 

Relative 

density 

(%) 

XRD phases 

Wt.% of phase based 

on Rietveld analysis 

of XRD patterns 

Cu (ML) 8.96 8.84 98.66 Cu 100.00 

C3Al (ML) 8.38 8.07 96.30 Cu0.92Al0.08 100.00 

C5Al (ML) 8.38 7.97 95.16 Cu0.92Al0.08 100.00 

C10Al (ML) 7.37 7.01 95.10 
Cu0.78Al0.22 86.60 

Cu9Al4 13.30 

C15Al (ML) 6.98 6.61 94.60 
Cu0.78Al0.22 24.70 

Cu9Al4 75.30 

On the other hand, the formation of major α phase (86.6 wt.%) and minor γ2 phase (13.4 

wt.%) for C10Al (ML) and presence of γ2 major phase (75.3 wt.%) along with α (24.7 wt.%) 

were identified for C15Al (ML). To further confirm the presence of these phases in the Cu-Al 

(milled) alloys, Bragg’s law was used to estimate the lattice parameter (a) of each phase from 

the XRD analysis (using Eq. 4.1-4.2); which was compared with the standard lattice parameter 

(JCPDS). Where, wavelength (λ), diffraction angle (2θ), interplanar spacing (di) and Miller 

indices (hkl) were related to Cu-Al alloy diffraction peaks. The lattice parameters measured 

from the XRD patterns of Cu-Al (milled) alloys and their corresponding JCPDS values were 

specified in Table 4.2. 





sin2

n
d i           (4.1)  



73 

 

 222 lkh

d
a i


         (4.2) 

Table 4.2 Crystallographic information of hot-pressed Cu-Al (milled) alloys obtained from the 

XRD patterns  

Sample 

reference 

XRD 

phases 

Crystal 

structure 

Interplanar 

space, d 

(nm) 

Miller 

indices 

(hkl) 

Calculated 

lattice 

parameter, a 

(nm) 

Lattice 

parameter 

from JCPDS, 

a (nm) 

Cu (ML) Cu FCC 0.2097 111 0.3632 0.3616 

C3Al (ML) Cu0.92Al0.08 FCC 0.2098 111 0.3632 0.3634 

C5Al (ML) Cu0.92Al0.08 FCC 0.2098 111 0.3642 0.3634 

C10Al (ML) 

Cu0.78Al0.22 FCC 0.2119 111 0.3648 0.3670 

Cu9Al4 
Complex 

Cubic 
0.2051 330 0.8680 0.8702 

C15Al (ML) 

Cu0.78Al0.22 FCC 0.2119 111 0.3605 0.3670 

Cu9Al4 
Complex 

Cubic 
0.2051 330 0.8685 0.8702 

The strong XRD patterns were selected to calculate the lattice parameter (a). The lattice 

parameter of α-Cu phase at its major peak was calculated to be 0.3632 – 0.3642 nm, for α 

phase: 0.3605 – 0.3648 nm and γ2 phase: 0.868 – 0.8715 nm. These lattice parameter values 

are in good agreement with the JCPDS values and thus matches the presence of α-Cu, α and 

γ2 phases in the hot-pressed Cu-Al (milled) alloys. 

Fig. 4.4 shows the SEM images of the hot-pressed Cu-Al (milled) alloys which were 

analyzed using the electron probe micro-analyzer (EPMA). Fig. 4.4a shows the SEM of Cu 

(ML) sample and the EPMA of Cu surface indicated presence of 99.9 wt.% Cu (Table 4.3). 

The EPMA results of Cu-Al (milled) alloys were tabulated in Table 4.3. In C3Al (ML) and 

C5Al (ML) alloys, three distinct phases were identified as Cu, α-Cu and α2; where a very low 

amount of Cu and α2 phases are present in the sample. Similarly, the C10Al (ML) alloy has 

three distinct phases which were identified as α-Cu, α2 and γ where a negligible amount of α-

Cu phase is present in the sample. In case of C15Al (ML), two distinct phases namely grey 

phase as α2 and dark phase as γ were identified. The EPMA results have good agreement with 

the phases identified by the XRD. 
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Fig. 4.4 SEM (BSE) images of Cu-Al (milled) alloys. (a) Cu (ML), (b) C3Al (ML) (c) C5Al 

(ML) (d) C10Al (ML) and (e) C15Al (ML). 

Table 4.3 Summary of EPMA result consists of elemental composition of Cu-Al (milled) alloys.  

Sample reference 
Microstructural 

Phases 
Copper (wt.%) 

Aluminium 

(wt.%) 

Cu (ML) Cu 99.90 -- 

C3Al (ML) 

Cu 99.65 0.35 

α-Cu 96.75 3.25 

α2 91.41 8.59 

C5Al (ML) 

Cu 99.64 0.36 

α-Cu 95.15 4.85 

α2 90.26 9.74 

C10Al (ML) 
α-Cu 95.71 4.29 

α2 89.31 10.69 
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γ 79.62 20.38 

C15Al (ML) 
α2 88.45 11.55 

γ 80.01 19.99 

Fig. 4.5 presents the representative microstructure of etched C3Al (ML) and C5Al (ML) 

alloys. The SE and BSE images of both the alloys reveal the presence of a single constituent 

phase (α-Cu solid solution) in its microstructure. It can be observed that the grain size of C3Al 

(ML) is relatively coarser than C5Al (ML). The corresponding SEM-EDS confirms the 

presence of Cu and Al elements, which validates the presence of α-Cu (Cu0.92Al0.08) solid 

solution phase. 

 

Fig. 4.5 SEM images of Cu-Al (milled) hot-pressed samples (at 500 oC, 500 MPa, 30 min. under 

vacuum). (a-b) The microstructure (SE and BSE images) of C3Al (ML) alloy and (c-d) the SE 

and BSE images of C5Al (ML) alloy. The corresponding EDS of alloys is shown along with 

elemental compositions.  

  Fig. 4.6 shows the BSE-SEM images having bright grey (unetched regions: 1) and dark 

grey contrasting phases (etched regions: 2) in a C15Al (ML) alloy. The EDS compositional 

analysis of the two contrasting phases reveals that these phases are measured with different 

amounts of Al content. The quantification of elements from different phases in Cu-Al (milled) 
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alloys is listed in Fig. 4.6. From SEM-EDS results, C15Al (ML) alloy consists of bright and 

dark grey regions, which are identified as α (Cu0.78Al0.22), and γ2 (Cu9Al4) phases, respectively. 

From the Cu-Al equilibrium phase diagram, the solid solution α phase completely 

dissolves up to 9.4 wt.% of Al [236,237]. According to Eq. 4.3, the β phase transforms into the 

α and γ2 phases at the eutectoid reaction. At a temperature of 500 oC, a maximum amount of 

aluminium (up to 15.6%) dissolves in copper and forms γ2 phase [238]. Therefore, the excess 

amount of Al leads to formation γ2 phase in C10Al (ML) and C15Al (ML) alloys. 

 

Fig. 4.6 SEM (BSE) images of C15Al (ML) hot-pressed samples (at 500 oC, 500 MPa, 30 min. 

under vacuum) having different phases. (a) low magnification and (b) high magnification 

image. The corresponding EDS analysis of phases is also shown. (1, Unetched regions: 

Cu0.78Al0.22, 2, Etched regions: Cu9Al4).  

In the present work, γ2 intermetallic phase formation is evident for both C10Al (ML) 

and C15Al (ML) alloys. Similar observations were reported for die-casted Cu-11.8 wt.% Al 

alloy, that forms the γ2 phase by eutectoid decomposition of β phase at a temperature of 565 oC 

[84].  
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  (4.3)  

 

Fig. 4.7 Fracture surfaces of Cu-Al (milled) hot pressed (at 500 oC, 500 MPa, 30 min. under 

vacuum) samples. (a) Cu (ML), (b) C3Al (ML), (c) C5Al (ML), (d) C10Al (ML), (e) C15Al 

(ML) and the magnified image of C15Al (ML) is shown for acumen. All the samples are 

characterized by the mixed (intergranular and transgranular) mode of fracture. 

Fig. 4.7 shows the SEM images of fracture surfaces of hot-pressed Cu-Al (milled) samples. 

Both pure copper and alloys consist of the mixed mode of fracture (the samples were fractured 

manually with a hammer to observe the microstructure). A careful look at Fig. 4.7 indicates 

Heating 

Cooling 

β 

(11.8 %) 

γ
2
 α  + 

(9.4 %) (15.6 %) Al Wt.% 
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that the % of intergranular fracture increased with the addition of Al to Cu. It also should be 

clear that the fineness of grains increased with the addition of Al to Cu.  

4.3 Densification of Cu-Al (milled) alloys 

Since aluminium is a light metal with considerably low density (2.73 g/cc) when 

compared to copper (8.96 g/cc), it is expected that the addition of aluminium significantly 

lowers the density of Cu. The density and corresponding hardness of the hot-pressed Cu-Al 

(milled) alloys as a function of Al content is shown in Fig. 4.8.  

 

Fig. 4.8 Effect of Al content on the density and hardness of Cu-Al (milled) alloys after hot 

pressing at 500 oC, 500 MPa pressure for 30 minutes under vacuum.  

To calculate theoretical densities of Cu-Al (milled) alloys, the densities of Cu0.92Al0.08 

[239], Cu0.78Al0.22
 [240] and Cu9Al4

 [32] phases were taken as 8.39 g/cc, 7.46 g/cc and 6.84 

g/cc, respectively. The theoretical density was calculated using the rule of the mixtures and the 

relative amount of phases in the alloy (that were estimated by the Rietveld analysis of XRD 

patterns) (Table 4.1). The theoretical density (th) of Cu-Al (milled) alloys was observed to 

decrease from 8.96 to 6.98 g/cc with the addition of Al (up to 15 wt.%) and the measured 

experimental/bulk density of samples varied between 8.84 to 6.61 g/cc. From Table 4.1, it is 
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evident that pure Cu could be densified to 98.66% th and the relative density of Cu-Al (milled) 

alloys observed to vary between ~ 95 to 96% th depending on the Al content. The decrease in 

density of Cu with Al addition can be attributed to hard agglomerates (ball-milled powders) 

and intermetallic phase formation during sintering, which might have hindered the 

densification. Among all Cu alloys, C15Al (ML) composed of finer grain structure with a 

relatively low density of 94.6% th. The densification of Cu (ML) samples can be attributed to 

mechanical milling, solid-state sintering and large plastic deformations due to the milling and 

application of high pressure during hot pressing.  

It has to be noted here that Rajkovic et al. [39]  could achieve a maximum density of 

85.1% th for hot-pressed Cu-3.5Al even after using high sintering temperature of 800 oC, the 

pressure of 35 MPa for 1 h. He et al. [241] reported almost full density (99% th) for 

mechanically alloyed Cu-5Cr after using a combination of hot pressing (900 oC, 1 h) and 

extrusion process (600 oC). In another work, Sharma et al. [57] processed Cu-10Pb via spark 

plasma sintering technique at 350 oC under 100 MPa pressure for 5 min. They could achieve 

a maximum relative density of ~90% th.  Nassef et al. [58] studied the use of Pb, C in 

densifying Cu-Sn alloys, which were hot-pressed at 550 oC, 314 MPa for 30 min.  A very low 

density of 78%, 74% and 72% th were reported for Cu-50Ni, Cu-50Zr and Cu-10Ni-40Zr 

alloys, respectively which were processed considerably at a low hot press temperature of 300 

oC and high pressure of 900 MPa. [65] From the above discussion, it can be understood that 

higher densification of Cu based alloys is possible by careful selection of sintering conditions. 

The present work indicates the advantage of using the high hot press pressure to achieve higher 

densities (~ 95 to 96% th) of Cu-Al (milled) alloys at a relatively low sintering temperature 

of 500 oC and application of high pressure of 500 MPa for 30 min. It is a promising result as 

the overall processing costs in developing Cu based materials can be reduced. In most 

commonly used conventional processes, use of high temperature and low-pressure sintering 

conditions result in coarser grain structure and poor mechanical properties. Hence additional 

heat treatment processes or mechanical working methods need to be adopted to improve 

materials properties of Cu further. High-temperature processes or additional processing steps 

add up the cost as well.   

To understand the effect of milling and hot press on densification of Cu-Al (milled) 

alloys, the dislocation density is evaluated from the Williamson-Hall (W-H) model [242] that 

is based on the crystallite size (d) determination. The W-H model plots obtained from the X-
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ray diffraction patterns of milled powders as well as sintered compacts are presented in Fig. 

4.9 to estimate the dislocation density and lattice strains.  

 

 

Fig. 4.9 Williamson–Hall plot obtained from the X-ray diffraction patterns of (a) planetary ball 

milled powders, (b) hot pressed Cu-Al (milled) alloys. (Hot pressing conditions: Temperature: 

500 oC, Pressure: 500 MPa, Time: 30 min under vacuum environment). 

According to Williamson-Hall model, the lattice strain of Cu-Al (milled) powders after 

planetary ball milling process was calculated to be in the range between 0.31×10-2 - 0.62×10-

2, whereas, the lattice strain for hot-pressed samples estimated in the range of 0.22x10-2 - 

(a) 

(b) 
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0.36x10-2. It was observed that the lattice strain of milled powders and the hot-pressed Cu 

samples increased with the addition of Al content and is mainly due to mechanical alloying, 

formation of solid solutions (α-Cu) and γ2 intermetallic compound. According to Eq. (4.4-4.5) 

[243], (Where, Bragg angle (θ), radiation wavelength (λ = 1.54056 Å for Cu-Kα radiation), 

geometric constant (κ = 0.94) [242] and full-width at half maximum (B(2θ)) are related to 

dislocation density (δ) and crystallite size (L)). the dislocation density(δ) of milled powders 

were calculated using the Williamson-Hall model and it varied from 3.52×1014 m-2 to 

14.61×1014 m-2. Also, the dislocation density of hot-pressed compacts was calculated to be in 

the range of 0.63×1014 m-2 - 4.08×1014 m-2. The lattice strain and dislocation density of milled 

powders are significantly higher than the hot-pressed samples. 

2

1

L
          (4.4)  

  


 sin2
9.0

cos2 2 e
L

B       (4.5) 

The intercept and slope data of milled powders and hot-pressed Cu-Al (milled) samples 

which were obtained from W-H methodology are provided in Table 4.4. The slope of the curves 

has an inverse relation with the crystallite size of milled powders and hot-pressed samples. The 

crystallite size for Cu decreased for both the milled powders (from 53.33 to 26.16 nm) and hot-

pressed materials (from 126.04 to 49.52 nm) with the addition of Al.  

Table 4.4 W-H plot linear fit results of Cu-Al (milled) milled powders and hot-pressed 

compacts. 

Sample 

reference 

Milled powders Hot-pressed compacts 

Slope (x10-2) Intercept (x10-3) Slope (x10-2) Intercept (x10-3) 

Cu (ML) 1.26 2.60 0.88 1.10 

C3Al (ML) 1.59 3.40 0.97 1.30 

C5Al (ML) 1.87 4.00 1.09 1.70 

C10Al (ML) 2.19 4.70 1.23 2.40 

C15Al (ML) 2.51 5.30 1.42 2.80 

The crystallite size of both milled powders and hot-pressed compacts decreased with 

the Al content due to the formation of solid solution phases. It lowers the ductility in powder 
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particles during the milling process, where the particles get fractured and re-welded with hard 

agglomerates formation. During hot pressing at 500 oC, the samples exposed to high activation 

energy which increases the crystallite size of Cu. Thus, the crystallite size of hot-pressed 

samples is high when compared to milled powders. It was observed that the micro-strain of Cu-

Al (milled) powders and hot-pressed compacts directly relates to the dislocation density. With 

the addition of 15 wt.% Al to Cu, a maximum micro-strain of 0.63% was calculated for milled 

powders, whereas the hot-pressed samples were having the maximum strain of 0.36%.  

Table 4.5 Calculated dislocation density using Williamsons-Hall model in milled Cu-Al 

powders (after planetary ball milling at 260 rpm for 10 h) and hot-pressed Cu-Al (milled) alloys 

(after hot pressing at 500 oC, 500 MPa for 30 min). 

Sample 

reference 

Milled powders Hot-pressed compacts 

Crystallite 

size, L 

(nm) 

Micro-

strain, e 

(%) 

Dislocation 

density 

(x1014 m-2) 

Crystallite 

size, L 

(nm) 

Micro-

strain, e 

(%) 

Dislocation 

density 

(×1014 m-2) 

Cu (ML) 53.33 0.32 3.52 126.04 0.22 0.63 

C3Al (ML) 40.78 0.40 6.01 106.65 0.24 0.88 

C5Al (ML) 34.66 0.47 8.32 81.56 0.27 1.50 

C10Al (ML) 29.50 0.55 11.49 57.77 0.31 3.00 

C15Al (ML) 26.16 0.63 14.61 49.52 0.36 4.08 

The dislocation density of Cu-Al (milled) samples after hot pressing decreased when 

compared to milled powders. The dislocation density might have decreased due to recovery and 

recrystallization processes of Cu at the hot press temperature. Since very high hot press pressure 

was used, that is why probably the decrease in dislocation density is slightly low after hot press 

than the milled samples. In case of Cu-Al (milled) alloys, the alloying element affects the 

dislocation density by forming the solid solution phases (α-Cu) and intermetallic compounds 

(γ2); as the amount of Al content increased up to 15 wt.%, the dislocation density increased by 

6.47 times. The calculated dislocation density using the Williamson-Hall model in milled Cu-

Al powders and hot-pressed Cu-Al (milled) compacts is listed in Table 4.5. 

Rohatgi et al. [155] studied the behaviour of cold working on Cu-Al alloys by varying 

the pressure. They estimated the dislocation density of Cu-Al alloys from the differential 

scanning calorimetry (DSC) curve i.e., by calculating the energy released during 

recrystallization. It was reported that the dislocation density of Cu-4Al increased from 



83 

 

1.22x1014 m-2 to 17.64 x1014 m-2 by increasing pressure from 10 to 35 GPa. Zhao et al. [156] 

reported the dislocation density of 2.3x1014 m-2 for ultra-fine copper and 5.9x1014 m-2 for ultra-

fine bronze that was processed by high-pressure torsion (HPT) at 6 GPa pressure and cold 

rolling. In another study, the dislocation density of 4.3x1014 m-2 was reported for Equal Channel 

Angular Pressing (ECAP) processed copper [157]. From these studies, it can be observed that 

the dislocation density of Cu based alloys is varying with the function of temperature and 

pressure i.e., the dislocation density of Cu alloys was observed to be low at the higher 

processing temperature and lower pressures. Also, the calculated dislocation density values of 

Cu-Al (milled) alloys in the present study are comparable with the reported Cu alloys. 

As far as the densification of Cu-Al (milled) samples is concerned, both ball milling and 

hot pressing and Al alloying element content resulted in a significant increment in the lattice 

strain and dislocation density of Cu (Table 4.5). It is well known that the lattice strain and 

dislocations present in the powders (due to ball milling/pressure-assisted sintering processes) 

activate the diffusion of atoms/material transport during sintering and enhances sinterability or 

densification [244, 245]. For example, the ball milling resulted in increasing of the internal 

energy of tungsten powders [244]. It was attributed to the significant strain of the powder 

particles because of high impact forces (during ball milling) that serve as a driving force for 

sintering [244]. Keiback and Hermel [245] reported that a minimum dislocation density of 1011 

m-2 or higher is required for the noticeable effect of material transport for improving sinter 

density. In the present work, the dislocation density of Cu-Al (milled) alloys was observed to 

be in the range between 0.63×1014 m-2 to 4.08×1014 m-2 and is much higher than the required 

dislocation density of 1011 m-2. Hence, it is obvious that lattice strains and dislocations in the 

material aid in the densification.  

In summary, the dislocation density and lattice strain enhances the densification and 

densification rate of Cu-Al (milled) samples. For example, as it was reported, Rajkovic et al. 

[39] could only achieve a maximum density of 85.1% th for hot-pressed Cu-3.5Al even after 

using high sintering temperature of 800 oC, the pressure of 35 MPa for 1 h. Whereas in the 

present work, it was observed a maximum density of 96.3% th for C3Al (ML) after hot press 

at a low temperature of 500 oC, the pressure of 500 MPa for 30 min. In case of pure Cu (ML), 

a very high density of 98.66% th could be achieved under similar processing conditions.    
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4.4 Mechanical properties of Cu-Al (milled) alloys 

4.4.1 Hardness  

The hardness of Cu increased with the amount of Al, in particular, C15Al (ML) alloy 

exhibited a significantly high hardness of 6.16 GPa when compared to pure Cu (1.32 GPa) (see 

Fig. 4.8). It is also to be noted here that the hardness measured for pure copper in the current 

study is relatively high than reported values of Cu (in the literature) and it can be attributed to 

its high density and fine structure. The Cu-Al (milled) alloys with low Al content (preferably 

C3Al (ML) and C5Al (ML)) that consist of α-Cu solid solution phase exhibited high hardness 

in the range of 2.33 GPa to 2.73 GPa (almost two times of Cu). Such high hardness of these 

alloys is due to solid solution strengthening. Whereas the presence of γ2 intermetallic phase 

along with α solid solution in C10Al (ML) and C15Al (ML), the hardness of these alloys 

measured to be much high and varied between 3.41 GPa to 6.03 GPa. This improvement in 

hardness of Cu-Al (milled) alloys can be attributed to the reduction of grain size, solid solution 

strengthening and intermetallic phase formation. Liu et al. [167] reported low Vickers hardness 

(2.00-2.75 GPa) for Cu-xAl (x:1, 2, 4 and 6) alloys which were processed by arc melting 

technique (at a temperature range between 710-800 oC). In another work, Glas [168] reported 

hardness of 2.95 to 3.7 GPa for Cu-Al alloys processed by casting technique (at 1150 oC). Also, 

Nassef et al. [58] produced the Cu-Sn and Cu-Pb alloys through hot pressing route; depending 

on the composition, the hardness of Cu-10Pb alloys varied between 1.01 to 2.10 GPa. In case 

of Cu-10Sn-10Pb, it varied between 1.08 to 2.22 GPa. So far in the literature, for Cu based 

materials a maximum hardness of 4.1 GPa was reported [5,58,104,169]; however, in the present 

work, very high hardness of 6.16 GPa was achieved for hot-pressed Cu-Al (milled) alloys.     

4.4.2 Nano-indentation behaviour  

 The nanohardness and elastic modulus of hot-pressed Cu-Al (milled) alloys were 

determined from the loading and unloading curves using the method proposed by Oliver–Pharr 

[246,247]. 
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Fig. 4.10 SEM image showing typical nano-indents obtained on hot-pressed Cu-Al (milled) 

alloys. (a) Optical microscopic image C10Al (ML) alloy having the array of 100 indentations 

and corresponding indents of (b) Cu (ML), (c) C3Al (ML), (d) C5Al (ML), (e) C10Al (ML) 

and (f) C15Al (ML).  

Fig. 4.10a shows an optical microscopic representative image of nano-indentations 

taken on the C15Al (ML) alloy with an array of 10 × 10 sizes with 40 µm indent spacing. From 

Fig. 4.10 (b-f), the indentation size of the pure copper sample was measured to be 3.75 ± 0.1 

µm; the indentation size of Cu was reduced to 1.98 ± 0.08 µm as the Al content added up to 15 

wt.%.  The schematic of the typical load-displacement curve of nanoindentation for 

viscoelastic-plastic materials is shown in Fig. 4.11a. Where hmax represents the maximum 

displacement of indenter at peak load, hf is the depth of residual impression after unloading, hc 

is the contact depth under the indenter. The elastic modulus (Es) of hot-pressed samples was 

calculated using the Eq. (4.6); where, the reduced modulus (Er) obtained directly from the 

nanoindentation system and the poisons ratio (υ) of the Cu-Al alloys, which was taken to be 

0.3, indentor elastic modulus (Ei) ~ 1141 GPa and it’s poisons ratio (υ) ~ 0.07 [248].  

   
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s

r EEE

i
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 Fig. 4.11 (a) Schematic of typical load (P) - displacement (h) curve of nanoindentation for 

viscoelastic-plastic materials, (b) indentation load Vs. penetration depth curves of Cu-Al 

(milled) alloys at an indent peak load of 20 mN (loading and unloading rate: 2.0 mN/s). 

(a

)

(b

) 
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The loading-unloading curves of hot-pressed Cu samples obtained at a constant peak 

load of 20 mN and the loading-unloading rate of 2 mN/s are presented in Fig. 4.11b. It is clear 

from the loading-unloading curves that the Al content has a significant effect on the indentation 

behaviour of hot-pressed Cu-Al (milled) samples. The presence of plateau, which indicates the 

creep of Cu-Al (milled) alloys as can be seen in Fig. 4.11b. It was evident that the length of the 

plateau is small for C10Al (ML) and C15Al (ML) when compared to other Cu materials. In 

particular, pure Cu (ML) witnessed with the maximum plateau. It indicates that the creep 

deformation of C10Al (ML) and C15Al (ML) alloys is considerably low than the other alloys.  

The indentation depth decreased with the increase of Al in Cu-Al (milled) alloys. The 

indentation depth of the pure copper was measured as  ~576 nm, whereas for the C15Al (ML) 

it reduced to ~324 nm. The average nano-indentation hardness (H) of Cu-Al (milled) alloys 

increased considerably from 2.38 ± 0.18 GPa to 7.88 ± 0.98 GPa.  

 

Fig. 4.12 The effect of Al content on elastic modulus and hardness of Cu-Al (milled) alloys 

measured from the P-h plots of nanoindentation. 

The nanohardness represents materials resistance to deformation. The improved 

nanohardness of Cu-Al (milled) alloys reflects the deformation resistance of these alloys with 

Al content. From the unloading portion of the load-depth curves, the elastic modulus (E) of hot-

pressed samples were calculated and found to be increased from and 123.18 ± 4.6 GPa to 177.35 

± 9.6 GPa (see Fig. 4.12). The mechanical properties of Cu-Al (milled) alloys evaluated from 
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the nanoindentation test are listed in Table 4.6. In the literature, it was reported that the ratio of 

hardness (H) to elastic modulus (E) has a relation with wear resistance [98]. Higher the H/E 

ratio higher will be the wear resistance. As it is shown in Table 4.6, the H/E ratio of Cu 

increased with Al and the H/E ratio increased from 0.019 for pure Cu to 0.044 for C15Al (ML).  

Table 4.6 Mechanical properties of Cu-Al (milled) alloys based on the nano-indentation test. 

Sample 

Reference 

Hardness 

(H) (GPa) 

Reduced 

Modulus 

(Er) (GPa) 

Elastic 

Modulus 

(E) (GPa) 

H/E 

Maximum 

displacement 

(hmax) (nm) 

Cu (ML) 2.38 ± 0.2 121.07 ± 4.0 123.18 ± 4.6 0.019 565 ± 5.28 

C3Al (ML) 3.61 ± 0.2 127.44 ± 3.6 130.47 ± 6.3 0.027 476 ± 7.12 

C5Al (ML) 3.64 ± 0.2 125.72 ± 3.4 128.49 ± 6.3 0.028 465 ± 5.42 

C10Al (ML) 4.51 ± 0.8 129.19 ± 7.5 135.18 ± 9.9 0.033 423 ± 6.35 

C15Al (ML) 7.88 ± 0.9 166.58 ± 6.2 177.35 ± 9.6 0.044 324 ± 5.68 

Based on the literature, the mechanical properties of various Cu alloys obtained by the 

nanoindentation test are summarized in Table 4.7. Most of the nano-indentation studies were 

made for Cu alloy coatings. The nanohardness of Cu alloys reportedly varied between 3.38 to 

6.50 GPa and the elastic modulus varied from 100 to 170 GPa [85,98,249–254].   

Table 4.7 Nanoindentation properties of various Cu-based alloys reported in the literature.  

Alloy 
Manufacturing 

process 

Nano indentation 

test conditions 

Hardness 

(H) 

(GPa) 

Elastic 

Modulus 

(E) 

(GPa) 

Maximum 

displacement 

(hmax) (nm) 

Ref. 

Cu-22Al As casting 
I:Berkovich, l: 1 

mN v: 100 µNs-1 
3.52 112.27 102.56 [98] 

Cu-11.76Al 
As casting + annealed 

at 500 oC, 15 min.   

I:Berkovich, l: 10 

nN v: 100 µNs-1 
3.38 111.87 105.65 [249] 

Cu-11.76Al 
Cryogenic treated at -

196 oC, 30 min. 

I:Berkovich, l: 10 

nN v: 100 µNs-1 
3.67 115.35 94.62 [249] 

Cu-Al* 
Hot pressing, 350-

650 oC, 10 min. 

I:Berkovich, d: 

150 nm 
6.06 -- -- [85]  

Cu-11Ni-1P 
Annealed at 500 oC, 

2h  

I:Berkovich, d: 

1000 nm 
3.63 -- 

1010.00 [251] 



89 

 

Cu-11Ni-1P Electrodeposition 
I:Berkovich, d: 

1000 nm 
5.22 -- 

1025.00 [251] 

Cu-Sn* 

Solid state aging + 

annealing at 200 oC, 

341h 

I:Berkovich, l: 0.7 

– 9.5 mN v: 1 

mNs-1 

6.58 128.00 98.00 [252]  

Cu-6.5 at.% 

Ti 

Magnetron sputtering 

deposition 

I:Berkovich, l: 2.6 

mN v: 0.01 nNs-1 
~4.97 -- 130.00 [253] 

Cu-8 at.% 

Mo 

Magnetron sputtering 

deposition 

I:Berkovich, l: 2.6 

mN v: 0.01 nNs-1 
~5.00 -- 155.00 [253] 

Cu-30Ag Thermal deposition 
I:Berkovich, d: 80 

nm 
4.00 100-170 ~800.00 [254] 

Cu-11.2Al-

6.9Fe 

Plasma transferred 

arc welding 

deposition 

I:Berkovich, d: 

500 nm 4.95 121.00 500.00 [250] 

* Diffusion bonding, I: Type of Indenter, l: Load, v: loading/unloading speed, d: Depth 

The plastic deformation and its behaviour of hot-pressed samples under nano-

indentation can be understood by using the plasticity index (ψ) parameter [255,256]. From the 

load vs. indenter penetration depth curves, recovered elastic work (We) and residual plastic 

work (Wp) can be measured by integrating the area under unloading curve and the area between 

loading-unloading curves, respectively [257]. The plasticity index of the hot-pressed samples 

can be calculated by using the Eq. (4.7). The elastic recoverable work, residual plastic work 

and plasticity index of hot-pressed samples calculated from the load-displacement curves are 

given in Table 4.8. 

  
t

p

W

W
           (4.7) 

Table 4.8 Elastic recoverable work, residual plastic work and plasticity index of Cu-Al (milled) 

alloys. 

Sample 

reference 

Elastic 

recoverable work 

(We) (×10-6 J) 

Residual plastic 

work (Wp) (×10-6 J) 

Plasticity index 

(ψ) 

Cu (ML) 0.66 3.79 0.85 

C3Al (ML) 0.75 2.83 0.79 

C5Al (ML) 0.81 2.75 0.77 

C10Al (ML) 0.91 2.28 0.71 
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C15Al (ML) 0.85 1.73 0.66 

The plasticity index of the Cu-Al (milled) alloys found to be reduced as the Al content 

increases; for the pure copper, it was estimated to be 0.85, whereas for C15Al (ML) alloy ~0.66. 

The reduction in plasticity index of the C15Al (ML) alloy is 22.5% when compared to pure 

copper. This is indicating that the Cu-Al (milled) alloys still retains a significant amount of 

plasticity under indentation conditions. The distribution of hardness of Cu-Al (milled) alloys is 

presented in Fig. 4.13.   
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Fig. 4.13 Distribution of nanohardness at various phases of Cu-Al (milled) alloys plotted form 

load vs. penetration depth curves at an indent peak load of 20 mN (loading and unloading rate: 

2.0 mN/s) (a-e).  

The nanohardness of Cu-Al (milled) alloys varied between 2.38 GPa to 7.88 GPa, 

nevertheless C15Al (ML) exhibited maximum hardness. Scattering in the hardness of Cu-Al 

(milled) alloys can be attributed to its microstructure. In the case of Cu (ML) and Cu alloys up 

to 5 wt.% Al, the hardness is almost uniformly/narrowly distributed due to its single phase. 
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There is a wide deviation or scatter in the hardness of C10Al (ML) and C15Al (ML) as they 

consisted of two different phases. The cumulative values of the hardness of Cu-Al (milled) 

alloys are shown in Fig. 4.14.  

 

Fig. 4.14 Cumulative events (%) of nanohardness of Cu-Al (milled) alloys. The pop-in effect 

shows the presence of different phases. 

The cumulative hardness of Cu-Al (milled) alloys shows the pop-in effect which is 

associated with phase variations or microstructure and correspondingly represents hardness. In 

pure copper, no pop-in effect has been observed as it does not have any phase change. The pop-

in effect was not observed for pure Cu (ML), C3Al (ML) and C5Al (ML) alloys as their 

microstructure consists of a single phase. On the other hand, the pop-in was found at 4.7 GPa 

corresponding to the hardness of the α phase in the C10Al (ML) alloy. The C15Al (ML) alloy 

shows the different pop in effects [258], which indicates the broad range of hardness regarding 

α and γ2 phases. 

4.4.3 Compression behaviour 

Fig. 4.15  shows the compression stress-strain curves of Cu-Al (milled) alloys. From 

Fig. 4.15a, it can be observed that the compressive strength of Cu-Al (milled) alloys increased 

significantly and the compressive strain decreased with Al addition. The compression 

properties of Cu-Al (milled) alloys are presented in Table 4.9.  
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Table 4.9 Compression test results of Cu-Al (milled) alloys. 

Sample 

reference 

Compressive 

strength (MPa) 
Strain (%) 

Cu (ML) 813.75 ± 11 29.81 ± 0.9 

C3Al (ML) 954.71 ± 21 8.61 ± 0.6 

C5Al (ML) 1120.18 ± 28 8.00 ± 0.7 

C10Al (ML) 1077.05 ± 30 5.93 ± 0.4 

C15Al (ML) 1013.82 ± 25 5.81 ± 0.3 

The compressive strength of Cu (ML) increased from 813.75 ± 11 MPa to 1120.18 ± 28 

MPa with the addition of Al. Whereas, the compressive strain reduced from 29.81 ± 0.9% to 

5.81 ± 0.3% (see Fig. 4.15c). From Fig. 4.15b, a common observation is that a significant high 

compressive strength of 1120.18 ± 28 MPa is achieved for C5Al (ML) with a reasonable amount 

of strain (8.0 ± 0.7%).  

 

Fig. 4.15 (a) Compression stress-strain curves of Cu-Al (milled) alloys, effect of Al on (b) 

compressive strength (c) compressive strain of Cu. 
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Since the C5Al (ML) alloy has the major constituent of α-Cu and the combined features 

of a microstructure such as finer and elongated grains might have contributed to its good 

combination of properties. Due to the formation intermetallic phase (γ2) and rich solid solution 

phase in C10Al (ML) alloys, its strength (1077 ± 30 MPa) lowered when compared to C5Al 

(ML) alloy. The similar kind of behaviour was observed in the case of C15Al (ML), which is 

having the compressive strength of 1077.05 ± 30 MPa with a moderate compressive strain of 

5.81 ± 0.3.  

 

Fig. 4.16 Fractured surfaces of compression tested Cu-Al (milled) alloys (Hot press conditions: 

500 oC, 500 MPa for 30 min.). (a) Cu (ML), (b) C3Al (ML), (c) C5Al (ML), (d) C10Al (ML) 

and (e) C15Al (ML). The insets represent high magnification images. 
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The fractured surfaces of pure copper and Cu-Al (milled) alloys after the compression test is 

presented in Fig. 4.16. During the compression test, the Cu-Al (milled) alloys showed an 

inclined fracture surface, about 45o with the applied load axis, which is a similar failure criterion 

of hard materials [259]. The change in strength behaviour of Cu-Al (milled) alloys is mainly 

because of the change in the mode of fracture. From Fig. 4.5, it can be realized that the 

microstructure of C5Al (ML) alloy consisted of finer and elongated grains. Also, the fracture 

surface of C5Al (ML) revealed the presence of relatively finer grain structure and the mode of 

fracture was predominantly transgranular (Fig. 4.16). However, the mode of fracture changed 

from the transgranular to mixed mode (transgranular and intergranular) of fracture for Cu-Al 

alloys with the further addition of Al (> 5 wt.%) to Cu (Fig. 4.16). Moreover, the microstructure 

of these Cu alloys consisted low amount (α-Cu) and high amount of brittle Cu9Al4 phase. The 

good combination of properties of C5Al (ML) can be attributed to its microstructural phase (α-

Cu), finer microstructure and transgranular mode of fracture. Therefore, the compressive 

strength and strain of C10Al (ML) and C15Al (ML) samples were observed to be lower than 

C5Al (ML) samples. In fact, as discussed above the Cu with up to 5 wt.% Al, the fracture mode 

is predominantly of transgranular and it changed to more of intergranular with the further 

addition of Al to Cu (Fig. 4.16). 

Aluminium bronzes (Cu-Al alloys) have been used as a tool material in sheet metal 

forming of stainless steel, which is used for the production of washing, refrigeration and 

cooking equipment [260]. It was reported that the tool wear of these alloys is sensitive to its 

limited hardness. In this context, achieving the high hardness and good compression strength 

of Cu-Al (milled) alloys is very promising.   

4.5 Abrasive wear behaviour of Cu-Al (milled) alloys  

4.5.1 Coefficient of friction (COF) 

The COF of Cu-Al (milled) alloys sliding against SiC (220 grit size) emery paper is 

shown in Fig. 4.17. The COF of Cu-Al (milled) alloys was significantly decreased with the 

addition of Al upto 15 wt.%. The run-in period of the COF curves showed an initial rise of COF 

due to the interlocking of asperities at the junction of mating surfaces [261]. The COF of Cu-

Al (milled) alloys attained steady-state about a sliding distance of 20 m after the contact 

pressure reduced.  
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The steady-state of COF was attained due to the worn-out of SiC abrasives. The minor 

fluctuations were observed in Cu (ML) samples due to sudden detachment of SiC abrasives 

form the emery paper due to the higher frictional forces developed between two contacting 

surfaces. In case of C3Al (ML) and C5Al (ML) alloys which were having rich solid solution 

phase (α-Cu), the gradual detachment of wear debris and worn out of SiC abrasives may result 

in fluctuations of the COF. In C10Al (ML) and C15Al (ML), almost no fluctuations were 

observed due to the presence of hard intermetallic phase surface. Thus, the lower frictional 

forces thereby lower COF in alloys attributed to the high hardness of the samples.  

 

 

Fig. 4.17 Coefficient of friction of Cu-Al (milled) alloys sliding against SiC abrasive of 220 

grit size at a sliding velocity of 1 m/s. 

The wear results of the Cu-Al (milled) alloys after the abrasive wear test are listed in 

Table 4.10. The COF of the Cu (ML) was found to 0.49 ± 0.05 because of the high frictional 

forces produced between two mating surfaces. The COF of Cu-Al (milled) alloys decreased 

from 0.27 ± 0.08 to 0.16 ± 0.03 as the Al content varied from 3 to 15 wt.%. The COF of C15Al 

(ML) found to be low due to the presence of the high amount of intermetallic phases (75.03%). 

The entrapped of hard wear debris between contacting surfaces which also a factor responsible 

for producing the rolling effect, thus the low COF of alloys. 

Table 4.10 The wear results of the Cu-Al (milled) alloys after the abrasive wear test 
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Sample 

reference 

Coefficient of 

friction 

Sp. wear rate 

(×10-3 mm3/Nm) 

Cu (ML) 0.49 ± 0.05 49.30 ± 05 

C3Al (ML) 0.27 ± 0.08 11.50 ± 02 

C5Al (ML) 0.24 ± 0.08 8.50 ± 03 

C10Al (ML) 0.19 ± 0.02 4.90 ± 01 

C15Al (ML) 0.16 ± 0.03 0.80 ± 0.4 

4.5.2 Effect of Al on wear rate of Cu-Al (milled) alloys 

The effect of Al addition on the specific wear rate of Cu-Al (milled) alloys is presented 

in Fig. 4.18. The wear rate of the Cu-Al (milled) alloys drastically reduced from the 49.3 ×10-3 

to 0.8 ×10-3 mm3/Nm. The Cu (ML) sample exhibited the specific (sp.) wear rate of 49.3 ×10-3 

mm3/Nm. While the low sp. wear rate of 0.8 ×10-3 mm3/Nm was found in C15Al (ML) alloys 

which is ~62 times lower compared to pure copper. The drastic reduction of specific wear rate 

of C15Al (ML) alloys is because of the formation of intermetallic compounds (hardness: 6.16 

GPa). The sp. wear rate of C3Al (ML), C5Al (ML) and C10Al (ML) alloys was found to 11.5 

×10-3, 8.5 ×10-3 and 4.9 ×10-3 mm3/Nm, respectively. 
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Fig. 4.18 Effect of Al content on sp. wear rate of Cu-Al (milled) alloys 

4.5.3 Worn surface analysis and wear mechanisms  

The worn surface of the Cu-Al (milled) alloys sliding against SiC, which slid at a 

velocity of 1 m/s and the load of 5 N is presented in Fig. 4.19. The Cu (ML) samples have the 

narrow grooves and the ridges along with the wear debris formed after wear test which can be 

observed from Fig. 4.19 (a,d). Also, there could be a possibility of hard SiC particles may 

penetrate the soft Cu and causes the deep grooves by plowing mechanism which resulted in 

high volume loss of the material.  
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Fig. 4.19 SEM images of worn tracks of Cu-Al (milled) alloys. (a,d) Pure copper (b,e) C5Al 

(c,f) C15Al and (d-f) corresponding higher magnification images. 

In C5Al (ML) samples, broad grooves and the presence of fine debris were observed on 

the worn surface (Fig. 4.19b). It indicates that the material is removed by the abrasive cutting 

mechanism. These observations were well correlated with the hardness of the C5Al (ML) alloy 

(2.73 GPa). The presence of solid solution (α) phase improved the wear resistance of the 

sample. In case of C15Al (ML), broad grooves and no wear debris were observed on the worn 

surface (see Fig. 4.19c). Based on these observations, the material loss in C15Al (ML) alloy is 

mainly due to the abrasion cutting mechanism. The presence of high intermetallic compound 

amount in C15Al (ML), significantly improved the wear resistance of the alloy. The above 

results indicate the transformation of wear mechanisms from the plowing mechanism of pure 

Cu (ML) to the cutting mechanism of C15Al (ML). 
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4.5.4 Wear debris analysis  

Fig. 4.20 presents the SEM images of wear debris formed during abrasive wear of 

samples. In Cu (ML) samples, continuous and thick chips (wear debris) were formed during 

wear test by the plowing mechanism. This indicates the more material loss from the Cu (ML) 

samples. The thickness and length of wear debris decreased with the addition of the Al due to 

the presence of solid solution and intermetallic compound phases in the Cu-Al (milled) alloys 

which significantly increased the hardness of the Cu (ML). In case of C5Al (ML) and C15Al 

(ML) alloys, thin and broken (short) chips were found after abrasive wear test. 

 

Fig. 4.20 Wear debris of Cu-Al (milled) alloys. (a,d) Pure copper (b,e) C5Al (ML) (c,f) C15Al 

(ML); (d-f) corresponding higher magnifications of wear debris. 

In view of the interesting results of Cu-Al (milled) alloys, additional experiments were 

performed to understand its sliding wear and corrosion behaviour. In fact, the wear studies were 

carried out for all the Cu-Al alloys and corrosion tests were done for a few selected samples. It 

also has to be noted here that such studies were not carried out either for other Cu-Al (milled) 

alloys and Cu-ZrB2 (Milled & Mixed) composites.   
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4.6 Sliding wear behaviour of Cu-Al (milled) alloys 

4.6.1 Coefficient of friction  

Fig. 4.21 shows the COF plots of Cu-Al (milled) samples after sliding against EN31 

steel disc at a load of 39.2 N. After sliding for a distance of 200 m, the steady-state COF was 

reached for Cu with Al (upto 10 wt.%). Interestingly, the steady-state COF is noticeable for 

C15Al (ML) from the very beginning of wear test. It can be said that the duration to achieve 

steady-state COF reduced with the addition of Al to Cu. Another observation is that the 

oscillations of COF is evident for Cu (ML), C3Al (ML) and C5Al (ML) samples and is mainly 

due to the occurrence of stick-slip phenomena by adhesive wear and oxidative wear. Negligible 

fluctuations in COF was observed for C10Al (ML) and very stable COF was obvious for C15Al 

(ML) samples.  

 

Fig. 4.21 Coefficient of friction of Cu–Al alloys after sliding against EN 31 steel disc at a sliding 

velocity of 0.25 m/s and the normal load of 39.2 N. 

The average COF of Cu samples after the wear test is shown in Fig. 4.22a. The COF of 

Cu (ML) was reduced from 0.54 ± 0.05 to 0.16 ± 0.02 with the addition of Al. Pure Cu (ML) 

was recorded with a maximum COF of 0.54 and the minimum COF of 0.16 for C15Al (ML). 

Such a significant reduction in COF indicates that different wear mechanisms are operative 
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during sliding of Cu-Al (milled) alloys against steel.  The higher COF in pure Cu (ML) can be 

attributed to the generation of high heat due to adhesive wear of contacting bodies. Pellizzari 

and Cipolloni [153] reported high COF (~ 1) at an early stage of wear and low steady-state COF 

of 0.7 due to change of wear mechanism from adhesive to tribo-oxidative wear. Their work also 

revealed that COF decreased with an increase of load due to the change in wear mechanism.  

 

Fig. 4.22 Wear test results of Cu-Al (milled) alloys at different weight fractions of Al. The 

average (a) coefficient of friction and (b) specific wear rate of the Cu–Al alloys after sliding 

against EN 31 steel disc at a normal load of 39.2 N, sliding velocity of 0.25 m/s and sliding 

distance of 2000 m.  

4.6.2 Wear of Cu and Cu-Al (milled) alloys 

The weight of samples before and after wear test was precisely measured to calculate 

the weight loss of the materials. The weight loss of Cu decreased from 129.17 mg to 4.91 mg 

with increasing the amount of Al. The specific wear rate of Cu-Al (milled) alloys were found 

to be reduced considerably from 18.2 ± 0.6 ×10-5 mm3/N-m to 0.92 ± 0.17×10-5 mm3/N-m with 

the Al amount (see Fig. 4.22b). The pure Cu measured with a high wear rate of 18.26 ± 0.64 

×10-5 mm3/N-m. In case of C3Al (ML) alloys, the specific wear rate was drastically reduced to 

6.16 ± 0.17 ×10-5 mm3/N-m. It is mainly due to its high hardness than pure Cu (ML). Almost 

similar wear was observed for C5Al (ML) alloys as its hardness is almost similar to C3Al (ML) 

and even the microstructure (Cu0.92Al0.08). Further, the specific wear rate of C10Al (ML) and 

C15Al (ML) was reduced considerably as its hardness is higher than the other Cu alloys. Such 

a difference in wear behaviour also can be related to its microstructure as it consists of a solid 

solution phase (Cu0.78Al0.22) and γ2 intermetallic phase (Cu9Al4). In particular, the presence of 

(a) (b) 
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the high amount of γ2 intermetallic phase (Cu9Al4) contributed to its high hardness and wear 

resistance of C15Al (ML). 

Depending on the application, the wear tests of Cu are carried out at a sliding velocity 

in the range of 0.01 to 14 m/s with the contact pressures varying between 0.2 to 7.13 MPa; the 

COF of Cu-based alloys varied in the range of about 0.14 to 0.74 and wear rate between 

0.91×10-5 mm3/Nm to 22×10-5 mm3/Nm depending on wear test conditions [176,177,179–

181,262–264]. In the present work, the Cu-Al (milled) alloys were tested at a contact pressure 

of 0.5 MPa and sliding velocity of 0.25 m/s in dry sliding condition. The specific wear rate of 

presently developed C10Al (ML) and C15Al (ML) alloys were found to be comparable as that 

of the other Cu alloys, which were tested under similar sliding conditions.  

4.6.3 Characterization of worn surfaces and wear mechanisms  

Fig. 4.23 presents the worn surface of the pure Cu (ML) after sliding against EN31 steel 

disc. Adhesion wear is expected during the sliding due to the metal-metal (steel-Cu) contact. In 

fact, the high COF and more oscillations in COF also corroborates the adhesion wear of pure 

copper (see Fig. 4.21). The material transfer takes place on the mating parts when its asperities 

come in contact. In the present case, Cu might transfer to the steel counterbody as it is a very 

soft metal.   

The SEM of worn surfaces reveals the sticking of material along with the presence of 

very fine wear debris (Fig. 4.23 b-c). The size of the wear debris might have become very fine 

due to repeated sliding between the contacting surfaces. Also, the debris immediately gets 

oxidised and thus observed to be very stable. The EDS analysis of worn surface showed the 

presence of oxygen and Cu. There are no traces of Fe, indicating no Fe transfer to Cu pin 

material. Considerably low amount of oxygen (2.04 wt.%) was detected from the EDS of worn 

surface of Cu when compared to wear debris (12.54 wt.%). 

Although the transfer of material from both the mating bodies is expected for adhesive 

wear, the presence of Fe could not be detected on the worn surface of either pure Cu or the wear 

debris present on the Cu pin, and it is mainly due to the softness of Cu (Fig. 4.23). Indeed, the 

hardness of pure Cu (ML) samples (Hv: 1.3 GPa) is very low when compared to the steel 

(EN31) counter-body (Hv: 7 GPa).  Thus more Cu might have transferred to the steel counter-

body due to the wear. On the other hand, interestingly the EDS analysis of wear debris 
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(collected on the steel counter-body) revealed the presence of Fe, O and Cu (Fig. 4.27). This 

affirms that adhesive wear is the main wear mechanism for pure Cu. Similar observations were 

also reported in the literature with the wear of soft metals (like Cu and Al) [265, 266]. It was 

reported that only the soft metal transferred to the hard counter-body during wear, but there was 

no evidence of transfer of counter-body material to the soft metal surface.  

 

Fig. 4.23 SEM micrographs of worn surfaces of the pure copper  (ML) after sliding against EN 

31 steel disc at an applied load of 39.2 N, a sliding distance of 2000 m and sliding velocity of 

0.25 m/s. (a) Overview of the Cu (ML) sample surface, (b) low magnification of worn surface 

and (c) High magnification worn surface. The corresponding EDS of worn surface and wear 

debris. 

From the EDS analysis of wear debris, it is evident that they are of Cu2O oxide particles. 

Since adhesion is the dominant mechanism for pure Cu (ML), maximum wear rate was 

observed for pure Cu (ML) when compared to all the other Cu-Al (milled) samples (see Fig. 

4.22b). 
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Fig. 4.24 SEM micrographs of worn surfaces of the C5Al (ML) alloy after sliding against EN 

31 steel disc at an applied load of 39.2 N, the sliding distance of 2000 m and sliding velocity of 

0.25 m/s. (a) Overview of C5Al (ML) sample surface, (b) SE micrograph of worn surface and 

high magnification of worn surface is shown as an inset and (c) BSE micrograph of worn 

surface. The corresponding EDS of the oxide layer. 

Oxide layer formation and the presence of wear debris were observed for Cu with Al 

(upto 5 wt.%) (Fig. 4.24). The C5Al (ML) alloy worn surface is composed of two distinct 

regions, which can be identified from secondary electron (SE) and backscatter electron (BSE) 

images (Fig. 4.24b and c). The bright region indicates the formation of an oxidative thick layer 

with the presence of high oxygen content (13.95 %), which was confirmed by the EDS analysis 

(Fig. 4.24c). The wear debris can be seen as a dark contrast phase in Fig. 4.24c.  Presence of 
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stable oxide layer and wear debris at regions of layer detachment can be seen on the worn 

surface. The oxide layer is getting fragmented at some locations and leading to the formation 

of wear debris. The COF of C3Al (ML) and C5Al (ML) samples show similar behaviour. The 

fluctuations in COF can also be attributed to the fragmentation of the oxide layer and wear 

debris formation. The SEM-EDS of oxide layer indicated the presence of oxygen, Fe along with 

Cu and Al. It represents adhesion and tribo-oxidation mechanisms controlling the wear of C5Al 

(ML). Sanderson et al. [267] reported that the addition of aluminium to copper leads to the 

formation of the Al2O3 and Cu2O layers in Cu-7.5Al-2Si alloy.  

 

Fig. 4.25 SEM micrographs of worn surface of the C10Al (ML) alloy after sliding against EN 

31 steel disc at an applied load of 39.2 N, the sliding distance of 2000 m and sliding velocity of 

0.25 m/s. (a) Overview of C10Al (ML) sample surface, (b) high magnification of worn surface 

and (c) Low magnification of worn surface. The corresponding EDS of worn surface and oxide 

layer is also presented. 
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In C10Al (ML), the worn surfaces are characterised with an oxide layer and a relatively 

very small amount of wear debris can be seen (Fig. 4.25). Less amount of wear debris was 

noticed on the worn surface of C10Al (ML), hence probably the fluctuations in COF is low (see 

Fig. 4.21).  A careful look at the worn surface also reveals the presence of abrasion grooves on 

the oxide layer and its delamination (Fig.  4.25 b-c). The oxide layer consists of a large amount 

of oxygen and a minute fraction of Fe along with the base Cu and Al elements. The presence 

of less amount of Fe represents that adhesion may be negligible in the wear of C10Al (ML). 

The low COF of C10Al (ML) than Cu, C3Al (ML) and C5Al (ML) can be related to its 

microstructure and high hardness. As Al content increased, the stability of the oxide layer 

decreased. It may be due to the formation of the Al2O3 layer, which is nonprotective in nature 

during sliding.  Poggie et al. [268] reported that the Al2O3 oxide layer decreases the adhesion 

between Cu2O layer and alloy surface. The mechanical instability of the oxide layer thereby 

leads to the delamination.  

In case of Cu alloys with Al (up to 10 wt.%), as mentioned earlier the SEM-EDS of 

oxide layer indicated the presence of oxygen, Fe along with Cu and Al. The presence of a high 

amount of O on the worn surface is a clear indication of the involvement of oxidative wear 

mechanism. Also, the transfer of Fe from the steel counter-body to the Cu alloys reveals the 

contribution of adhesive wear (Figs. 4.24 and 4.25). In case of Cu-Al alloys, the presence of 

hard microstructural phases leads to the enhancement of its hardness (upto 3.4 GPa).  The 

combined effect of high hardness and adhesion wear mechanism resulted in a transfer of 

material from counter-body to sample worn surface and vice-versa. These observations clearly 

indicate the adhesive and tribo-oxidative wear mechanisms mainly responsible for the wear of 

Cu-Al alloys. 

The worn surface of C15Al (ML) indicates abrasive grooves (Fig. 4.26). The SEM of 

the worn surface of C15Al (ML) alloys hardly shows the presence of wear debris. The SEM-

EDS analysis indicates the presence of a very small amount of oxygen along with base Cu and 

Al (Fig. 4.26d). Hence there is no indication of transfer Fe from the counterbody. The COF 

curve is also very stable and the COF is the lowest among all the Cu-Al (milled) samples. These 

observations clearly indicate a transition in wear mechanism. In case of sliding wear of C15Al 

(ML) alloys, a very small quantity of wear debris could be observed in comparison to the other 

Cu and Cu-Al samples (Figs. 4.23, 4.24, 4.25 and 4.26). The relatively stable COF with very 

minute fluctuations of the C15Al alloy can be attributed to the small quantity of wear debris. 
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The wear of C15Al (ML) is mainly dominated by abrasion. Since its microstructure is 

mainly composed of Cu9Al4 (75.30 %) and Cu0.78Al0.22 (24.7 %) phases, the contact between 

mating parts may be a dissimilar type. During sliding, it may be possible that the abrasive wear 

of C15Al (ML) takes place either by hard steel counterbody or any hard Cu9Al4 intermetallic 

pull out particles. In fact, the hardness of EN31 steel (H: 7.2 GPa) body is higher than the 

hardness of C15Al (ML) (H: 6.16 GPa). Among the microstructural phases that are present in 

C15Al (ML), Cu9Al4 expected to have much high hardness than Cu0.78Al0.22. Indeed, the 

hardness of C15Al (ML) measured exceptionally high than the other Cu-Al (milled) samples 

due to the presence of a large amount of Cu9Al4.   

 

Fig. 4.26 SEM micrographs of worn surface of the C15Al (ML) alloy after sliding against EN 

31 steel disc at an applied load of 39.2 N, the sliding distance of 2000 m and sliding velocity of 

0.25 m/s. (a) Overview of C15Al (ML) sample surface, (b) low magnification worn surface, (c) 

High magnification worn surface and (d) the corresponding EDS of worn surface. 
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4.6.4 Wear debris analysis 

To understand the wear mechanisms, the detailed microstructural analysis of wear 

debris was carried out. Fig. 4.27 shows SEM micrographs of collected wear debris that were 

retained on the steel disk after wear test for the pure Cu (ML) and C15Al (ML) alloy after 

sliding against EN 31 steel disc. From Fig. 4.27a and b, it can be observed that the presence of 

fine agglomerated wear debris for pure copper. On the contrary, the size of the wear debris is 

significantly coarse and flaky for C15Al (ML) alloy (Fig. 4.27 d and e). During wear of C15Al 

(ML), the flaky wear debris was developed by the micro-cutting action of harder particles. 

These big flaky debris slides between the hard contacting pairs during sliding. Also, the 

characteristic features of abrasion grooves and micro-cracks were observed on the coarse wear 

debris (Fig. 4.27e). The EDS analysis of pure Cu (ML) represents the presence of a high amount 

of oxygen (14.87 %) and iron content (18.27 %); whereas, C15Al (ML) wear debris composed 

of oxygen (18.17 %) and very low amount of Fe content (1.32%). The high amount of Fe 

content in pure copper wear debris can be attributed to the adhesive nature of wear after sliding 

against steel disc. Zhu et al. [149] reported the formation of coarse and flaky wear debris in 

nano Cu-Ag-W ternary alloy after sliding against stainless steel. At the same time, very fine 

wear debris was noticed for the same alloy in the thermal annealed condition. Adhesion and 

fatigue wear were attributed for coarse debris formation, adhesion and abrasion for the fine 

debris formation.   
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Fig. 4.27 SEM micrographs of collected wear debris after wear test for the pure copper and 

C15Al (ML) alloy after sliding against EN 31 steel disc at a load of 39.2 N, sliding velocity of 

0.25 m/s and sliding distance of 2000 m. SEM of pure copper wear debris (a) low magnification, 

(b) high magnification and (c) EDS of pure copper wear debris. SEM of C15Al (ML) wear 

debris (d) low magnification, (e) high magnification of C15Al (ML) wear debris and (f) EDS 

of C15Al (ML) sample wear debris. 

In summary, from the COF, wear measurements, microstructure and surface roughness 

measurements it is obvious that Al addition is very beneficial in improving the wear resistance 

of Cu. Particularly, the C15Al (ML) sample is exhibiting outstanding wear resistance because 

of its high hardness. These results clearly indicate the efficacy of the addition of a high amount 

of Al in improving the wear resistance of Cu (ML).   

4.7 Corrosion behaviour 

4.7.1 Open Circuit Potential (OCP) 

The Open Circuit Potential (OCP) of Cu (ML) and C15Al (ML) alloy immersed in 3.5 

% (w/v) NaCl solution was traced over 60 min. The potential (Eoc) was measured using 

VersaStudio software. The results of the OCP experiments are presented in Fig. 4.28. The OCP 

curve of Cu shows a negative shift at a steady-state potential about -120 mV, while C15Al (ML) 
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alloy has a negative shift with a steady-state potential of -355 mV. The Eoc of Cu and C15Al 

(ML) alloy was decreased immediately after immersing in NaCl solution. This indicates the 

breakdown of the oxide film and exposing the underlying surface.  

 

Fig. 4.28 Variation of open circuit potential (OCP) of hot-pressed Cu (ML) and C15Al (ML) 

alloy after immersion in stagnant 3.5 (m/v) % NaCl solution at 30 oC for 60 min. 

The steady-state potential of both materials was reached within 10 min. and results in 

the gradual formation of passive oxide layers on the surface. Similarly, the OCP of Cu-8Al-2Fe 

alloy initially decreased sharply and then increased to the similar potential of pure copper after 

testing in 1 M NaCl (pH 6) for 60 min [197]. Formation of Al2O3 and Cu2O·Al2O3·xH2O oxide 

layers on the surface of Cu-Al was attributed to the enhancement of corrosion resistance of Cu-

Al alloy [59,212,219,269]. 

4.7.2 Polarization behaviour 

Fig. 4.29 shows the polarization behaviour of Cu (ML) and C15Al (ML) alloy. It can 

be observed that the difference in negative potential is recorded with C15Al (ML) alloy as that 

of the Cu (ML) sample. The negative potential of the C15Al (ML) alloy (440.23 mV) is 

significantly higher than the negative potential of pure copper (237.78 mV). The similar 
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negative change was observed from the OCP measurements. This change in negative potential 

can be attributed to passive layer formation on the C15Al (ML) alloy. 

 

Fig. 4.29 Potentiodynamic polarization curves for hot-pressed Cu (ML) and C15Al (ML) alloy 

after immersion in stagnant 3.5 (m/v) % NaCl solution at 30 oC for 60 min. 

Further, as the immersion time increases, the thickness of the passive layer increases. The 

measured values from potentiodynamic polarization experiments were tabulated in Table 4.11. 

The corrosion rates of Cu (ML) and C15Al (ML) alloy are calculated under the same conditions. 

From the Tafel plot with a best-fitting curve which is extrapolated through corrosion potential 

(Ecorr) and corrosion current density (Icorr).  

Table 4.11 Polarisation parameters and corrosion rate of Cu (ML) and C15Al (ML) alloy in 3.5 

(m/v) % NaCl after 60 min. of electrode immersion at room temperature. 

* Icorr: Corrosion current density  Ecorr: Corrosion potential β(Cathodic): Cathodic Tafel slope β(Anodic): 

Anodic Tafel slope 

Sample 

reference 

Icorr  

( μA-Cm
-2

) 

Ecorr 

(mV) 

βCathodic            

(mV. dec
-1

) 

βAnodic 

(mV. dec
-1

) 

Corrosion 

rate (mpy) 

Cu (ML) 33.59 -237.75 176.53 118.46 20.70 

C15Al (ML) 2.90 -440.22 234.52 200.15 1.65 
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The corrosion rate was calculated using the Eq. (4.8). Where, Ew: equivalent weight in grams, 

ρ: density in g/cc and A: exposed area. 

dA

EwI
rateCorrosion corr






13.0
        (4.8) 

From Table 4.11, it can be observed that the corrosion rate of C15Al (ML)  alloy 

significantly lowered upto 12.5 times compared to Cu (ML). The corrosion rate of Cu (ML) 

and C15Al (ML) alloy was measured to be 20.7 mpy and 1.6 mpy, respectively. This 

remarkable decrease in corrosion rate is due to the formation of Al2O3 passive layer on the 

surface of the Cu alloy.  

4.7.3 Electrochemical Impedance Spectroscopy (EIS) and corrosion 

mechanisms 

To confirm the presence of oxide passive layer on the sample surface after the 

electrochemical test, the EIS data analysis was carried out. The EIS data were generated using 

VersaStudio software (2.42.3 version). Further, the data was imported to ZSimpWin software 

(3.21 version) and the analysis was executed with several different circuit models and the best 

fit was considered for the equivalent circuit model that provided minimum chi-square value. 

 

Fig. 4.30 Nyquist impedance plots of (a) hot-pressed Cu (ML) and (b) C15Al (ML) alloy after 

60 min. immersion in stagnant 3.5 (m/v) % NaCl solution at 30 oC.  

 The impedance (Z) spectra of the samples were fitted to propose an equivalent circuit. 

The Nyquist impedance plot along with the equivalent circuit model used for impedance data 

(a) (b) 
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fitting of Cu (ML) and C15Al (ML) alloy is shown in Figs. 4.30 and 4.31, respectively. From 

Fig. 4.30a, it can be derived that the Nyquist impedance curve of Cu (ML) is fitted with 

R(Q((R(Q(RW)))). The same type of equivalent circuit model has been proposed by various 

researchers [212,213,270]. It represents two time-constant having Warburg impedance circuit 

model with a chi-square value of 5.5 × 10-4, which consists of electrolyte resistance (Rs), film 

resistance (Rf), charge transfer resistance (Rct), constant phase elements (Q1, Q2) that replace the 

capacitance of electrochemical double layer and W: Warburg impedance.  

 

Fig. 4.31 Equivalent circuit models used for impedance data fitting of (a) Cu (ML) and (b) 

C15Al (ML). where, Rs: Electrolyte resistance, Rf: Film resistance Rct: Charge transfer 

resistance and Q1, Q2: Constant phase elements (CPEs), W: Warburg impedance. 

The Nyquist plot of Cu (ML) shows the one capacitive semicircle, which indicates the 

dissolution of samples through a single path. Also, a Warburg impedance characteristic curve 

is observed in the low-frequency region of the curve. The impedance characteristics of pure 

copper are similar to the work reported by Chen et al. [270] The capacitive semicircle at high-

frequency region indicates the fast charge process due to the dissolution of Cu in NaCl solution. 

Warburg region indicates the diffusion of Cl- ion spices into Cu. The semi-infinite medium or 

electrolyte is NaCl. In pure copper, the electroactive species are Cu, Cl. In the case of C15Al 

(ML), the electroactive species are Cu, Al and Cl. The diffusion coefficient can be calculated 

from the following Eq. 4.9 [271]. 

       (4.9) 

Where,  

W: Warburg coefficient, Ωm2/√s 

R: Gas constant, J/K. mol 













DCAFn

RT
W
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2 22
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T: Temperature, K 

n: No. of electrons transferred,  

F: Faraday's constant, C/mol 

A: Area of the electrode, m2 

C: concentration of species, mol/m3 

D: Diffusion coefficient of species, m2/s 

Using the above equation, the diffusion coefficient of Cl (8.08 ×10-12 m2/s) could be 

calculated. However, the diffusion coefficient of Cu and Al could not be determined due to the 

constraint to estimate its concentration with the experimental setup.    

The Nyquist impedance curve of C15Al (ML) alloy is fitted with R(Q(R(QR))), two 

time-constant circuit model with the chi-square value of 4.9 × 10-3 (see Fig. 4.31b); which 

consists of electrolyte resistance (Rs), film resistance (Rf), charge transfer resistance (Rct), and 

constant phase elements (Q1, Q2). The Nyquist curve for C15Al (ML) alloy represents the one 

capacitive loop and the diameter of the loop is high when compared with Cu (ML). The bigger 

capacitive loop diameter indicates the low current density i.e high resistance to corrosion. The 

observation of higher impedance values (Rf: 1209 Ω-cm2 and Rct: 1886 Ω-cm2) of the Nyquist 

plot indicates the formation of a thick protective oxide layer on sample surface which drastically 

decreases the corrosion rate of C15Al (ML) alloy than pure copper (Table 4.11). The EIS 

results for Cu (ML) and C15Al (ML) alloy after 60 min. of immersion in 3.5 % NaCl solution 

is presented in Table 4.13. From the EIS results, it can be observed that the film resistance (Rf) 

of the Cu (ML) increased from 16.1 to 1209 Ω-cm2, while charge transfer resistance (Rct) 

increased from 775 to 1886 Ω-cm2 with the addition of Al.  

Table 4.12 Equivalent circuit parameters for Cu (ML) and C15Al (ML) alloy after 60 min. of 

immersion in stagnant naturally aerated in 3.5 (m/v) % NaCl solution. 

Sample 

reference 

Rs 

(Ω-

cm2) 

Rf 

(Ω-cm2) 

Rct 

( Ω-

cm2) 

Q1 Q1 W 

(×10-3 S-

sec^0.5 cm-

2) 

CPE 

(×10-3 S-

sec^n cm-

2) 

n 

CPE 

(×10-3 S-

sec^n cm-2) 

n 

Cu (ML) 4.59 16.1 775 1.58 0.67 28.29 0.41 0.70 

C15Al 

(ML) 
6.66 1209 1886 0.40 0.87 0.21 1.00 -- 

Rs: Electrolyte resistance, Rf: Electrolyte resistance Rct: Charge transfer resistance and Q1, Q1: 

Constant phase elements (CPEs), W: Warburg impedance. 
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At the same time, the constant phase element (Q1) of the Cu (ML) sample is decreased 

from 1.58 to 0.4 ×10-3 S-sec^n cm-2 and Q2 are decreased from 28.29 to 0.21 ×10-3 S-sec^n cm-

2. The increase of Rf value denotes the formation of a thick protective layer on the C15Al (ML) 

alloy. This protective layer reduces the further reaction of chloride ions with the sample surface. 

The corrosion resistance of C15Al (ML)  is enhanced by forming the Al2O3 protective layer and 

incorporation of Al ions into Cu2O layer.  

4.7.4 Corrosion surface analysis 

Fig. 4.32 (a-c) presents SEM-EDS of the surface morphology of the Cu (ML) sample 

after immersion in 3.5 (m/v) % NaCl solution for 60 min. The occurrence of localized corrosion 

on Cu (ML) sample can be observed in Fig. 4.32a. From the high magnification SEM images, 

it is clear that corrosion of pure copper takes place mainly due to pitting and intergranular type 

of corrosion (Fig. 4.32b). From EDS analysis, it is evident that the presence of oxygen (O) and 

chlorine (Cl) on the Cu surface after immersion in NaCl solution. The quantification of these 

elements is shown in Fig. 4.32c.   

 

Fig. 4.32 The microstructure (SEM) of (a) pure copper (ML) sample after 60 min. immersion 

in 3.5 (m/v) % NaCl solution, (b) the corresponding magnified image and (c) elemental 

distribution spectrum taken from EDS. 

The presence of a higher amount of Cl (2.12 wt.%) indicates the higher corrosion rate 

of Cu (ML) sample. The pure copper sample is highly corroded in NaCl and the Cu2O is 

expected to form on the surface. The Cu2O film breaks and dissolves into the NaCl solution 

with the time and a fresh surface is exposed to the corrosive environment. Also, the diffusion 

parameter (n) value of Cu from the equivalent circuit is less than 0.5 indicating that the reaction 

is highly inhomogeneous (see Table 4.13). The possible reactions (Eq. 4.10-4.11) for the 

formation of corrosion products (CuCl2 and Cu2O) on pure copper are as the following: 
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  e1CuCl2ClCu 2         (4.10) 

  2H4COCuOH2CuCl 222       (4.11) 

CuCl2
- complex formation developed either due to the dissolution of copper or CuCl 

[269]. In fact, it was proposed that cuprous chloride (CuCl) as the initial corrosion product when 

Cu reacts with NaCl. The stability of Cu2O depends on the chloride ions concentration and it 

has an inverse relation.  

From Fig. 4.33, the microstructure of corrosion tested C15Al (ML) alloy can be 

observed. The corrosion site at point 1 in Fig. 4.33b shows the mild corrosion area which is of 

‘α’ solid solution phase, while at point 2 (‘γ’ intermetallic phase) selective regions are prone 

more corrosion. It happened due to the formation of the local cell between two phases. No 

preferential dissolution was observed in α solid solution phase as it acted as an electron source 

region/cathode, while the anodic oxidation of γ intermetallic phase results in the higher 

dissolution of material in chloride media. Also, the high magnification SEM images clearly 

reveal pitting and intergranular type of corrosion at different regions of the γ phase. 

Nevertheless, it has to be noted that as mentioned above the corrosion rate of C15Al (ML) is 

significantly lower than Cu (ML). The SEM-EDS of the alloy at different regions reveals the 

presence of a high amount of oxygen (21.06 to 30.33 wt.%) and low amount of chlorine (0.27 

– 0.41 wt.%) along with base Cu and Al elements. The oxygen content is relatively high and 

chlorine significantly low for Cu-Al (milled) alloy when compared to pure copper (compare 

Fig. 4.32 and 4.33).  
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Fig. 4.33 The microstructure (SEM) of (a) C15Al (ML) after 60 min. immersion in 3.5 (m/v) % 

NaCl solution, (b) the corresponding magnified image and elemental distribution measured 

from two regions by EDS. 

By comparing EDS of α and γ phases of C15Al (ML) before and after corrosion, it can 

be realized that the Al content increased and Cu reduced significantly along with a large amount 

of oxygen for α and γ phases of corrosion tested samples (Fig. 4.33).  From this, it can be 

understood that the stable oxide layer is forming at α phases and the stability of the layer is 

poor, which forms at the γ phase. Dealuminization should have taken place near γ phase regions.  

The corrosion surface of C15Al (ML) alloy might be composed of different products (Cu2O, 

CuCl2, Al2O3, AlCl4 etc.). The formation of Cu2O and CuCl2 and its characteristics are 

explained for corrosion of pure Cu (ML). Al reacts with Cl- ions and forms AlCl4 as per Eq. 

4.12. Since the chlorides are thermodynamically unstable in the presence of oxygen and these 

chlorides react with water and forms Al2O3 oxide layer according to Eq. 4.13, which protects 

the sample surface. 
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  e3AlCl4ClAl 4         (4.12) 


 8Cl6HOAlO3HAlCl 3224       (4.13) 

Saud et al. proposed that hydrolysis of Al2O3 causes local acidity and acceleration of 

dealuminification, which ultimately leads to thinning of barrier film or its breakdown at some 

locations [206].  This work clearly shows the efficacy of the use of a high amount of Al in 

improving the corrosion resistance of Cu. 

4.8 Electrical conductivity 

Fig. 4.34 presents the effect of Al content on the electrical conductivity of Cu-Al 

(milled) alloys processed at 500 oC, 500 MPa for 30 min. The electrical conductivity of Cu-Al 

(milled) alloys varied in the range between 12.3 - 75.7% IACS. The total resistivity 

(1/conductivity) of a material influenced by the several factors such as dislocations, grain 

boundary interface, phonon and impurities [194]. The total resistivity of the material is given 

by the Eq. (4.14). Where ρdislocations is caused due to the presence of dislocations, ρinterface is a 

contribution from the grain boundaries and reinforcement and matrix interface, ρphonon is caused 

due to the phonon scattering and ρimpurities is contributed from the foreign contamination.  

impuritiesphononerfacensdislocatioTotal   int   (4.14) 

The high electrical conductivity of 75.7% IACS was noted for Cu (ML) and it is 

relatively less than the theoretically expected values. On the other hand, the electrical 

conductivity of Cu-Al (milled) alloys found to decrease with the addition of Al due to the finer 

grain microstructure, increase of solid solutions and intermetallic phases. Also, it is evident that 

the electrical conductivity of hot-pressed alloys directly varies with the function of relative 

density.  Since the relative density of Cu-Al (milled) alloys decreased with the addition of Al, 

the electrical conductivity also might be reduced. As the porosity acts as the electrical insulating 

sites in the conducting path of electrons, the conductivity decreases with the porosity.  
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Fig. 4.34 Effect of Al content on electrical properties on Cu-Al (milled) alloys. 

A drastic reduction in the electrical conductivity with the addition of Al to Cu was 

evident for Cu-Al (milled) alloys. The electrical conductivity of C3Al (ML) and C5Al (ML) 

was found to be 23.6% IACS and 18.3% IACS, respectively due to the presence of solid 

solution phases. In solid solution, the similar lattice structure of two different metals forms a 

new distorted structure; where the electrons scatter between the atoms. Further addition of Al 

(upto 15 wt.%) reduced the electrical conductivity to 16.4% IACS and 12.3% IACS for C10Al 

(ML) and C15Al (ML) alloys, respectively and is because of the presence of intermetallic 

compound phase presence besides the solid solution phase. The intermetallic compounds 

exhibit more scattering of electrons between different atomic lattice structures. These results 

indicate that Al addition and milling operations adversely affecting the electrical conductivity 

of Cu.   
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Chapter 5 

 

Densification, mechanical, wear and electrical 

properties of Cu-Al alloys processed via mixing 

route 

5 Chapter 5 

This chapter explains about the Cu-Al alloys processed via hot-pressing (mixing route). 

The Cu-Al alloy powder compositions were mixed to achieve uniform mixing of powders 

without much concerned about the reduction of its particle size. The microstructural phase 

evolution in Cu-Al (mixed) alloys after hot-pressing have been characterized by optical 

microscopy, SEM-EDS and XRD analysis. Also, the hardness and compressive strength of the 

Cu-Al (mixed) alloys were measured. The abrasive wear behaviour of Cu-Al (mixed) alloys 

was studied against SiC (abrasive) emery paper. Further, SEM analysis of worn surfaces, wear 

debris and counter body materials was carried out to determine the underlying wear 

mechanisms. Also, the electrical conductivity of Cu-Al (mixed) alloys was determined to 

predict the suitable applications for the same materials.  
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5.1 Morphology and phase analysis of Cu-Al (mixed) powders 

In case of mixing Cu-Al powder compositions, the starting elemental powders were 

mixed uniformly using a planetary ball mill at a low speed of 100 rpm (BPR ~ 2:1) for 1 h. The 

morphology of raw Cu, Al powder particles and the mixture of Cu-Al (mixed) powders are 

shown in Fig. 5.1. From Fig. 5.1(a-b), it can be observed that the Cu and Al powders are 

spherical and semi-spherical/rod-like form, respectively. After ball milling at low speed 

(mixing), the morphology of the Cu-Al (mixed) powders did not change much and the Al 

powder particles were uniformly mixed in the Cu powders (see Fig. 5.1c and Fig. 5.1d).  

 

Fig. 5.1 SEM images mixed powders after 1 h ball milling at 2:1 BPR (a) Cu, (b) Al, (c) C5Al 

(MX) and (d) C15Al (MX). 

The morphology of the powder particles affects the densification of compacts in powder 

metallurgy process [272,273]. Miyake et al. [272] reported that the relative density of Al2O3 

sintered compacts was effected by the shape of powder particles. The sphere and rod-shaped 
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Al 
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particles were achieved the relative density upto ~98% and ~94%, respectively at 1600 oC. 

Whereas the disc-shaped particles could be densified to ~64% only due to low surface contact 

area. Also, Ekpy et al. [273] explained the effect of powder particle hardness on densification 

behaviour of cold isostatically pressed powders. They reported that the 99% densification was 

achieved with the soft aluminium powders and the relative density reduced (92%) with the use 

of moderate hard iron powders. Further reduction in relative density (70%) was observed with 

the use of highly hard alumina powders. 

The XRD of Cu-Al (mixed) powders was presented in Fig. 5.2. The XRD patterns reveal 

that the Cu and Al peaks remain unchanged and no new phases were observed after mixing 

operation. No much change in the peak intensity of Cu was observed and the intensity of Al 

peaks increased as the Al content increased. From these observations, it can be realized that 

there is no chemical interaction or diffusion between Al and Cu atoms occurred in mixing 

operation (100 rpm and BPR: 2:1). Unlike the severe ball milling of Cu-Al (milled) powders 

(compare Fig. 4.2); where the solid solution phases were developed due to the cold welding 

and micro-fracture of powder particles. 

 

Fig. 5.2 XRD of mixed powders after ball milling at 100 rpm for 1 h with BPR (2:1).  
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5.2 Phase analysis of hot-pressed Cu-Al (mixed) alloys 

The mixing of Cu and Al powders at low speed has no significant influence on the phase 

evolution of powder compositions. Nevertheless, various new phases such as Cu, α-Cu, γ1 

(Cu9Al4), δ (Cu3Al2), ζ1 (Cu4Al3), η2 (CuAl) and θ (CuAl2) were formed in the Cu-Al (mixed) 

alloys after hot pressing at 500 oC, 500 MPa for 30 min. These phases are similar (as indicated 

by point 1-4) to the phases in equilibrium phase diagram as shown in Fig. 5.3. X-ray diffraction 

patterns of hot-pressed Cu-(X wt.%) Al (mixed) alloys are shown in Fig. 5.4. It can be realized 

that the XRD phases of Cu-Al (mixed) alloys are different from Cu-Al (milled) samples 

(compare Fig. 4.3 and Fig. 5.4).    

 

Fig. 5.3 Equilibrium phase diagram of Cu-Al alloy 

A similar work by Guo et al. [96] reported the solid-state reaction sequence between Cu 

and Al as Cu + Al → CuAl2 + Cu → Cu9Al4 + Cu + Cu(Al). In another work, Lee et al. [85] 

investigated the Cu-Al samples prepared using a vacuum hot pressing method and their work 

revealed the formation of various compounds at the interface between Cu and Al such as CuAl2, 
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CuAl, Cu4Al3 and Cu9Al4. Similarly, Divandari et al. [274] reported that different compounds 

such as CuAl2, CuAl and Cu3Al2 were formed at the interface of Cu and Al in the cast samples. 

 

Fig. 5.4 Comparison of X-Ray diffraction patterns of hot-pressed Cu-Al (mixed) alloys (at 500 
oC, 500 MPa, 30 min.).   

5.3 Densification of Cu-Al (mixed) alloys 

The relative density (RD) is calculated using the rule of a mixture of different phases 

identified in the XRD analysis. The densities of γ1 (Cu9Al4), δ (Cu3Al2), ζ1 (Cu4Al3), η2 (CuAl) 

and θ (CuAl2) phases are considered for calculating the theoretical density. The effect of Al 

content on density and relative density of Cu-Al (mixed) alloys is presented in Fig. 5.5. The 

density of Cu-Al (mixed) alloys decreased by adding Al content. The density of Cu (MX) is 

measured to be 8.71 g/cc with a relative density of 99.76 %. In case of C3Al (MX) to C15Al 

(MX) alloys, the density decreased from 8.26 to 6.75 g/cc and the relative density decreased 

slightly from 95.26 to 95.01%. A little variation in relative density was observed in Cu-Al 

(mixed) samples with the addition of Al (from 3 to 15 wt.%). The density and relative density 

of C15Al (MX) was reduced by 24.4% and 4.75%, respectively in comparison to pure Cu 

sample. The relative density of pure Cu (milled) was observed to be 98.6%, while the Cu (MX) 
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samples were prepared with full densification (RD: 99.76%). This slight decrease of RD in 

milled Cu (ML) samples was due to hard agglomeration and oxide impurities presence during 

the milling process. Whereas, the Cu-Al alloys processed via milling and mixing routes had 

almost similar relative densities (~95%) because of the presence of the intermetallic compound 

in both the samples. 

 

Fig. 5.5 Effect of Al content on the density of Cu-Al (mixed) alloys. 

The experimental density and relative density values of Cu-Al (mixed) alloys are given 

in Table 5.1. Various studies on Cu-based alloys revealed that the relative density of Cu- (40-

50) Ni hot-pressed samples processed at 300 oC, 900 MPa for 5 h is 78% [275]. The hot pressed 

Cu-25Sn compacts reported with the relative density ranging from 88.4 – 90.7 % which were 

prepared at 421 – 600 oC, 104 – 201 MPa for 4 min [58]. Cu-50Ni, Cu-50Zr and Cu-10Ni-40Zr 

alloys processed by hot pressing having the relative density of 78%, 74% and 72%, respectively 

[65]. From this, it can be realised that the use of optimal hot-pressing parameters (500 oC, 500 

MPa and 30 min.) in the present study resulted in better densification of Cu-Al (mixed) 

compacts. 
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Table 5.1 The bulk density, theoretical density and relative density of the Cu-Al (mixed) alloys. 

Sample 

reference 

Al content 

(wt.%) 

Bulk density 

(g/cc) 

Theoretical 

density 

(g/cc) 

Relative density 

(%) 

Cu (MX) 0 8.93 8.96 99.76 

C3Al (MX) 3 8.26 8.67 95.26 

C5Al (MX) 5 8.04 8.45 95.13 

C10Al (MX) 10 7.34 7.73 95.02 

C15Al (MX) 15 6.75 7.10 95.01 

 

5.4  Microstructure of hot-pressed Cu-Al (mixed) alloys  

Fig. 5.6 shows the optical microscopy images of Cu-Al (mixed) alloys. From the colour 

contrast, it can be observed that the presence of core-shell structures in all Cu-Al (mixed) alloys 

(Al: 3-15 wt.%). The dark colour phase is surrounded by the bright colour phase; similarly, 

these two phases were surrounded by the brown colour phase.   

 

Fig. 5.6 Optical microscopy images of Cu-Al (mixed) alloys. (a) C3Al (MX), (b) C10Al (MX) 

and (c) C15Al (MX) alloys 

(a) (b) 

(c) 

C3Al 

(MX) 

C10Al 

(MX) 
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The interconnecting brown phase is observed in the C3Al (MX), C5Al (MX) and C10Al 

(MX) alloys. Whereas the brown interconnecting phase reduced as the Al content increase to 

15 wt %. In the case of C15Al (MX) alloy, the interconnectivity of the brown phase is 

discontinuous and the bright phase is the interconnecting phase. The similar kind of phase 

distribution was also observed from SEM microstructures (see Fig. 5.7). 

 

Fig. 5.7 SEM images of hot-pressed Cu-Al (mixed) alloys. (a) C3Al (MX) (b) C5Al (MX) (c) 

C10Al (MX) (d) C15Al (MX). 

The increase in grey and dark phases can be observed as the Al amount increased in Cu. 

From Fig. 5.7, it is evident that the grey and dark phases are increasing with thinning of bright 

phase from C3Al (MX) to C15Al (MX) alloys. Fig. 5.8 represents the high magnification SEM 

images of core-shell structure of Cu-Al alloys along with corresponding EDS spectrums. The 

EDS analysis reveals the core-shell structure is having different intermetallic phases as was 

indicated by XRD. 

100 µm 
100 µm 

100 µm 100 µm 

(a) (b) 
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Fig. 5.8 (a-d) Core-shell microstructure in Cu-Al (mixed) alloys; Corresponding EDS 

spectrums. 

From the EDS analysis, the region at point 1 (bright contrast) is identified as α-Cu solid 

solution phase, point 2 (light grey) is having γ1 (Cu9Al4) + δ (Cu3Al2) phases, point 3 (dark 

grey) is having ζ1 (Cu4Al3) + η2 (CuAl) phases and point 4 (dark contrast) is having θ (CuAl2) 

+ α-Cu solid solution phases. The identified phases are similar to the phases found from the 

XRD analysis and show good agreement with that XRD results. Ying and co-workers [86] 

proposed the solid-state reactions between Cu and Al as Cu + Al → CuAl2 + Cu → Cu9Al4 + 

Cu + Cu(Al). In another work, Lee and Kwon [85] investigated Cu-Al composites prepared 

using a vacuum hot pressing method and results showed the presence of various compounds of 

CuAl2, CuAl, Cu4Al3 and Cu9Al4 at the interface. Divandari and Golpayegani [274] also 

reported the formation of CuAl2, CuAl and Cu3Al2 compounds at the interface of cast Cu-Al 

composites. 

5.5 Mechanical properties of Cu-Al (mixed) alloys 

5.5.1 Hardness 

From Fig. 5.9, it is evident that the hardness of Cu increased with the amount of Al, in 

particular, C15Al (MX) alloy exhibited a significantly high hardness of 4.56 GPa. Cu alloys 

with low Al content (preferably C3Al (MX) to C5Al (MX)) exhibited hardness in the range of 
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1.72 GPa to 2.33 GPa due to solid solution strengthening and intermetallic compounds 

formation. Whereas, the high amount of intermetallic phase along with α solid solution in 

C10Al and C15Al (MX), the hardness of these alloys measured to be high and varied between 

3.28 GPa to 4.56 GPa. However, these hardness values are low when compared to Cu-Al 

(milled) alloys (as discussed in Chapter, 4.4.1).  

 

Fig. 5.9 Vickers hardness of hot-pressed Cu-Al (mixed) alloys 

 Liu et al. reported the Vickers hardness of Cu-xAl (x:1, 2, 4 and 6) alloys varied from 

~2.00-2.75 GPa and the alloys were processed by arc melting technique at a temperature range 

between 710-800 oC [167]. Also, Nassef et al. produced the Cu-Sn and Cu-Pb alloys through 

hot pressing route; depending on the composition, the hardness of Cu-10Pb alloys varied 

between 1.01 to 2.10 GPa; whereas Cu-10Sn-10Pb reportedly varied between 1.08 to 2.22 GPa 

[5]. Glas stated that the hardness of Cu-Al alloys varied from 2.95 to 3.7 GPa processed by 

casting technique at 1150 oC [168]. By comparing the above literature results with the present 

work, it can be noted that the hot-pressed Cu-Al alloys prepared through mixing as well as 

milled route at low sintering temperature of 500 oC and the pressure of 500 MPa showed better 

hardness property. 
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5.5.2 Compressive strength 

A representative stress-strain curves of Cu-Al (mixed) alloys after compression test are 

shown in Fig. 5.10. From the test results, the maximum yield strength of Cu-Al (mixed) alloy 

is measured to be 653 MPa at 15 wt.% Al content with a reasonable amount of strain (6.5%).  

In the case of C3Al (MX) to C10Al (MX) alloys, the strain is observed to be more than 50% 

due to the inter-connectivity of the solid solution phase. The yield strength of Cu-Al (mixed) 

is increased from 215 MPa to 276 ± 21 MPa with the addition of Al content from 3-10 wt.%. 

It was observed that as the Al content is increased in Cu-Al (mixed) alloys, the yield is 

increased. The yield and compressive strength values are listed in Table 5.2. 

 

Fig. 5.10 Stress-strain curves of Cu-(X wt.%) Al alloys (at 500 oC, 500 MPa, 30 min.)  where 

X: 0-15 wt.%. 

The average compressive strength values of hot-pressed Cu-Al (mixed) alloys are 

similar to other copper alloys processed with melting route with various secondary heat 

treatment operations, but yield strength and strain of hot-pressed Cu-Al (mixed) alloys showed 

better properties. Compared to cast copper alloys having Al content ranging from 13 to 15 wt.% 

processed at an elevated temperature of 1150 oC [168], the hot-pressed C15Al (MX) which was 

processed at 500oC exhibited better yield strength and strain. 

 

0 3 5 10 15 Al (wt.%) 
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Table 5.2 Compression test results of Cu-Al (mixed) alloys. 

S. No. 
Sample 

reference 

Processing 

parameters 

Yield 

strength 

(MPa) 

Compressive 

strength 

(MPa) 

Strain 

(%) 

1 Cu (MX) 500 oC, 500 

MPa, 30 min. 
174.0 ± 2 540.3 ± 8 50 ± 0* 

2 C3Al (MX) ,, 215.8 ± 6 547.5 ± 4 50 ± 0* 

3 C5Al (MX) ,, 236.6 ± 5 658.8 ± 9 50 ± 0* 

4 C10Al (MX) ,, 276.5 ± 8 682.8 ± 11 50 ± 0* 

5 C15Al (MX) ,, 653  ± 12 747.9 ± 14 6.5 ± 1 

*  Fracture was not observed in the specimens even up to 50% elongation. 

Li et al. reported a high compressive strength of 1015 MPa for Cu-14Al processed by 

sand casting (1180 – 1240 oC) with a low strain of 3.5% [276]. Jayakumar et al. studied the 

bonding behaviour of ultrafine copper and Cu alloys through the ECAP process. The maximum 

yield strength and compressive strength of Cu-Cr-Zr alloys prepared via ECAP process 

followed by annealing at 940 oC were 450 MPa and 600 MPa, respectively with the strain of 

50% [277].  

 

Fig. 5.11 Comparison of mechanical properties of Cu-Al alloys processed by milling and mixed 

routes. 
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The comparison of hardness and compressive strength of Cu-Al alloys processed via 

milling and mixing routes in the current work has been presented in Fig. 5.11. The Cu-Al 

(milled) alloys showed higher hardness (6.16 GPa) and compressive strength (1077 MPa) 

values compared to Cu-Al (mixed) alloys due to the formation intermetallic phase (γ2) and solid 

solution phase. Also, the combined features of a microstructure such as finer grains might have 

contributed to its good combination of properties. Whereas the Cu-Al (mixed) alloys exhibited 

moderate strength and higher compressive strains upto 50% compared to Cu-Al (milled) alloys. 

This could be possible due to the interconnectivity of α-Cu solid solution phase in these alloys. 

5.6 Abrasive wear behaviour of Cu-Al (mixed) alloys  

5.6.1 Coefficient of friction (COF) 

The COF of Cu-Al (mixed) alloys after sliding against SiC emery paper having a grit 

size of 220 mesh is shown in Fig. 5.12. The COF of Cu-Al (mixed) alloys was decreased with 

the addition of Al. The slight rise of COF values during the run-in period were observed in all 

the samples due to the initial roughness of the sample.  

 

Fig. 5.12 Coefficient of friction of Cu-Al (mixed) alloys sliding against SiC emery paper of 220 

grit size at a sliding velocity of 1 m/s. 
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The COF of pure copper reached a steady-state at the initial stage of the wear test. While 

the COF of Cu-Al (mixed) alloys attained the steady-state at a sliding distance around 15 m.  

The steady-state COF values were attained in the wear specimens after the contact pressure 

reduced. In Cu (MX), the minor fluctuations were observed in COF values; whereas the Cu-Al 

(mixed) samples exhibited very negligible fluctuations.  

The COF and sp. wear rate of the Cu-Al (mixed) alloys after the wear test are given in 

Table 5.3. The COF of the Cu (MX) was found to be high (0.56 ± 0.05) compared to the Cu 

(ML) samples (0.49 ± 0.05). In case of Cu-Al (mixed) alloys having the Al content ranging 

from 3 to 10 wt.%, showed the COF values in the range between 0.27 ± 0.04 to 0.21 ± 0.02. In 

C15Al (MX) alloys, the COF was found to decrease upto 0.17 ± 0.03. The low COF of C15Al 

(MX) can be attributed to the presence of a high amount of intermetallic phases and its high 

hardness.  

Table 5.3 The wear results of the Cu-Al (mixed) alloys after the abrasive wear test 

Sample 

reference 

Coefficient of 

friction 

Sp. wear rate 

(×10-3 mm3/Nm) 

Cu (MX) 0.56 ± 0.05 197.80 ± 06 

C3Al (MX) 0.27 ± 0.04 14.30 ± 03 

C5Al (MX) 0.24 ± 0.04 10.10 ± 05 

C10Al (MX) 0.21 ± 0.02 6.87 ± 02 

C15Al (MX) 0.17 ± 0.03 3.85 ± 03 

 

5.6.2 Effect of Al on wear rate of Cu-Al (mixed) alloys 

The specific wear rate of hot-pressed Cu-Al (mixed) alloys processed at 500 oC, 500 

MPa for 30 min is presented in Fig. 5.13. The wear rate of the Cu-Al (mixed) alloys significantly 

reduced from the 197.8 ×10-3 to 3.8 ×10-3 mm3/Nm.  The high sp. wear rate of 197.8 ×10-3 

mm3/Nm was found in Cu (MX). Since the hardness of Cu (MX) is 50% lower than the Cu 

(ML), the COF of Cu (MX) and its wear were also high.  
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Fig. 5.13 Sp. wear rate of Cu-Al (mixed) alloys sliding against SiC emery paper of 220 grit size 

at a sliding velocity of 1 m/s. 

The high sp. wear rate of 197.8 ×10-3 mm3/Nm was noticed with Cu (MX).  The 

extraordinarily low sp. wear rate of 3.8 ×10-3 mm3/Nm was observed with C15Al (MX) alloys 

which is 52 times lower compared to pure copper.  

 

Fig. 5.14 Comparison of mechanical and wear properties of Cu-Al (milled and mixed) alloys. 
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The reduction of specific wear rate of C15Al (MX) alloys is mainly because of the 

formation of intermetallic compounds and core-shell microstructure which consist of the 

interconnectivity of intermetallic phases. However, the of C15Al (ML) alloys showed better 

wear resistance compared to C15Al (MX) alloys due to the presence of high intermetallic phase 

(~75 wt.%) and fine microstructure (see Fig. 5.14). 

5.6.3  Worn surface analysis and wear mechanisms 

Fig. 5.15 presents the worn surfaces of Cu-Al (mixed) alloys after sliding against SiC 

emery paper. The worn surface of the Cu (MX) sample is shown in Fig. 5.15 (a,d). The pure 

copper showed the presence of narrow grooves and ridges along with large debris formation on 

the worn surface which is similar to the characteristic features of Cu (ML) worn surface. The 

wear loss of the Cu (MX) sample took place by the plowing mechanism. Hence, the high wear 

rate (197.8 mm3/Nm) was observed in the Cu (MX) samples. In C10Al (MX) alloys, the worn 

surface consists of broad grooves and fine debris (Fig. 5.15 b,e). Also, it can be observed that 

no ridges were noticeable on the worn surfaces of C10Al (MX) and C15Al (MX) samples. This 

indicates that the material removal occurred by the cutting mechanism.  

 

Fig. 5.15 SEM images of worn surfaces. Lower and higher magnifications of Cu-Al (mixed) 

alloys (a,d) Cu (MX), (c,e) C10Al (MX) and (e,f) C15Al (MX).  
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5.6.4 Wear debris and counter-body analysis  

The wear debris of Cu-Al (mixed) alloys produced during abrasive wear test is shown 

in Fig. 5.16. The continuous chips were formed during wear test in Cu (MX) specimens due to 

the plowing action by the SiC abrasives. Also, the presence of SiC abrasives was found in the 

wear debris of Cu (MX); which indicates higher frictional forces (COF: 0.56 ± 0.05) 

development between two contacting surfaces and it leads to the detachment of SiC abrasives 

from the emery paper. The presence of various phases in shell and core structures resulted in 

the formation of fine debris in Cu-Al (mixed) alloys. The thickness of wear debris decreased 

with the addition of Al and it can be attributed to its microstructure, high hardness and strength 

properties of Cu-Al (mixed) alloys. In case of C15Al (MX) alloys, broken and shorter chips 

were observed due to the interconnectivity of intermetallic phases causing the fracture. 

 

Fig. 5.16 SEM images of wear debris. Lower and higher magnifications of Cu-Al (mixed) alloys 

(a,d) Cu (MX), (c,e) C10Al (MX) and (e,f) C15Al (MX) 

 The SEM images of counter-body (SiC emery paper) before and after abrasive wear test 

is presented in Fig. 5.17. Deboning and fracture of SiC abrasives were observed in counter-

body after sliding against pure Cu (MX) due to the high frictional forces. In case of C15Al 
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(MX), the cutting edges of SiC particles were worn out when the SiC abrasives slide against 

the hard intermetallic phases.  

 

Fig. 5.17 Worn surface analysis of counter body (SiC emery paper: 220 grit size) (a) 

Morphology of abrasives before wear test, (b) higher magnification of unworn abrasives. The 

worn surface of counterbody after wear against (c) Cu (MX) sample and (d) C15Al (MX) 

5.7 Electrical conductivity of Cu-Al (mixed) alloys 

The effect of Al content on the electrical conductivity of Cu (MX) is plotted in Fig. 

5.18. The electrical conductivity of Cu-Al (mixed) alloys was found to be in the range of 29.5 

– 97.0% IACS. The Cu (MX) samples showed the maximum electrical conductivity of 97.0% 

IACS compared to Cu (ML) samples (75.7% IACS). This could be due to the absence of lattice 

strains in the Cu (MX) sample along with high density; while the Cu (ML) developed the lattice 

strains during milling of powders. The electrical conductivity of Cu-Al (mixed) alloys 

decreased with the addition of Al. A slight reduction in electrical conductivity was observed in 

C3Al (MX) samples (73.5% IACS) due to the presence of a low amount of core-shell 
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microstructures (solid solution and intermetallic phases) and interconnectivity of Cu and Cu 

rich α-Cu solid solution phase. Whereas a drastic decrement of electrical conductivity was 

found in the C3A (ML) milled samples (23.6% IACS) compared to Cu (ML) due to the presence 

of α solid solution phase. In case of C5Al (MX) and C10Al (MX) alloys, the interconnectivity 

of Cu and Cu rich α-Cu phases decreased as Al content increased. Thus, the decrease in 

electrical conductivity of 49.5% IACS and 35.0% IACS was noticed with C5Al (MX) and 

C10Al (MX) alloys, respectively.  

 

Fig. 5.18 Effect of Al content on the electrical conductivity of Cu-Al (mixed) alloys. 

In C15Al (MX) alloys, the interconnectivity of Cu and Cu rich α-Cu phases diminished 

and high amount of α solid solution and intermetallic phases present. This lead to a further 

decrease in electrical conductivity of C15Al (MX) alloys (29.5% IACS). Overall, the electrical 

conductivity of Cu-Al (MX) alloys found to be high when compared to the Cu-Al (ML) alloys. 

Based on the above results, it can be noted that the mixing route for preparing Cu-Al alloys is 

advantageous when the electrical properties are considered. 
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Chapter 6 

 

Effect of ZrB2 reinforcement on the 

densification, mechanical, wear and electrical 

properties of Cu processed via milling route 

6 Chapter 6 

This chapter presents the effect of hard ZrB2 reinforcement on densification and various 

properties of Cu. Also, the microstructure and phase identification of Cu-ZrB2 (milled) powders 

as well as hot-pressed compacts have been characterized using SEM-EDS and XRD. Later, the 

densification mechanisms of Cu-ZrB2 (milled) composites have been studied by varying the 

ZrB2 content in Cu matrix. The mechanical properties such as hardness and compression 

strength of Cu-ZrB2 composites were discussed in detail. The abrasive wear test of Cu-ZrB2 

(milled) composites was conducted against SiC emery paper. Further, the wear of Cu-ZrB2 

(milled) composites was compared with the literature. The morphology of worn surface and 

wear debris was analyzed using SEM to understand the underlying wear mechanisms.  In the 

end, the effect of ZrB2 addition on the electrical conductivity of Cu-ZrB2 (milled) composites 

was studied. 
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6.1 Morphology of Cu-ZrB2 (milled) powders  

Nowadays, due to the demand for a good combination of mechanical and electrical 

properties, several copper-based composites reinforced with different ceramics have been 

developed. Many attempts have been made by the researchers to improve mechanical and 

tribological properties of Cu with the incorporation of various ceramic reinforcements/additives 

(Al2O3, ZrO2, B4C, SiC, TiC, Si3N4, TiB2, ZrB2) [14,27,121,122]. Among all the ceramic 

additives, borides and carbides (such as TiB2, SiC, and TiC) were widely used as the 

reinforcements to prepare Cu matrix composites [14,121,122].  

 

Fig. 6.1 SEM images of milled powders after 10 h ball milling at 260 rpm (a) Cu (ML), (b) C3Z 

(ML), (c) C5Z (ML) (d) C10Z (ML) and (e) high magnification image of C10Z (ML) (arrows 

indicating the ZrB2 particles). 
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Especially, ZrB2 is a potential candidate to improve the strength and hardness of Cu 

without much affecting the electrical and thermal properties [27]. From Fig. 6.1, it can be 

observed that the pure Cu becomes flaky after milling due to the repeated cold welding of 

particles. Further, the Cu powder particles become small agglomerated aggregates with the 

addition of ZrB2. Also, the size of Cu-ZrB2 powder particles further reduced due to the repeated 

cold welding and fracture of powder particles. The fine ZrB2 powder particles were embedded 

into the Cu agglomerated particles at severe milling conditions (Milling speed: 260 rpm, time: 

10 h, BPR: 10:1). 

6.2 Phase analysis of hot-pressed Cu-ZrB2 (milled) composites  

Fig. 6.2a represents the XRD patterns of hot-pressed Cu (ML) composites. The patterns 

revealed the presence of Cu and ZrB2 only. The low intensity of ZrB2 peaks attributed to a low 

ZrB2 content (1, 3 and 5 wt.%) in Cu. More importantly, the XRD patterns of samples showed 

the sharp intense and narrow peaks which confirms the fine grain size and crystallinity. The 

study of grain size and lattice strains is essential in understanding the properties of the Cu-ZrB2 

(milled) composites.  

 

Fig. 6.2 (a) X-ray diffraction patterns of hot-pressed Cu-ZrB2 (milled) composites and (b) the 

effect of ZrB2 reinforcement on densification of hot-pressed Cu-ZrB2 composites (Processing 

conditions: 500 oC, 500 MPa for 30 min.) 

The grain size, lattice strain and dislocation density of milled powders and hot-pressed 

Cu-ZrB2 samples are reported in Table 6.1. The grain size of the milled powders varied from 

55.4 nm to 42.0 nm. Similarly, the grain size of the hot-pressed Cu (ML) samples varied from 

(a) (b) 
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123.7 nm to 67.6 nm. The grain size of the milled powders and sintered samples decreased with 

the addition of ZrB2 to Cu. The lattice strain found to be increased in milled powders from 

0.32% to 0.38%; in the case of hot-pressed powders, the lattice strain increased slightly from 

0.22% to 0.28% with the ZrB2. The grain size of the sample affects the lattice strains. The 

smaller grains cause more effect on lattice strain than the larger sized grains [278].  

Table 6.1 Grain size, lattice strain and dislocation density of Cu-ZrB2 milled powders and bulk 

samples 

Sample 

reference 

Milled powders Hot-pressed samples 

Grain size 

(nm) 

Lattice strain 

(%) 

Dislocation 

density (×1014 

m-2) 

Grain size 

(nm) 

Lattice strain 

(%) 

Dislocation 

density (×1014 

m-2) 

Cu (ML) 55.46 0.32 3.25 123.79 0.22 0.65 

C1Z (ML) 53.33 0.34 3.52 101.94 0.23 0.96 

C3Z (ML) 51.35 0.35 3.79 87.20 0.24 1.32 

C5Z (ML) 44.72 0.37 5.00 73.75 0.26 1.84 

C10Z (ML) 42.01 0.38 5.67 67.63 0.28 2.19 

The increase of grain size and decrease of lattice strain and dislocation density was 

observed after hot-pressing at 500 oC. This can be attributed to the recovery of Cu (ML) samples 

from the lattice strains by absorbing the high activation energy at a sintering temperature (500 

oC). The dislocation density of the milled powders and composites found to be increased with 

the ZrB2 content. The dislocation density of the milled powders was calculated to be in the 

range of 3.52 ×1014 – 5.67 ×1014 m-2; whereas, the hot-pressed samples varied from 0.65 ×1014 

– 2.19 ×1014 m-2.  

6.3 Densification and microstructure of Cu-ZrB2 (milled) 

composites 

The bulk density of the Cu-ZrB2 (ML) composites decreased from 8.84 g/cc to 8.16 

g/cc. Also, the relative density of hot-pressed samples decreased from 98.6% to 92.1% with the 

addition of ZrB2 (see Fig. 6.2b). The agglomerated powder particles formed during ball milling 
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and the use of the highly refractory compound (ZrB2 reinforcement) might have caused micro-

porosity and led to a decrease in the densification of Cu-ZrB2 (milled) composites. As a 

representative, the SEM image and corresponding EDS patterns of C10Z (ML) composite are 

presented in Fig. 6.3. The microstructure of C10Z (ML) composites reveals the presence of 

uniformly distributed fine ZrB2 particles in the Cu matrix. From the EDS analysis, the bright 

phase could be identified as ZrB2 particles and grey phase as a Cu matrix.  

 

Fig. 6.3 (a) SEM image and (b) corresponding EDS of C10Z (ML) composite.  

The densification details of Cu-ZrB2 (milled) composites are listed in Table 6.2. 

Clinktan et al. [144] prepared the (Cu-Zn-Si)-B4C composites through hot-pressing technique 

at a temperature of 900 °C and pressure of 25 MPa. The relative density of these Cu alloy 

composites reduced considerably from 97% to 91% with the B4C addition. 

 In a different work, Fathy et al. [118] studied the effect of Al2O3 on the mechanical and 

wear properties of Cu. The composites were processed by the conventional pressureless 

sintering technique at a high sintering temperature of 950 oC for a prolonged duration of 2 h. 

The relative density of Cu-Al2O3 composites found to be reduced from 92.5 % to 87.8% because 

of the agglomeration of nano Al2O3 particles.  

Table 6.2 The bulk density, theoretical density and porosity of the hot-pressed Cu-ZrB2 (milled) 

composites 

Property 
ZrB2 content (wt.%) 

0 1 3 5 10 

Sample reference Cu (ML) C1Z (ML) C3Z (ML) C5Z (ML) C10Z (ML) 

Bulk density (g/cc) 8.84 8.51 8.24 8.11 8.16 
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Theoretical density (g/cc) 8.96 8.91 8.83 8.75 8.55 

Porosity (%) 1.39 4.58 6.73 7.37 7.84 

It is interesting to note that the presently developed Cu-ZrB2 (milled) composites 

(despite a considerably low hot pressing temperature of 500 oC) exhibited similar densification 

behaviour as that of (Cu-Zn-Si)-B4C and Cu-Al2O3 composites. It corroborates the advantage 

of high-pressure hot pressing in developing Cu-ZrB2 composites.      

6.4 Mechanical properties of Cu-ZrB2 (milled) composites 

 Fig. 6.4 shows the various mechanical properties of the hot-pressed Cu-ZrB2 (milled) 

composites. From Fig. 6.4b, it can be observed that the hardness of Cu composites increased 

with the increase of ZrB2 content in the Cu matrix. Interestingly, even the small amount of ZrB2 

(1 wt.%) addition to Cu, significantly enhanced the hardness of pure copper (55.3%).  

 

Fig. 6.4 Effect of ZrB2 on mechanical properties of Cu. (a) Compressive stress-strain curves of 

hot-pressed Cu-ZrB2 (milled) composites, (b) hardness and yield strength and (c) compressive 

strength and strain 

(b) 

(c) 

(a) 



146 

 

The maximum average hardness of 2.5 GPa was noted for C10Z (ML) sample. It was 

found that the hardness of Cu (ML) was increased by 93.1% with the addition of 10 wt.% ZrB2. 

The increase in hardness of Cu- ZrB2 composites can be attributed to the combined effect of 

lattice strains produced during the milling of powders; also by the presence of the ultra-fine 

ZrB2 particles which restricts the dislocation movement in Cu matrix [12]. Recently, Fan et al. 

[9] stated the use of 4.2 wt.% Zr-1wt.% B improved the hardness of Cu upto 1.39 GPa because 

of restricting the dislocation movement by the fine ZrB2 reinforcement.  

In another study, it was revealed that the addition of 10 wt. % ZrB2 improved the 

hardness of Cu upto 0.95 GPa [279]. Whereas the inclusion of 9 wt.% ZrO2 enhanced the 

hardness of Cu upto 0.5 GPa [44]. Also, the hardness of the Cu-Al2O3 composites was 

reportedly increased to 0.79 GPa with the Al2O3 (12.5 wt.%) [118]. On the other hand, 

significantly high hardness of 4.75 GPa was reported for Cu alloy (Cu-14Zn-4Si)-12B4C 

composites [144]. As it was discussed in Chapter 4, extremely high hardness of 6.16 GPa for 

C15Al (ML) alloy [83]. From this, it can be realized that the selection of additive and processing 

conditions influences the hardness of Cu. It also reflects that the alloying element is 

advantageous in improving the hardness of Cu than the ceramic additives. Alternatively, it can 

be implied that solid solution strengthening and precipitation hardening is more effectively 

contributing to the hardness of Cu than the dispersion hardening.  

Table 6.3 Mechanical properties of Cu-ZrB2 (milled) hot-pressed composites. 

Sample 

reference 

Hardness 

(GPa) 

Compressive 

strength (MPa) 
Strain (%) 

Cu (ML) 1.32 ± 0.02 880.90 ± 6 35.70 ± 0.6 

C1Z (ML) 2.05 ± 0.05 906.90 ± 13 33.90 ± 1.2 

C3Z (ML) 2.30 ± 0.07 923.30 ± 9 32.10 ± 2.5 

C5Z (ML) 2.38 ± 0.05 970.60 ± 11 20.90 ± 1.6 

C10Z (ML) 2.55 ± 0.08 833.70 ± 8 9.10 ± 0.9 

The hardness, mechanical strength and strain of Cu-ZrB2 (milled) composites are given 

in Table 6.3. The yield strength and compressive strength of the Cu-ZrB2 (milled) composites 

are enhanced with the addition of ZrB2 (Fig. 6.4 a-b). In particular, the yield strength and 

compressive strength of Cu composites increased upto 5 wt.% ZrB2, and further addition of 

ZrB2 lowered its strength. The yield strength of Cu (ML) samples varied from 602.5 ± 6 MPa 

to 672.1 ± 5 MPa and the compressive strength of composites was found to be 833.7 ± 8 to 

970.6 ± 11 MPa. Interestingly, low strength and strain were observed for Cu-10 wt.% ZrB2 

(Fig. 6.4c).  
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The compression strength of C10Z (ML) is dramatically reduced when compared to 

C5Z (ML) and other materials. In particular, it is surprising to note that the strength of C10Z 

(ML) significantly low when compared to C5Z (ML), even though the densification of C5Z 

(ML) and C10Z (ML) is almost identical. Similarly, Wang et al. [27] also reported that the 

mechanical properties of the hot-pressed Cu-ZrB2 composites reduced with the addition of fine 

ZrB2 (above 7 wt.%). Such a reduction in strength properties was attributed to the presence of 

agglomeration of ZrB2 particles in the Cu composites. In another work, Prajapati et al. [11] 

mentioned that the compressive strength of the Cu-B4C composites reduced with the high 

amount of B4C addition (>10 wt.%) due to the brittleness nature of the material. The present 

results also showed the similar behaviour of reduction in compressive strength of Cu-ZrB2 

composites with increased ZrB2 content (10 wt.%). It is believed that weak interfacial bonding 

between Cu/ZrB2 and ZrB2/ZrB2 phases and the brittle nature might have led to such reduction 

in the strength of C10Z (ML). Also from Table 6.3, it can be observed that the compression 

strain of C10Z (ML) significantly lowered from 35.7 to 9.1%. 

 From Table 2.2, the different Cu-based composites reinforced with oxides, borides and 

carbides showed the maximum compressive strength ranging between ~175 to 1077 MPa with 

the strain varying from 15% to 30% [118,144,146,147]. These results reveal that the 

compressive strength of Cu alloy composites was significantly high and can be attributed to the 

involvement of different strengthening mechanisms such as solid solution and dispersion 

strengthening along with grain refinement. In the present work, the Cu-ZrB2 (milled) 

composites exhibited comparable hardness and strength properties of other Cu composites. 

Achieving such properties at low sintering temperature and time with the Cu-ZrB2 (milled) 

composites is a promising outcome. To achieve very high strengths for structural applications, 

it is motivating further studies to focus on studying the effect of ZrB2 on Cu alloys.  

6.5 Abrasive wear properties 

6.5.1 Frictional coefficient and specific wear rate 

 Fig. 6.5 represents the effect of ZrB2 on the wear properties of Cu-ZrB2 (milled) 

composites. The coefficient of friction (COF) of the hot-pressed samples becomes steady-state 

after a sliding distance of 25 m (see Fig. 6.5a). A small fluctuation was observed in Cu (ML) 

due to the high frictional forces developed and sudden pull out of SiC abrasives from the 
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counter-body. Also, it is observed that the fluctuations were reduced with the addition of ZrB2 

and no fluctuations were witnessed in C5Z (ML) and C10Z (ML).  

 

Fig. 6.5 (a) Coefficient of friction (COF) plots and (b) specific wear rate of Cu-ZrB2 (milled) 

composites after sliding at a velocity of 1 m/s and a load of 5 N. 

The COF of Cu-ZrB2 (milled) samples decreased with the addition of ZrB2 and it varied 

in the range of 0.49 ± 0.05 to 0.18 ± 0.02. Fig. 6.5b demonstrates the variation in the specific 

wear rate of Cu-ZrB2 (milled) composites. The wear rate of the Cu composites decreased 

extremely with the ZrB2 amount. A drastic reduction of wear rate was observed even with the 

very low amount of ZrB2 addition (1 wt.%) because the hard ZrB2 particles obstruct the wear 

loss of the soft Cu matrix. The wear rate decreased from 49.3×10-3 mm3/Nm to 9.1×10-3 

mm3/Nm. Lowest wear rate was observed with C10Z (ML) samples, which is 5.41 times less 

compared to Cu (ML).  

6.5.2 Wear mechanisms of Cu-ZrB2 (milled) composites 

The worn surface of Cu (ML) (sliding against SiC emery paper) after sliding at a 

velocity of 1 m/s and the load of 5 N is presented in Fig. 6.6.  

(a) (b) 
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Fig. 6.6 SEM images of worn surface of Cu (ML) after sliding against SiC emery paper (220 

grit size abrasives) at a load of 5 N and sliding velocity of 1 m/s. (a) Overview of the worn 

surface at low magnification, (b) higher magnification of Cu worn surface, (c) counter body 

(Emery paper: 220 grit size) and (d) EDS spectrum of the Cu (ML) worn surface. 

The overview of the worn surface indicates that the entire surface gets worn out 

uniformly (Fig. 6.6a).  From Fig. 6.6b, it can be observed that the narrow grooves were formed 

after the wear. The presence of ridges along with wear debris indicates the plowing mechanism, 

while the hard SiC abrasives may form deep grooves on soft Cu by plowing mechanism and 

result in high wear loss of the material. The presence of microcracks on the counter-body can 

be seen in Fig. 6.6c. It represents the high frictional forces developed during sliding of pure Cu 

against SiC emery paper; which leads to the oxidation (1.99 wt.%) of worn surface.  

In the case of C10Z (ML), the worn surface consists of broad and smooth grooves with 

no ridge formation (Fig. 6.7b). It specifies that the material is removed by the abrasive cutting 

mechanism, which correlated well with the hardness of composites (2.55 GPa). During the 

abrasive wear, the major amount of material loss occurs due to the plowing mechanism; while, 

the addition of hard ZrB2 enhances the wear resistance by resisting the plastic deformation of 

the material.   
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Fig. 6.7 SEM images of worn surface of C10Z (ML) after sliding against SiC emery paper (220 

grit size abrasives) at a load of 5 N and sliding velocity of 1 m/s. (a) Overview of the worn 

surface at low magnification, (b) higher magnification of C10Z (ML) worn surface, (c) counter 

body (Emery paper: 220 grit size) and (d) EDS spectrum of the C10Z (ML) worn surface. 

When the hard ZrB2 particles hit the SiC abrasives, some of the SiC abrasives were 

fractured and dislodged from their sites, which is evident from Fig. 6.7c. The increase of ZrB2 

content in the Cu matrix causes more damage to the counter-body. Thus, the wear resistance of 

the Cu enhanced with the ZrB2. The oxygen presence on the worn surface was identified by 

EDS. The worn surfaces get oxidised wherever the agglomerated ZrB2 particles are exposed to 

the environment. This phenomenon was more prevailing with the increasing addition of ZrB2 

in the matrix.  The high oxygen content of 3.15 wt.% was observed in the C10Z (ML) sample.  

6.5.3 Morphology of worn surfaces and wear debris 

Fig. 6.8 shows the SEM images of worn surfaces of all the Cu-ZrB2 (milled) composites 

for comparison purpose. The number of ridges and debris formation on the worn surface was 

reduced with the addition of ZrB2. This indicates the transformation of wear mechanisms from 

the plowing mechanism of Cu (ML) to the cutting mechanism of C10Z (ML).  
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Fig. 6.8 SEM images of worn surfaces of Cu-ZrB2 (milled) composites (a) Cu (ML), (b) C1Z 

(ML), (c) C3Z (ML), (d) C5Z (ML) and (e) C10Z (ML). 

 Fig. 6.9 demonstrates the SEM images of wear debris formed during abrasive wear of 

samples. In pure copper, the continuous chips (wear debris) were formed during sliding wear 
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by the plowing mechanism, which indicates more loss of the material. In case of Cu-ZrB2 

(milled) composites, the presence of ZrB2 particle in the matrix causes discontinuity of chips 

(C1Z (ML) and C3Z (ML)), and the further increase of the reinforcement content leads to the 

formation of short chips (C5Z (ML) and C10Z (ML)). 

 

Fig. 6.9 SEM of wear debris of Cu-ZrB2 (milled) composites after sliding against SiC emery 

paper (220 grit size abrasives). Wear debris of (a,d) Cu (ML) (b,e) C3Z (ML) (c,f) C10Z (ML). 

Corresponding lower magnification (a,b,c) and high magnification (d,e,f) SEM of wear debris. 

 Fig. 6.10 demonstrates the wear of SiC counter-body after abrasive wear. The counter-

body after sliding against Cu (ML) showed less damage to SiC emery paper and minor cracks 

were observed due to the high frictional forces developed during the wear process (Fig. 6.10a). 

Whereas, the counter-body which was slide against Cu-ZrB2 (milled) composites showed more 

damaged sites (Fig. 6.10b-c). The presence of hard ZrB2 in composites hits the sharp SiC 

abrasives and causes more fractures of the abrasives. It resulted in more damage to the counter-

body rather than the sample surface. Thus the wear resistance of Cu-ZrB2 (milled) composites 

enhanced with the addition of ZrB2. 
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.  

Fig. 6.10 SEM of worn surface analysis of counter body (SiC emery paper: 220 µm grit size). 

SEM of (a,d) C1Z (ML) (b,e) C3Z (ML) and (c,f) C10Z (ML). Corresponding lower 

magnification (a,b,c) and high magnification (d,e,f) worn surfaces of counterbody. 

6.6 Electrical properties of Cu-ZrB2 (milled) composites 

 Fig. 6.11 shows the effect of ZrB2 on the electrical conductivity of Cu. The electrical 

conductivity of samples varied from 75.7% IACS to 44.1% IACS. The electrical conductivity 

of C10Z (ML) composites decreased by 1.7 times compared to Cu (ML). This can be attributed 

to the porosity, lattice strain and presence of ultra-fine ceramic (ZrB2) particles [147]. In case 

of C1Z (ML) (71.5% IACS) and C3Z (ML) (66.8% IACS) composites, no significant change 

in electrical conductivity was observed. Further addition of ZrB2 (above 3 wt.%) lowered the 

electrical conductivity of Cu upto 44.1% IACS; however, the electrical conductivity of C10Z 

(ML) composites was around 50% higher than the C15Al (MX) alloys. The decrease in 

electrical conductivity of Cu composites can be attributed to: (i) low densification, thereby the 

sintered samples have a certain amount of porosity, these pores (insulating sites) make the 

charge transfer break off and increase the scattering of electrons [190]; (ii) the lattice strain 

developed in the materials, which leads to more scattering for electrons movement; (iii) the 

nano-sized ZrB2 (~ 290 nm) develops large fraction of grain boundary in the Cu matrix; this 
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results in the scattering of the movement of the electrons, and (iv) low electrical conductivity 

of the ZrB2 reinforcement compared to pure Cu. As per the above results, it is observed that the 

Cu (milled) composites showed better electrical properties compared to Cu-Al (milled and 

mixed) alloys. 

 

Fig. 6.11 Effect of ZrB2 content on the electrical conductivity of Cu. 

Thus, the electrical conductivity will be reduced by incorporating the reinforcement into 

the Cu matrix which is directly proportional to it. Other factors include the impurity atoms in 

the copper lattice causing scattering of electrons. The electrical conductivity of different copper 

composites processed via different processing techniques is listed in Table 6.4. From the 

literature [9,118,148,175], the electrical conductivity of various Cu-based composites was 

found to be in the range between ~18% IACS to 90% IACS. Also, it is observed that the high-

temperature process or secondary processes such as heat treatment were carried out to enhance 

the electrical conductivity of composites, which can potentially decrease either the mechanical 

or other properties and increase the production cost.  
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Table 6.4 Electrical conductivity of different copper composites fabricated through powder 

metallurgy route. 

Alloy Processing technique 

Electrical 

conductivity (% 

IACS) 

Ref. 

Cu (ML) 
HP: 500 oC, 500 MPa, 

30 min. 
75.70 

Present 

study 

C1Z (ML) ,, 71.50 ,, 

C3Z (ML) ,, 66.80 ,, 

C5Z (ML) ,, 57.30 ,, 

C10Z (ML) ,, 44.10 ,, 

Cu-5Cr-3Al2O3 HP: 950 oC, 35 MPa, 4 

h 

66.40 
[175] 

Cu-2.5Al2O3 PS: 950 oC, 2 h 61.80 [118] 

Cu-7.5Al2O3 ,, 31.80 [118] 

Cu-12.5Al2O3 ,, 18.50 [118] 

Cu-0.2La2O3 

PS: 850 oC for 3 h, HT: 

650oC for 3 h,  

Ex: 750oC 

90.50 [148] 

Cu-0.6La2O3 ,, 86.40 [148]  

Cu-1La2O3 ,, 81.90 [148] 

Cu-1.3La2O3 ,, 78.10 [148] 

Cu-1.05Zr-0.25B Casting: 1150-1250 oC 76.80 [9] 

Cu-2.11Zr-0.5B ,, 65.40 [9] 

Cu-3.15Zr-0.75B ,, 56.30 [9] 

Cu-4.25Zr-1.0B ,, 52.90 [9] 

Note: HP: Hot-pressing, PS: Pressureless sintering, HT: Heat treatment, and Ex: Extrusion 

The present study demonstrates that the incorporation of ZrB2 has significantly 

enhanced the strength and wear properties of Cu without much compromising on the electrical 

conductivity. Based on these results, the hot-pressed Cu-ZrB2 (milled) composites can become 

a very promising material for EDM electrodes. 
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Chapter 7 

 

Densification, mechanical, wear and electrical 

properties of Cu-ZrB2 composites processed via 

mixing route 

7 Chapter 7 

The present chapter reports the processing of Cu-ZrB2 composites via hot-pressing 

(mixing route). The effect of mixing of powder compositions on the densification of Cu-ZrB2 

(mixed) composites has been studied. The microstructural phases in composites after hot-

pressing was confirmed by SEM-EDS and XRD. Also, the hardness and compressive strength 

of Cu-ZrB2 (mixed) composites were measured. The abrasive wear behaviour of Cu-ZrB2 

(mixed) composites was studied against SiC emery paper. Further, SEM analysis of worn 

surfaces, wear debris and counter body was carried out to determine the underlying wear 

mechanisms. Finally, the electrical conductivity of Cu-ZrB2 (mixed) composites was 

determined to predict the suitable applications for the same materials.  

7.1 Morphology of Cu-ZrB2 (mixed) powders 

The SEM images of the Cu-ZrB2 (mixed) powders using a planetary ball mill at 100 

rpm for 1 h with BPR of 2:1 is presented in Fig. 7.1. The pure copper and milled ultra-fine ZrB2 
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powder particles were shown in Fig. 7.1 (a-b). In mixing route, the ultra-fine ZrB2 particles 

adhered on the surface of Cu powder particles unlike ZrB2 particles embedded into Cu at severe 

milling conditions (see Fig. 6.1 in Chapter 6). The ultra-fine ZrB2 powders were loosely 

bonded with the Cu particles after mixing operation. From Fig. 7.1 (a-b), it can be observed 

that the Cu and ZrB2 powders were uniformly mixed using the milling operation. 

 

Fig. 7.1 SEM images mixed powders after 1 h ball milling at 2:1 BPR ratio (a) Cu, (b) ZrB2, 

(c) C5Z (MX) and (d) C10Z (MX).  

7.2 XRD phases and microstructural studies of hot-pressed Cu-

ZrB2 (mixed) composites 

Pure Cu is one of the suitable materials for industrial applications that require good 

electrical and thermal conductivities, but it possesses low strength and wear resistance. In 

alloying, the strength of the Cu can be increased by solid solution strengthening but other 
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properties like electrical and thermal conductivities may be adversely affected [48,280]. In this 

regard, dispersion strengthening will become a good choice to improve the strength of Cu (by 

reinforcing with ceramic or any suitable reinforcement) without losing much of its conductivity 

and tribological properties.  

Fig. 7.2 represents the X-ray diffraction patterns of hot-pressed Cu-ZrB2 (mixed) 

samples. The XRD patterns showed the presence of Cu and ZrB2 peaks. The X-ray diffraction 

phase analysis indicated the absence of any new phases during the hot press sintering process. 

The ZrB2 peaks have lower intensity than it is expected since there could be a possibility of the 

low concentrated nano/submicron-sized ZrB2 particles which embedded in the Cu matrix. The 

microstructure of sintered C3Z (MX) and C10Z (MX) samples is shown in Fig. 7.3. From Fig. 

7.3 (a-b), it is noticeable that the ZrB2 reinforcement was uniformly distributed in the C3Z 

(MX) composites. The grey contrast phase represents Cu, whereas the dark contrasting phase 

denotes ZrB2. 

 

Fig. 7.2 X-ray diffraction patterns of hot-pressed Cu-XZrB2 (X: 0, 1, 3, 5 and 10 wt.%) 

composites after hot pressing at a sintering temperature of 500 ˚C, 500 MPa pressure for 30 

min. 
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In case of C10Z (MX), the SEM image reveals that the ultra-fine ZrB2 particles were 

unevenly distributed at the grain boundaries of Cu grains (see Fig. 7.3c and 7.3d). The 

corresponding elemental mapping of C10Z (MX) composites confirms the presence of ZrB2 at 

the grain boundaries of Cu.   

 

Fig. 7.3 SEM images showing the distribution of ZrB2 reinforcement in Cu composites (a) C3Z 

(MX) (low magnification), (b) higher magnification of the C3Z (MX), (c) C10Z (MX) (low 

magnification) and (d) higher magnification of C10Z (MX). Corresponding elemental mapping 

of C10Z (MX) is presented. 

7.3 Densification of the Cu-ZrB2 (mixed) composites 

The density of hot-pressed Cu-ZrB2 (mixed) composites was tabulated in Table 7.1. 

The measured bulk density of Cu-ZrB2 (mixed) composites decreased from 8.93 to 8.21 g/cc 

with an increase of ZrB2 content. The reduction in Cu composites density with the addition of 

ZrB2 was mainly due to the low density of ZrB2 (6.10 g/cc). The densification of Cu composites 

also observed to lower (99.76 - 96.02%) with ZrB2 addition. A decrease in the densification of 
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Cu composites with the ZrB2 addition can be attributed to refractoriness, agglomeration and its 

non-uniform distribution at the Cu-Cu grain boundaries which restricted the densification (see 

Fig. 7.3).  

Table 7.1 The bulk density, theoretical density and relative density of the Cu-ZrB2 (mixed) 

composites 

Sample 

reference 

Bulk density 

(g/cc) 

Theoretical 

density 

(g/cc) 

Relative density 

(%) 

Cu (MX) 8.93 8.96 99.76 

C1Z (MX) 8.81 8.91 98.85 

C3Z (MX) 8.71 8.83 98.66 

C5Z (MX) 8.52 8.75 97.39 

C10Z (MX) 8.21 8.55 96.02 

Nevertheless, the densification results indicate that the relative densities of all Cu-ZrB2 

(mixed) composites could be densified more than 96% (despite the use of low processing 

temperature of 500 oC). Wang et al. [27] processed the Cu-ZrB2 composites via hot-pressing 

route (high sintering temperature: 840 oC and pressure: 25 MPa and time: 2 h). They reported 

that considerable reduction of Cu-ZrB2 composites densification (from 96.1 to 91.3%) with 

ZrB2 content (1-9 wt.%). Such reduction was attributed to Cu particles agglomeration and ZrB2. 

From the above discussion, it should be realised that the selected hot-press parameters are 

advantageous in achieving good densification of Cu-ZrB2 composites even at low processing 

temperatures. 

7.4 Mechanical properties of Cu-ZrB2 (mixed) composites 

7.4.1 Hardness and compressive strength 

Fig. 7.4 demonstrates the variation in the hardness of Cu & Cu-ZrB2 (mixed) 

composites. As the ZrB2 content increased the Cu hardness increased. The average hardness 

value of 0.88 GPa was measured for Cu (MX) and it increased to a maximum of 1.25 GPa with 

the further addition of 10 wt.% ZrB2 to Cu. The hardness (by 42.0%) enhanced considerably 

for C10Z (MX) compared with Cu (MX). Pouyani et al. [279] fabricated the Cu-ZrB2 
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nanocomposites by microwave-assisted sintering. They achieved a maximum hardness of 0.95 

GPa with the 10 wt.% ZrB2 content.  

 

Fig. 7.4 Effect of ZrB2 content on the hardness of hot-pressed Cu-ZrB2 composites. 

Fathy et al. [44] processed Cu-ZrO2 composites via in-situ reactions and observed an 

increase in hardness with the ZrO2 content. They could observe maximum hardness of 0.5 GPa 

for Cu and it increased to 0.75 GPa for Cu- 9 wt.% ZrO2. The occurrence of ultra-fine 

reinforcement particles at grain boundaries of copper restricted the plastic flow of the material; 

thus improving the hardness of the composites [44,186]. Also, the good interfacial bonding 

between Cu and secondary reinforcement particles responsible for a rise in the hardness of 

composites. Since the more difference in the coefficient of thermal expansions of Cu and ZrB2 

is expected, it results in the development of residual stress in the composites. Thus, the hardness 

of Cu-ZrB2 materials increased with the increase of ZrB2 content. In recent work, it was 

reported that the use of fine ZrB2 particles (~10 µm) enhanced the hardness of Cu-(0-9 wt.%) 

ZrB2 composites (up to ~1.0 GPa) with the ZrB2 reinforcing content (up to 7 wt.%) and then 

more addition of ZrB2 lowered hardness due to the poor interfacial bonding and severe 

agglomeration of particles [118]. 
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Fig. 7.5 Compression stress-strain curves of Cu-ZrB2 (mixed) composites and photographs of 

fractured samples after compression test. 

The compression (stress-strain) plots of Cu-ZrB2 (mixed) composites presented in Fig. 

7.5. From the plot, it can be observed that no fracture has occurred in the Cu (MX), C1Z (MX) 

and C3Z (MX) samples during a compression test because of its high ductile nature of Cu. 

These samples bulged without fracture and the test was continued upto 50 % strain. In C5Z 

(MX) and C10Z (MX) samples, the occurrence of fracture was observed during the compression 

test at a strain of 37.5% and 28.6%, respectively. The common observation from Fig. 7.5 is that 

the compressive strength of Cu increased and the percentage of strain was lowered with ZrB2. 

The compression strength and strain properties of Cu-ZrB2 (mixed) composites are tabulated in 

Table 7.2. The pure copper yield strength was found to be 214.0 ± 2 MPa. The yield strength 

of Cu improved with the ZrB2 (10 wt.%), it reached a maximum of 261.5 ± 1 MPa, which is ~ 

22% higher than the yield strength of Cu (MX). A very nominal increase in the strength was 

witnessed in Cu composites with the ZrB2 reinforcement. 
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Table 7.2 The hardness and compression test results of Cu-ZrB2 (mixed) composites. 

Sample 

reference 

Hardness 

(GPa) 

Compressive 

strength (MPa) 
Strain (%) 

Cu (MX) 0.88 ± 0.01 551.3 ± 8 50.00* 

C1Z (MX) 0.91 ± 0.01 575.4 ± 6 50.00* 

C3Z (MX) 0.96 ± 0.02 589.6 ± 4 50.00* 

C5Z (MX) 1.01 ± 0.08 588.1 ± 5 38.50 ± 1.3 

C10Z (MX) 1.25 ± 0.07 508.5 ± 3 28.60 ± 0.6 

* Fracture was not observed in the specimens even up to 50% elongation. 

In summary, the addition of ultra-fine reinforcement enhances the compressive strength 

of Cu by restricting the movements of dislocations during compressive loading [11]. In case of 

Cu-(0-15 wt.%) Al alloys, the hardness of Cu (ML) increased to 6.16 GPa and strength above 

1000 MPa [50,281]. Surprisingly in the Cu-ZrB2 (mixed) composites, the maximum hardness 

of 1.25 GPa could be realized despite the addition of hard ZrB2 reinforcement. It appears that 

solid solution and or insitu-intermetallic formation in Cu alloys is more effective in improving 

the mechanical properties of ductile metals like Cu than dispersion strengthening.  

7.5  Abrasive wear behaviour of Cu-ZrB2 (mixed) composites 

7.5.1 Coefficient of friction (COF) 

The COF vs sliding distance of ZrB2 reinforced Cu composites is shown in Fig. 7.6. The 

COF of Cu composites was found to decrease with the ZrB2 reinforcement. The COF curve of 

any material is classified into run-in and steady-state segments [261]. From Fig. 7.6, it can be 

observed that the run-in curve of Cu (MX) appears to be a normal shape; where the higher 

frictional forces developed in the initial stage of the run-in period due to the initial roughness 

of sample [261]. This roughness performs the interlocking phenomenon between the new 

surface and counter-body asperities. In Cu-ZrB2 (mixed) composites, the high contact pressure 

drops the COF more steeply during the initial run-in period [282].  
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Fig. 7.6 Coefficient of friction of Cu-ZrB2 (mixed) composites sliding against SiC emery (220 

grit size) at a sliding velocity of 1 m/s. 

In the present work, the SiC asperities were worn out slowly which prolong the run-in 

period of COF curves in Cu-ZrB2 (mixed) composites. The steeper curves can be observed in 

the composites during the run-in stage (see Fig. 7.6). It was observable that the steady-state 

COF attained at about a sliding distance of 20 m for Cu (MX) which was happened due to the 

rapid penetration of hard SiC abrasives into the softer Cu and the COF stabilized as the contact 

pressure reduces. In the case of Cu-ZrB2 (mixed) composites, the COF stabilized at around 40-

45 m. This was happened because of the presence of ZrB2 particles restrict the penetration of 

SiC abrasives into Cu matrix which further maintains high contact pressure (or low contact 

area) until the sharp asperities of SiC get worn out. Then the COF curve of composites becomes 

steady-state after the contact pressure reduces. 
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Fig. 7.7 Comparison of the coefficient of friction and volume loss of Cu-ZrB2 (mixed) 

composites sliding against SiC emery of 220 grit size at a sliding velocity of 1 m/s. 

The high COF (0.56 ± 0.05) of Cu (MX) was obtained due to high frictional forces 

developed between soft Cu matrix and hard SiC abrasives. As the penetration depth increases, 

the contact area between the two bodies will be increased which further increases the frictional 

forces as well as the COF of the material. The COF of ZrB2 added Cu composites varied 

between 0.56 ± 0.05 and 0.16 ± 0.01.  The composites including C3Z (MX), C5Z (MX) and 

C10Z (MX) showed slight fluctuations and almost smooth curves.  Interestingly, C3Z (MX) 

composite showed a low COF of 0.16 ± 0.01 and it was reduced by 3.5 times compared to Cu 

(MX). The lower COF obtained in C3Z (MX) was mainly caused due to the presence of 

uniformly distributed ZrB2 in the matrix which developed the low frictional forces as they slide 

against hard SiC (hard particles interaction). Also, the entrap of wear debris and third body 

(ZrB2 particles) in the spacing between the SiC abrasives provides more contact area and rolling 

effect between the sample surface and counterbody.   
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Table 7.3 The wear results of the Cu-ZrB2 (mixed) composites after the abrasive wear test 

Sample 

reference 

Coefficient of 

friction 
Vol loss (mm3) 

Sp. wear rate 

(×10-3 mm3/Nm) 

Wear coefficient 

(×10-2) 

Cu (MX) 0.56 ± 0.05 58.20 ± 0.6 198.00 ± 06 17.33 

C1Z (MX) 0.18 ± 0.04 18.30 ± 0.3 62.30 ± 02 5.64 

C3Z (MX) 0.16 ± 0.01 7.50 ± 0.2 25.60 ± 02 2.40 

C5Z (MX) 0.20 ± 0.01 9.50 ± 0.5 32.50 ± 03 3.23 

C10Z (MX) 0.22 ± 0.03 12.20 ± 0.1 52.00 ± 04 5.12 

 

Nevertheless, further addition of ZrB2 (up to 10 wt.%), there could also be chances of 

getting more amount of ZrB2 particle interaction from the specimen surface with SiC emery 

paper during wear. Also, the low relative density, agglomeration of ZrB2 at grain boundaries of 

Cu, weak bonding between ZrB2 particles and presence of the third body (ZrB2) influence the 

slight increase of COF up to 0.22 ± 0.03 (see Fig. 7.7). The summary of wear test results after 

the wear test is given in Table 7.3. 

7.5.2 Effect of ZrB2 on wear coefficient  

The difference in wear volume of Cu with the ZrB2 amount is shown in Fig. 7.7. The 

wear volume reduced significantly from 58.2 ± 0.6 mm3 to 7.5 ± 0.2 mm3. The wear volume 

plot of composites was similar to the COF trend, i.e., low wear loss was observed in the case of 

C3Z (MX) composites and it increased with the further addition of ZrB2. The low wear loss of 

7.5 ± 0.2 mm3 was recorded for C3Z (MX) composite. The influence of ZrB2 on the wear 

coefficient of Cu composites is demonstrated in Fig. 7.8. Substantial diminution in the Sp. wear 

rate and wear coefficient of Cu composites was observed with ZrB2. The Sp. wear rate of the 

Cu-ZrB2 composites varied between 198 ± 0.5 to 52 ± 0.6 mm3/Nm. The wear coefficient of 

ZrB2 reinforced Cu (MX) samples varied in the range of 17.33×10-2 to 2.4×10-2. The wear 

coefficient of C3Z (MX) was lowered by 7.22 times than Cu (MX). This increase in wear 

resistance of C3Z (MX) can be credited to even distribution of ZrB2 in Cu, its high hardness 

and strength.  
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Fig. 7.8 Wear coefficient of Cu-ZrB2 (mixed) composites sliding at a speed of 1 m/s and a load 

of 5 N. 

The tribological properties of various Cu-based composites [45,118,120,188] tested 

under abrasive wear conditions are presented in Table 7.4. Based on the literature, the wear 

coefficient of various Cu-based composites under abrasive test conditions varied in the range 

from ~1.00×10-4 to ~4.88×10-2. From the above discussion, it can be noted that the present Cu-

ZrB2 (mixed) composites showed moderate wear performance. Such difference in the wear of 

materials depends on the processing conditions, densification, mechanical properties of 

composites, the hardness of reinforcement and counterbody characteristics and wear test 

conditions [45]. 

Table 7.4 The abrasive wear of various Cu composites prepared by various processing methods. 

Alloy Processing conditions Wear test conditions 
Hardness, 

Hv (GPa) 

Wear 

coefficient Ref. 

Cu-2.5Al2O3 

Thermochemical 

treatment, CP: 950 oC, 

600 MPa, for 2 h 

l: 4, v: 1.07, d: 200, t: 

3.1, C.B: SiC (400 grit) 
0.78 ~13.25 E-3 [118] 

Cu-7.5Al2O3 
,, 

,, 0.86 ~9.84 E-3 
 

[118] 

Cu-12.5Al2O3 ,, ,, 0.97 ~4.83 E-3 [118] 
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Cu-5vol.% SiC 
HIP: 880 oC, 100 MPa 

for 1.5 h 

l: 15, v: 1.0, d: 40, t: 0.6, 

C.B: SiC (240 grit) 
0.99 0.77 E-2 [120] 

Cu-10vol.% 

SiC 
,, ,, 1.13 1.40 E-2 

[120] 

Cu-15vol.% 

SiC 
,, ,, 1.00 1.67 E-2 

[120] 

Cu-20vol.% 

SiC 
,, ,, 1.01 2.74 E-2 

[120] 

Cu-5vol.% 

TiB2 

HIP: 800 oC, 100 MPa 

for 1.5 h 

l: 15, v: 1.0, d: 100, t: 

1.6, C.B: SiC (240 grit) 
0.85 6.69 E-4 [45] 

Cu-10vol.% 

TiB2 
,, ,, 0.88 3.30 E-4 

[45] 

Cu-15vol.% 

TiB2 
,, ,, 0.93 2.89 E-4 

[45] 

Cu-20vol.% 

TiB2 
,, ,, 1.01 1.00 E-4 

[45] 

Cu-3ZrO2 

Thermochemical 

treatment, CP: 950 oC, 

700 MPa, for 2 h 

l: 6, v: 1.0, d: 200, t: 3.3, 

C.B: SiC (240 grit) 
0.88 ~4.23 E-2 [188] 

Cu-6ZrO2 ,, ,, 1.20 ~4.88 E-2 [188] 

Cu-9ZrO2 ,, ,, 1.36 ~4.25 E-2 [188] 

*  HIP: Hot isostatic pressing, CP: Cold pressing, l: Load (N), v: Sliding velocity (ms-1), d: 

Sliding distance, t: Time (min) and C.B: Counter-body. 

7.5.3 Characterization of worn surfaces of Cu composites and wear 

mechanisms 

The depth of worn surfaces was characterized by the 3D optical surface profiler (Model: 

HRM 300A, Huvitz, Korea). Fig. 7.9 presents the 3D profiles of worn surfaces of Cu-ZrB2 

(mixed) composites. The depth of worn surface profiles of Cu was reduced with the addition of 

ZrB2. The depth of grooves for Cu-ZrB2 (mixed) composites varied from 24.5 µm to 5.6 µm. 

From Fig. 7.9, it can be observed that the worn surface of Cu (MX) characterized with deep 

grooves with a depth (Rz) of 24.5 µm. The minimum depth was observed in C3Z (MX) 

composites (Rz: 5.6 µm) and a further increase of ZrB2 content increased the depth slightly. 

These observations corroborate with the wear measurements of Cu (MX) samples. As 

mentioned earlier, the high wear coefficient was measured with Cu (MX) and it was low for 

C3Z (MX).  
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Fig. 7.9 The 3D surface profiles of Cu-ZrB2 (mixed) composite worn surfaces after abrasive 

wear test. (a) Cu (MX), (b) C3Z (MX) and (c) C10Z (MX). (d) The roughness profiles of 

corresponding wear tracks for Cu, C3Z (MX) and C10Z (MX). 

The detailed microstructural characterization of worn surfaces was carried out to 

understand the underlying wear mechanisms. Fig. 7.10 (a,c) indicates the worn surface of the 

Cu (MX) sample after sliding against 220 grit size SiC emery paper. Fig. 7.10a represents the 

worn surface with deep and narrow grooves which indicates the severe plastic deformation of 

Cu caused by hard SiC abrasive asperities. Such observations can also be related to the surface 

profiles of worn surfaces presented in Fig. 7.9 which supports well of those characteristics. Fig. 

7.10c indicates the sample surface produced the sharp ridges by plowing mechanism; further it 

leads to the development of big wear debris. From EDS analysis of the Cu (MX) surface after 

wear test, no evidence of oxygen presence was found which indicates that no tribo-oxidation 

took place as SiC removed the sample material during sliding (see Fig. 7.10b).  
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Fig. 7.10 SEM images of worn surface of Cu (MX) after sliding against 220 grit size SiC emery 

paper at 5 N and sliding velocity of 1 m/s. (a) Low magnification image of the worn surface, 

(b) EDS of wear worn surface and (c) high magnification image of worn surface.  

This implies that a new surface was exposed whenever the hard SiC slid over the ductile 

Cu which leads to the high material removal rate of Cu. Fig. 7.11 (a,c) shows the SEM of worn 

surfaces of C1Z (MX). From Fig. 7.11a, it can be observed that the amount of ridges formed 

due to plastic deformation is reduced with the addition of ZrB2. Also, it can be understood that 

the ultra-fine ZrB2 restrict the plastic flow of Cu; thereby, improvement in the hardness, 

strength, and wear properties of composites can be achieved; which is evidenced by the 

transformation of wear tracks from deep groves to shallow groves during the wear of C1Z (MX) 

(compare Figs. 7.10 and 7.11).  
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Fig. 7.11 SEM images of worn surface of C1Z (MX) after sliding against 220 grit size SiC 

emery paper at 5 N and sliding velocity of 1 m/s. (a) Low magnification image of the worn 

surface, (b) EDS of wear worn surface and (c) high magnification image of worn surface. 

During the abrasive wear of C1Z (MX), the majority of the material was found to be 

removed by the plowing action and the minor amount of material was pulled out when the hard 

SiC abrasives hit the hard ZrB2 particles during sliding wear. These damaged sites were shown 

with the dotted line (see Fig. 7.11c). Also, EDS (Fig. 7.11b) showed the presence of oxygen 

due to the presence of ZrB2 agglomerates at the grain boundaries of Cu. The worn surface of 

C3Z (MX) composites after sliding against 220 grit size abrasives are shown in Fig. 7.12. The 

C3Z (MX) samples produced the shallow and wide groves after wear test similar to the C1Z 

(MX). Also, the wear takes place by plowing which is the predominant wear mechanism in C3Z 

(MX). Fig. 7.12a shows the minor damaged sites over the worn surface.  
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Fig. 7.12 SEM images of worn surface of C3Z (MX) after sliding against 220 grit size SiC 

emery paper at 5 N and sliding velocity of 1 m/s. (a) Low magnification image of the worn 

surface, (b) EDS of wear worn surface and (c) high magnification image of worn surface. 

As the ZrB2 content increased up to 3 wt.%, no ridge formation has appeared on the 

surface of the composite which represents the reduction of plastic deformation of material and 

enhancement in wear resistance. These observations are well correlated with shallow wear 

depth profiles and the low wear coefficient (2.4 × 10-2) for C3Z (MX) composites (see Figs. 7.8 

and 7.9). The presence of low oxygen content (1.5%) on worn surface resulted due to the 

development of heat during the wear process.  
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Fig. 7.13 SEM images of worn surface of C5Z (MX) after sliding against 220 grit size abrasive 

emery paper at 5 N and sliding velocity of 1 m/s. (a) Low magnification image of the worn 

surface, (b) EDS of wear worn surface and (c) high magnification image of worn surface. 

Fig. 7.13 shows shallow and wide grooves presence on the C5Z (MX) wear sample 

surface. As the ZrB2 reinforcement content increased to 5 wt.%, the damaged sites caused by 

SiC abrasives were increased. Also, there is a possibility of the more ZrB2 particles get loosen 

from its grain boundary sites of composite (due to ZrB2 agglomeration at the grain boundaries) 

during the wear process. Further, it exhibited more wear loss than C3Z (MX) composites. Fig. 

7.14 presents the worn tracks of C10Z (MX) composite after the abrasive wear test. From Fig. 

7.14a, it can be seen that the C10Z (MX) sample showed severe damage over the entire worn 

surface as the ZrB2 content increased.  
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Fig. 7.14 SEM images of worn surface of C10Z (MX) after sliding against 220 grit size abrasive 

emery paper at 5 N and sliding velocity of 1 m/s. (a) Low magnification image of the worn 

surface, (b) EDS of wear worn surface and (c) high magnification image of worn surface. 

The Cu grains are delaminated during sliding against the hard SiC abrasives and 

loosened hard ZrB2 reinforcement. The low relative density of C10Z (MX) composites (96.02 

%) also might cause a high material removal (5.12 × 10-2) which is increased by 64 % compared 

to C3Z (MX). Fig. 7.15 represents the schematic of possible abrasive wear mechanisms in Cu 

and Cu-ZrB2 (mixed) composites. Fig. 7.15a indicates the plowing mechanism of pure Cu, in 

which repeatedly materials get removed by hard abrasive particles.  
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Fig. 7.15 Schematic of possible abrasive wear mechanisms. (a) Plowing abrasion in pure copper 

and (b) cutting mechanism due to abrasion in Cu-ZrB2 (mixed) composites. 

Further, it causes deep groves on the worn surface due to the severe plastic deformation. 

Fig. 7.15b indicates the conventional cutting mechanism; where, the presence of hard 

reinforcement interrupts the continuous chip formation and breaks the chips wherever the 

reinforcement is present. This kind of wear mechanism was observed in the C1Z (MX), C3Z 

(MX), C5Z (MX) and C10Z (MX) samples.  

7.5.4 Wear of counter-body and surface analysis  

The SEM images of counter-body (emery paper of 220 grit size) worn surface after 

abrasive wear test were carried out are represented in Fig. 7.16. The morphology of clean 

abrasives before wear test demonstrated in Fig. 7.16 (a-b). The emery paper with bonded SiC 

abrasives has an average particle size of ~ 68 µm.  Fig. 7.16c shows the morphology of emery 

paper after sliding against pure copper. Some of the SiC abrasives were subsequently undergone 

fracture, wear debris and debonding processes due to high frictional forces (COF: 0.56) 

developed between soft Cu and hard SiC abrasives during the wear test. In case of emery paper 

sliding against the C3Z (MX), sample exhibits fracture surface of SiC abrasives and wear debris 

due to low COF of 0.16 (Fig. 7.16d).  
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Fig. 7.16 Worn surface analysis of counter body (SiC emery paper: 220 grit size) used in wear 

test carried out at 5 N for a sliding distance of 60 m (a) Morphology of abrasives before wear 

test (b) Higher magnification of unworn abrasives (c) Cu (MX) sample, (d) C3Z (MX) 

composite. 

In both cases, it is observed that the wear debris are fragmented over some portions of 

the emery paper surface and is mainly by detaching the debris from the wear sample or emery 

paper.  

7.5.5 Analysis of wear debris  

 Fig. 7.17 presents the resulted wear debris morphology of Cu-ZrB2 (mixed) samples 

after sliding against SiC emery paper (220 grit size). Fig. 7.17 (a-b) indicates the continuous 

long chips were formed during abrasive wear test of pure copper due to its soft ductile nature. 
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Due to the plowing and abrasive wear in Cu (MX) samples, deep groves made by hard SiC 

abrasives and produced the wear debris in the form of continuous chips.  

 

Fig. 7.17 SEM images of worn debris of Cu-ZrB2 (mixed) composites (a) Cu (MX) (low 

magnification), (b) higher magnification of Cu (MX), (c) low magnification image of C3Z 

(MX), (d) Higher magnification of C3Z (MX), (e) low magnification image of C10Z (MX) and 

(f) higher magnification of C10Z (MX). 
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Due to high COF (0.56) of Cu (MX) against 220 grit emery paper, it has a high tendency 

to exhibit more shear forces with SiC abrasives and results in pulling out of more abrasive 

particles (see Fig. 7.17a). This phenomenon of producing continuous chips along with SiC 

particles promotes high material loss in the Cu (MX) sample (58.2 ± 0.6 mm3). Fig. 7.17 (c-d) 

indicates the broken chips of C3Z (MX) after sliding for 60 m. In the case of C3Z (MX) 

composites, the broken chips of shorter length were identified after abrasive wear test.  

Ultra-fine ZrB2 particles segregated at the Cu-Cu grain boundaries, which resists the 

plastic deformation of matrix and further promotes the breakdown of chips into small pieces. 

Fig. 7.17 (e-f) shows the increase of SiC abrasives during wear test with an increase in ZrB2 

content upto 10 wt.%. This happened due to the increase of the high amount of ZrB2 particle 

agglomeration at grain boundaries; further, these loosely bonded reinforcement particles come 

out from the grain boundary sites and cause more damage to the sample surface. The developed 

broken wear debris from C10Z (MX) composites was small in size compared to C3Z (MX) 

composites. In this work, the addition of ultra-fine ZrB2 reinforcement to Cu matrix 

significantly enhanced the tribological properties of Cu-ZrB2 (mixed) composites. Especially, 

C3Z (MX) composites showed better wear properties compared to Cu (MX) and other 

compositions. 

7.6 Effect of ZrB2 on the electrical conductivity of Cu-ZrB2 

(mixed) composites 

The effect of ZrB2 on the electrical conductivity of Cu is presented in Fig. 7.18. The 

electrical conductivity of Cu-ZrB2 (mixed) composites was found to be in the range of 68.2 – 

97.0% IACS. The high electrical conductivity of 97.0% IACS was found in Cu (MX) samples. 

Whereas, the electrical conductivity of Cu-ZrB2 (mixed) composites found to decrease with the 

addition of ZrB2.  In Cu-ZrB2 (mixed) composites with ZrB2 content in the range between 1 to 

5 wt.%, no significant change in the electrical conductivity was observed (reduction from 92.8 

to 81.8% IACS) due to the use of a low amount of fine ZrB2 particles in Cu matrix. In case of 

C10Z (MX) samples, the low electrical conductivity of 68.2% IACS was observed. Even at a 

high amount of ZrB2 content, the C10Z (MX) showed better electrical conductivity which is 

54.6% high compared to C10Z (ML) alloys and similar to C3Z (ML). Thus, the Cu-ZrB2 
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(mixed) composites exhibited better electrical properties compared to the Cu-ZrB2 (milled) 

composites and Cu-Al (milled and mixed) alloys. 

 

Fig. 7.18 Effect of ZrB2 content on the electrical conductivity of Cu-ZrB2 (mixed) 

composites. 

Based on the above results, the electrical conductivity mechanisms of Cu materials will 

be discussed. The electrical conductivity of Cu-ZrB2 (mixed) composites are higher when 

compared to Cu-ZrB2 (milled) composites (Fig. 6.11 and Fig. 7.18). In case of pure Cu (mixed), 

a maximum electrical conductivity of 97.0% IACS was noticed and it reduced to 75.7% IACS 

for the pure Cu with the milled condition. Such a reduction in conductivity of pure Cu (milled) 

can be related to its low densification and lattice strains which will cause scattering of electrons.  

 

In case of Cu-ZrB2 composites (milled and mixed), the conductivity of Cu decreased 

(97.0%-44.1% IACS) with increasing addition of ZrB2 (Fig. 6.11 and Fig. 7.18). The reduction 

of the conductivity in the Cu-ZrB2 composites can be attributed to the lowering of densification, 

the low electrical conductivity of ZrB2 reinforcement and the increased electrical resistance of 

interface boundaries (Cu/ZrB2 and ZrB2/ZrB2). In particular, the electrical conductivity of Cu-
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ZrB2 (milled) composites considerably lower than the Cu-ZrB2 (mixed) composites, and it is 

mainly due to the considerable decrease in the density and presence of lattice strains in Cu-ZrB2 

(milled) composites as well.  

 

In case of Cu-Al alloys (milled and mixed), the conductivity of Cu decreased (97.0%-

12.3% IACS) with increasing addition of Al (Fig. 4.34 and Fig. 5.18). It is interesting to note 

that despite the similar densification for Cu-Al (mixed) and Cu-Al (milled) samples, the Cu-Al 

(mixed) samples measured with better electrical conductivity than the Cu-Al (milled) samples. 

In fact, the Cu-Al alloys exhibited very low electrical conductivity than the Cu-ZrB2 

composites. Overall, the reduction of the conductivity in the Cu-Al alloys is mainly related to 

its microstructure, the presence of low conductivity microstructural phases, and the increased 

resistance at the grain boundaries and interphase boundaries. The Cu-Al (mixed) alloys 

exhibited core-rim structure and consisted of Cu, α-Cu, γ1 (Cu9Al4), δ (Cu3Al2), ζ1 (Cu4Al3), η2 

(CuAl) and θ (CuAl2) phases. In case of the Cu-Al (milled) samples, no core-rim structure was 

observed. However, the Cu-Al (milled) samples consisted of α-Cu in Cu containing Al (up to 5 

wt.%) and α-Cu and (Cu9Al4) phases in Cu containing up to 15 wt.% Al. The electrical 

conductivity of all the microstructural phases in the Cu-Al alloys is lower than pure Cu and 

ZrB2 as well. Therefore, the Cu-Al alloys exhibited poor electrical conductivity than the pure 

Cu and Cu-ZrB2 composites. 
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Chapter 8 

 

Conclusions and future scope 

8 Conclusions and future scope 

Summary and conclusions  

Cu-Al (milled) alloys 

 The density of Cu-X wt.% Al (X = 0, 3, 5, 10, 15) alloys varied between 95-98% th after 

subjecting the mechanically alloyed powders at a hot pressing temperature of 500 oC, 500 

MPa pressure for 30 minutes under a vacuum environment. The measured experimental/bulk 

density of samples varied between 6.61 to 8.84 g/cc. 

 According to Williamson-Hall model, the lattice strain of Cu-Al (milled) powders after ball 

milling process was calculated to be in the range between 0.31×10-2 - 0.62×10-2, whereas the 

lattice strain of hot-pressed samples was in the range of 0.22×10-2 - 0.36×10-2. The crystallite 

size for Cu decreased for both the milled powders (from 53.33 to 26.16 nm) and hot-pressed 

materials (from 126.04 to 49.52 nm) with the addition of Al. 

 The dislocation density of Cu-Al (milled) powders was calculated using the Williamson-

Hall model varied from 3.52x1014 m-2 to 14.61x1014 m-2. Also, the dislocation density of hot-

pressed Cu-Al (milled) compacts varied in the range of 0.63x1014 m-2 - 4.08x1014 m-2. 
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 The XRD and SEM-EDS analysis of hot-pressed samples revealed that Cu samples with Al 

up to 5 wt.% consisted of a copper-rich solid solution (Cu0.92Al0.08) phase and the presence 

of both Cu0.78Al0.22 and Cu9Al4 intermetallic phases for Cu containing a high amount of Al 

(≥10 wt.%). The hardness of Cu enhanced significantly from 1.32 to 6.16 GPa with the 

addition of Al. 

 Also, the nanoindentation tests revealed an increase of hardness (2.4 to 7.9 GPa) and elastic 

modulus (121.1 to 177.4 GPa) and decrease in the plasticity of the index (0.85-0.66) for Cu-

Al (milled) alloys with increasing Al content. Solid solution strengthening, intermetallic 

compound presence, good densification and fine microstructure of Cu-Al (milled) alloys can 

be attributed to such better properties. 

 The compressive strength of Cu-Al (milled) increased (from 813.75 to 1120.18 MPa) 

significantly and the compressive strain decreased (from 29.81 to 5.81%) with the addition 

of Al.   

 A comparison of mechanical properties of presently developed Cu-Al (milled) hot pressed 

alloys with the existing literature indicated that the presently developed alloys exhibited 

superior mechanical properties. It is very obvious that the use of low hot press sintering 

temperature with high pressure is effective in achieving good mechanical properties of Cu-

Al alloys. 

 From the abrasive wear characterization, it can be observed that the COF (0.49 to 0.16) and 

sp. wear rate (49.3 ×10-3 to 0.8 ×10-3 mm3/Nm) of Cu decreased with Al addition. Such 

reduction in COF and wear of Cu-Al alloys can be attributed to its microstructure and 

hardness, which played a role in controlling its wear. 

 The material removal during the abrasive wear of Cu was caused by the plowing mechanism; 

whereas, the micro-cutting was the predominant mechanism in Cu-Al (milled) alloys. 

 In case of sliding wear of Cu-Al (milled) alloys against SS disc, both the COF (0.54 to 0.16) 

and wear rate (18.26×10-5 to 0.92 ×10-5 mm3/N-m) of Cu decreased with the addition of Al. 

 The sliding wear of pure copper is mainly dominated by adhesive wear after sliding against 

steel disc. A large number of fine Cu2O wear debris were observed on the worn surface of 

Cu. Adhesive wear and oxidative wear were the major wear mechanisms for Cu alloyed with 

Al (upto 5 wt.%).  

 Oxide layer formation influenced the wear of Cu-10Al, while abrasion is the predominant 

wear mechanism for Cu-15Al. A common observation was that the wear debris formation 

decreased considerably with increased Al addition to Cu.  
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 From the COF, wear measurements, microstructure and surface roughness measurements, it 

is obvious that Al addition is very beneficial in improving the wear resistance of Cu. 

 From corrosion analysis, it can be observed that the localized corrosion takes place on Cu 

sample and it is mainly due to pitting and intergranular corrosion. In case of Cu-Al alloy, 

mild corrosion noticed at α phase region, pitting and intergranular type of corrosion at 

regions of the γ phase. It indicates that the stable oxide layer presence at α phase and poor 

stability of the layer at γ phase regions. 

 Drastic reduction in corrosion of C15A (L) alloy (1.6 mpy) than the pure Cu (20.7 mpy) was 

noticed despite the low densification of Cu-Al alloy. This remarkable decrease in the 

corrosion rate of the Cu alloy is due to the formation of the Al2O3 layer on the surface. The 

higher impedance of the Nyquist plot confirms the formation of a protective oxide layer on 

the sample surface of the Cu-15Al alloy. This work clearly shows the efficacy of the use of 

a high amount of Al in improving the corrosion resistance of Cu. 

 The electrical conductivity of Cu-Al (milled) alloys decreased from 75.7 to 12.3% IACS. In 

Cu (ML) samples, the electrical conductivity was affected by the lattice strain in the material 

along with residual porosity. Whereas it was effected by the lattice strain, porosity, crystallite 

size, solid solution and intermetallic phases for Cu-Al alloys.  

Cu-Al (mixed) alloys 

 The relative density of Cu-Al (mixed) alloys decreased with Al addition (99.7 to 96.0%). 

The mixing route exhibited better densification of copper when compared to the Cu-Al 

(milled). 

 From the XRD and SEM-EDS analyses, it was confirmed that the Cu, α-Cu, γ1 (Cu9Al4), δ 

(Cu3Al2), ζ1 (Cu4Al3), η2 (CuAl) and θ (CuAl2) phases were formed in Cu-Al (mixed) alloys 

with the addition of Al.  

 The shell and core microstructure consist of solid solution and intermetallic phases in the 

Cu-Al (mixed) samples. The interconnectivity of the shell-core structure was increased with 

the increase of Al content. 

 The hardness of Cu-Al (mixed) increased with Al from 0.88 to 4.56 GPa due to the formation 

of solid solution and intermetallic phases. 

 The maximum yield strength of 653 MPa with a reasonable amount of strain (6.5%) was 

obtained with Cu-15Al sample.  In the case of C3A (MX) to C10A (MX) alloys, the strain 
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was observed to be more than 50% due to the inter-connectivity of the solid solution phase. 

However, the compressive strength of Cu-Al (mixed) alloys found to be ~41% lower and 

strain 6.25 times higher than Cu-Al (milled) alloys. 

 The COF of Cu-Al (mixed) alloys decreased with Al addition (0.56 to 0.17). The sp. wear 

rate of Cu-Al (mixed) alloys was significantly reduced with Al addition. High sp. wear rate 

of (198×10-3 mm3/Nm) was observed in Cu (X), while the C15A (X) measured with low sp. 

wear rate (3.85×10-3 mm3/Nm).  

 The wear of pure Cu occurred due to severe plastic deformation of Cu during wear by hard 

SiC abrasive particles. The worn surface of pure Cu characterized with sharp ridges by 

plowing mechanism; further, it leads to the development of big wear debris.  

 The micro-cutting was the predominant wear mechanism in Cu-Al (mixed) alloys (3 to 15 

wt.% Al).  The decrease in plastic deformation of the material in Cu-Al (mixed) alloys causes 

the decrease of chip thickness thereby less loss of material.  

 Though the Cu-Al (mixed) alloys showed better relative density, the Cu-Al (milled) alloys 

exhibited improved abrasive wear resistance (4.8 times) compared to Cu-Al (mixed) alloys. 

 The electrical conductivity of Cu-Al (mixed) alloys decreased from 97 to 29.5% IACS. The 

decrease in electrical conductivity of alloys attributed to the presence of solid solution and 

intermetallic phases. Whereas significantly low electrical conductivity was obtained in Cu-

Al (milled) alloys compared to Cu-Al (mixed) alloys and is due to the combined effect of 

lattice strains and the microstructure. 

Cu-ZrB2 (milled) composites  

 The bulk density of hot-pressed Cu-ZrB2 (milled) composites decreased from 8.84 g/cc to 

8.16 g/cc and the relative density of samples decreased from 98.6% to 92.1% with the 

addition of ZrB2.  

 The incorporation of hard ZrB2 (upto 10 wt.%) improved the hardness of Cu (1.32 to 2.55 

GPa). However, the yield strength and compressive strength of Cu composites increased 

upto 5 wt.% ZrB2, and further addition of ZrB2 lowered its strength. The yield strength of Cu 

samples varied from 602 to 672 MPa and the compressive strength between ~834 and 971 

MPa.  
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 On the other hand, the COF (0.49 - 0.18) and wear rate (from 49.3×10-3 mm3/N-m to 9.1×10-

3 mm3/N-m) of Cu-ZrB2 samples considerably decreased with the addition of ZrB2. Lowest 

wear was observed with C10Z (L) samples, which is 5.41 times less than pure Cu.  

 The electrical conductivity of Cu-ZrB2 (milled) samples decreased from 75.7% IACS to 

44.1% IACS. However, Cu with ZrB2 upto 3 wt.% could retain the conductivity of 66.8% 

IACS. This study demonstrates that the addition of ZrB2 (up to 5 wt.%) is advantageous to 

have a good combination of properties for Cu. 

 Though the Cu-ZrB2 composites exhibited good electrical conductivity and compressive 

strain, they possessed moderate compressive strength and wear resistance than the Cu-Al 

alloys (milled and mixed). 

Cu-ZrB2 (mixed) composites  

 The relative density of Cu-(0-10 wt.%) ZrB2 composites varied in the range between 96.0 to 

99.7%. The densification of copper was observed to lower with increasing of ZrB2 amount. 

 The microstructure of the Cu-ZrB2 (mixed) composites reveals that the ZrB2 particles were 

located at the grain boundaries of the Cu.  

 Both the hardness and compression strength of Cu enhanced with ZrB2 addition. Among all 

the composites, C10Z (MX) showed maximum hardness (1.25 GPa) and yield strength (261 

MPa).   

 The COF of ZrB2 added Cu composites was lowered (0.56 to 0.16). In contrast, the wear 

resistance was improved with the ZrB2 reinforcement. Pure copper exhibited a high wear 

coefficient (17.33×10-2) and the very low wear coefficient of 2.4×10-2 was evident for C3Z 

(MX) composites. 

 The material removal in Cu (MX) samples takes place by the plowing mechanism. Whereas 

the C3Z (MX) worn sample consisted of shallow and wide groves after the wear test. Also, 

the wear takes place by plowing which is the predominant wear mechanism.  

 As the ZrB2 content increased up to 3 wt.%, no ridge formation has appeared on composites 

surface which represents the reduction of plastic deformation of material and enhancement 

in wear resistance. 

 Further addition of ZrB2 (above 3 wt.%) slightly lowered the wear of Cu. It is due to the 

agglomeration of ZrB2 along the grain boundary for these samples. Due to this, the loose 
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ZrB2 particles pull out from the materials during wear and the SiC abrasives (from 

counterbody) its wear gets aggravated.  

 Cu-ZrB2(mixed) composites showed better electrical properties (68.2-97.0% IACS) than 

other Cu-Al alloys and Cu-ZrB2 (milled) composite systems. 

 Overall, Cu-Al alloys are suitable (bearings in mining machines) for the applications that 

require high strength and wear-resistance. 

 Cu-ZrB2 composites are suitable for the applications (EDM electrodes and rail overhead 

power collectors) where moderate strength, wear resistance and high conductivity required. 

 On the whole, the Cu-Al/Cu-ZrB2 materials processed via mixing exhibited moderate or 

better combination of properties than the Cu materials (milled). Since it lowers the 

processing costs as it did not involve in using expensive milling operations, the Cu-Al/Cu-

ZrB2 (mixed) materials are advantageous. 

 

Future scope of the present work 

 More detailed microstructural characterization can be carried out using Transmission 

Electron Microscope (TEM) and Electron Backscatter Diffraction (EBSD) studies to 

comprehensively understand the microstructure of Cu-Al and Cu-ZrB2 materials.  

 The presently developed Cu based materials can be suitable for the electrical discharge 

machining (EDM) electrode applications due to their excellent strength, wear-resistance 

and electrical conductivity. Hence, in-depth EDM studies are required in future to 

understand the electrode wear behaviour and its practical applicability. 

 In the present thesis, the effect of alloying element (Al) and reinforcing particles (ZrB2) on 

the electrical conductivity of Cu was studied. Further improvement in electrical 

conductivity of Cu can be possible by the use of metallic coatings on ZrB2 ceramic 

particles. 

 It is interesting to explore tensile, fatigue, creep, oxidation and corrosion properties of Cu-

Al and Cu-ZrB2 materials for finding more appropriate applications of the materials.   
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Annexure 

Table I: The comparison of densification and microstructural characteristics of Cu-Al (milled 

and mixed) alloys and Cu-ZrB2 (milled and mixed) composites. 

Sample 

Reference 

Bulk 

density 

(g/cc) 

Theritical 

density 

(g/cc) 

Relative 

density 

(%) 

Microstru-

ctural 

phases 

lattice 

strain 

(%) 

crystallite 

size (nm) 

Dislocation 

density 

(×1014 m-2) 

Cu (ML) 8.84 8.96 98.66 Cu 0.22 126.04 0.63 

C3Al (ML) 8.07 8.38 96.30 Cu0.92Al0.08 0.24 106.65 0.88 

C5Al (ML) 7.97 8.38 95.16 Cu0.92Al0.08 0.27 81.56 1.50 

C10Al (ML) 7.01 7.37 95.10 
Cu0.78Al0.22, 

Cu9Al4 
0.31 57.77 3.00 

C15Al (ML) 6.61 6.98 94.60 
Cu0.78Al0.22, 

Cu9Al4 
0.36 49.52 4.08 

Cu (MX) 8.93 8.96 99.76 Cu - - - 

C3Al (MX) 8.26 8.67 95.26 

Cu, α-Cu, 

(Cu9Al4),  

(Cu3Al2),  

(Cu4Al3), 

(CuAl) and 

(CuAl2) 

- - - 

C5Al (MX) 8.04 8.45 95.13 ,, - - - 

C10Al (MX) 7.34 7.73 95.02 ,, - - - 

C15Al (MX) 6.75 7.10 95.01 ,, - - - 

Cu (ML) 8.84 8.96 98.61 Cu 0.22 123.79 0.65 

C1Z (ML) 8.51 8.91 95.42 Cu, ZrB2 0.23 101.94 0.96 

C3Z (ML) 8.24 8.83 93.27 ,, 0.24 87.20 1.32 

C5Z (ML) 8.11 8.75 92.63 ,, 0.26 73.75 1.84 

C10Z (ML) 8.16 8.55 92.16 ,, 0.28 67.63 2.19 

Cu (MX) 8.93 8.96 99.76 Cu - - - 

C1Z (MX) 8.81 8.91 98.85 Cu, ZrB2 - - - 

C3Z (MX) 8.71 8.83 98.66 ,, - - - 

C5Z (MX) 8.52 8.75 97.39 ,, - - - 

C10Z (MX) 8.21 8.55 96.02 ,, - - - 
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Table II: The comparison of hardness, compression strength, COF and sp. wear rate and 

electrical conductivity of Cu-Al (milled and mixed) alloys and Cu-ZrB2 (milled and mixed) 

composites. 

Sample 

reference 

Hardness 

(GPa) 

Compression 

strength 

(MPa) 

Strain (%) COF 

Sp. wear 

rate (×10-3 

mm3/Nm) 

Electrical 

conductivity 

(% IACS) 

Cu (ML) 1.32 ± 0.02 813.75 ± 11 29.81 ± 0.9 0.49 ± 0.05 49.30 ± 05 75.7 ± 0.1 

C3Al (ML) 2.33 ± 0.15 954.71 ± 21 8.61 ± 0.6 0.27 ± 0.08 11.50 ± 02 23.6 ± 0.1 

C5Al (ML) 2.73 ± 0.13 1120.18 ± 28 8.00 ± 0.7 0.24 ± 0.08 8.50 ± 03 18.3 ± 0.1 

C10Al (ML) 3.41 ± 0.18 1077.05 ± 30 5.93 ± 0.4 0.19 ± 0.02 4.90 ± 01 16.4 ± 0.1 

C15Al (ML) 6.16 ± 0.28 1013.82 ± 25 5.81 ± 0.3 0.16 ± 0.03 0.80 ± 0.4 12.3 ± 0.1 

Cu (MX) 0.88 ± 0.05 540.30 ± 08 50.00 ± 0* 0.56 ± 0.05 197.80 ± 06 97.0 ± 0.2 

C3Al (MX) 1.72 ± 0.11 547.50 ± 04 50.00 ± 0* 0.27 ± 0.04 14.30 ± 03 73.5 ± 0.2 

C5Al (MX) 2.33 ± 0.13 658.80 ± 09 50.00 ± 0* 0.24 ± 0.04 10.10 ± 05 49.2 ± 0.1 

C10Al (MX) 3.28 ± 0.15 682.80 ± 11 50.00 ± 0* 0.21 ± 0.02 6.87 ± 02 35.0 ± 0.2 

C15Al (MX) 4.56 ± 0.21 747.90 ± 14 6.50 ± 0.4 0.17 ± 0.03 3.85 ± 03 29.5 ± 0.1 

Cu (ML) 1.32 ± 0.02 880.90 ± 06 35.70 ± 0.6 0.49 ± 0.05 49.30 ± 05 75.7 ± 0.1 

C1Z (ML) 2.05 ± 0.05 906.90 ± 13 33.90 ± 1.2 0.28 ± 0.03 12.10 ± 03 71.5 ± 0.1 

C3Z (ML) 2.30 ± 0.07 923.30 ± 09 32.10 ± 2.5 0.24 ± 0.03 11.40 ± 02 66.8 ± 0.1 

C5Z (ML) 2.38 ± 0.05 970.60 ± 11 20.90 ± 1.6 0.21 ± 0.02 11.10 ± 02 57.3 ± 0.1 

C10Z (ML) 2.55 ± 0.08 833.70 ± 08 9.10 ± 0.9 0.18 ± 0.02 9.10 ± 01 44.1 ± 0.1 

Cu (MX) 0.88 ± 0.01 551.3 ± 08 50.00 ± 0* 0.56 ± 0.05 198.00 ± 06 97.0 ± 0.2 

C1Z (MX) 0.91 ± 0.01 575.4 ± 06 50.00 ± 0* 0.18 ± 0.04 62.30 ± 02 92.8 ± 0.2 

C3Z (MX) 0.96 ± 0.02 589.6 ± 04 50.00 ± 0* 0.16 ± 0.01 25.60 ± 02 88.7 ± 0.1 

C5Z (MX) 1.01 ± 0.08 588.1 ± 05 38.50 ± 1.3 0.20 ± 0.01 32.50 ± 03 81.8 ± 0.2 

C10Z (MX) 1.25 ± 0.07 508.5 ± 03 28.60 ± 0.6 0.22 ± 0.03 52.00 ± 04 68.2 ± 0.1 

* Fracture was not observed in the specimens even up to 50% strain. 
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