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Abstract 

The uses of copper are of prime importance in electronics industry for interconnects, PCBs etc. 

However, the advancement of technology is tending towards the continuous miniaturization of 

devices. With this, several challenges have been posed to the scientists/engineers in designing 

materials with enhanced performance at those smaller length scales.  As these interconnects of 

finer dimensions have to carry larger current densities, their mechanical/structural integrity has 

to be maintained for a successful functioning of the respective devices. Added to that, 

electromigration is also a major concern. Therefore the grand challenge is to design 

progressively smaller components with improved mechanical and electrical properties. Copper 

could be strengthened using well established methods like grain refinement, alloying etc. Out 

of these, grain refinement offers more advantages in terms of enhancement of strength by 

manifold in comparison to rest of the methods. Although, decrement in grain size yields high 

strength materials, the electrical conductivity is often hampered. Hence, the present work 

focuses mainly on enhancing the mechanical properties in Cu and Cu based composites of 

smaller dimensions without compromising on electrical conductivity. This was achieved by 

controlling the grain size, type of grain boundaries and preferred crystallographic orientation 

(texture) simultaneously. In addition, in order to maintain the electrical conductivity, carbon in 

the form of carbon nanotubes (CNTs) and graphene is used as an alternative to reinforce the 

copper matrix.  

Copper foils (of thickness less than 100 μm) with various crystallographic orientations 

including (111), (110) and (100) have been prepared by a rapid pulse reverse electrodeposition 

(PRED) technique using an ‘additive-free’ electrolyte. For the first time, an excellent control 

over (111), (100) and (101) textures in the highly textured copper foils has been achieved by 

optimization of the cathodic/anodic pulse parameters and current density. The grain size 

obtained in these foils is ranged between 300 nm to 900 nm. Hardness as high as 2.0-2.7 GPa, 

while maintaining the electrical conductivity in the same range as that of bulk copper was 

attained in these foils. The complete study of controlling the (111), (100) and (101) textures, 

CSL Σ3 coherent twin boundaries, grain refinement and their effect on the mechanical and 

electrical properties is performed in detail. PRED technique with short and high energy pulses 

enabled the (111) texture while increasing the forward off- time with optimized current density 

led to self-annealing  and resulted in the formation of (100) and (101) textures. The 

reverse/anodic pulse applied after every forward pulse aided in the minimization of residual 



 

stresses.  Among the three textured copper foils, those with dominant (111) texture exhibited 

a lower electrical resistivity of ~1.65×10-6 Ω-cm and better mechanical strength compared to 

those with (100) and (101) textures. 

Copper-graphene composites have been prepared by reinforcing graphene into the metal 

matrix. The reinforced graphene has been synthesized by an electrochemical exfoliation 

technique. Exfoliation of graphite electrode in a novel electrolyte containing HF under mild 

acidic conditions is an efficient, rapid and scalable method. The role of voltage applied for 

anodization has been shown to control the features of the graphene sheets. Predominantly, 1– 

4 or 3- 6 layered graphene sheets and larger lateral size (0.5-20 µm) were achieved with lesser 

defect density, higher yield (~90 %) and lower degree of oxidation. The size of the graphene 

sheets and the number of layers mainly depended on the voltage applied. X-ray photoelectron 

spectroscopy (XPS) analysis has shown the absence of fluorine in the graphene sheets at lower 

concentrations of HF revealing high quality sheets which can be used for various applications. 

The electrochemically synthesized graphene has been used for the preparation of Cu-Gr 

composite foils. 

Cu-Gr composite foils were synthesized for the first time, by varying the graphene content and 

pulse parameters (PRED/DC). Application of pulse reverse current has resulted in uniform 

distribution of Gr in the metal matrix. Fascinating observations have been made where, 

hardness (~2.7 GPa) was enhanced mainly with increase in graphene content (0-0.75 g/L), 

while maximum elastic modulus (~137 GPa) was achieved for a graphene content of 0.5 g/L 

in the electrolyte. In addition to the presence of optimum amount of graphene (0.5 g/L), 

application of PRED technique, sheet-like structure, available surface area which is in contact 

with copper matrix of finer grain size, uniform distribution and spread of graphene could have 

influenced the mechanical and electrical properties. The major contribution in enhancement of 

properties was found due to the presence of graphene and its uniform dispersion and 

distribution as a sheet throughout the copper matrix. 

CNT reinforced copper composites have been prepared using PRED with the process 

parameters same as that were used for the preparation of Cu-Gr composites. Agglomerates of 

CNTs were found at various locations in these samples. Mechanical properties are evaluated 

using nanoindentation. It was revealed that there was no significant improvement in the 

mechanical properties of Cu-CNT composites probably because of agglomeration of CNTs. 

To overcome this problem, CNTs are shortened using ultrasonication in an organic solvent 



 

(ethanol). Now the length of these CNTs has been decreased to 2 μm from an initial length of 

~ 10 μm.  Subsequently the electrodeposition has been performed by adding these shortened 

CNTs to the electrolytic bath. Thus prepared Cu-CNT composite foils resulted in the less 

agglomeration of CNTs. This suggests that the interface between Cu and CNTs plays a crucial 

role in having uniform dispersion of CNTs throughout the matrix. To address this problem, 

CNTs are now coated with Cu and these Cu coated CNTs are added to the electrolytic bath. 

The Cu-CNT composites thus prepared resulted in uniform and enhanced mechanical 

properties. The hardness and modulus measured are about 2.4 GPa and 120 GPa respectively. 

However it is to be noted that these mechanical properties have decreased after subjecting these 

foils to annealing at 573 K. Based on our experimental observations in this study, it is suggested 

that, prior to using CNTs as reinforcements in Cu based composites, their agglomeration 

problem should be addressed in a detailed and more comprehensive manner. 

In summary, this thesis reports state-of-the-art findings on control of various pulse parameters 

during electrodeposition in having a full control on different textures in Cu foils. Graphene was 

found to be highly advantageous in comparison to CNTs as a reinforcement material in Cu 

based composites in enhancing the mechanical properties. It is to be noted that the 2D nature 

(high aspect ratio and sheet-like structure) of graphene might also be playing a role in having 

an uniform dispersion and dictating the final properties in comparison to 1D nature of CNTs. 

Graphene also appears to be a better reinforment material in terms of cost, reprodcibility, 

industrial feasibility etc. Hence it is recommended that depending on the requirement and 

operating conditions, textured pure copper and Cu-Gr composites could be used for industrial 

applications. Highly texured  and twinned copper foils could be used for room temperature 

applications, while copper-graphene composite foils could be used even for slightly  high 

temperature applications as well, where grain growth is probably inhibited by the presence of 

graphene by preserving the initial/inherent properties.  
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Chapter 1. Introduction 

Pure copper and copper based nanocomposites, especially  copper-carbon nanotube (Cu-

CNT), copper-graphene (Cu-Gr) have been the major focus since a decade for vivid 

applications ranging from automotive, aerospace industry to microelectronics (interconnects, 

micro-electromechanical systems (MEMS), printed circuit boards (PCBs)), the latter being the 

focal point and central application for which the current research proposes a viable solution. 

Advancement in technology has led to continuous decrement in dimensions of components 

with high performance having a variety of uses without compromising on the mechanical, 

electrical, thermal and physical properties. Aluminum (Al) has been used for several 

applications in microelectronic industry [1]. However this scenario has changed with copper 

and copper nanocomposites entering the fray owing to their high mechanical, electrical and 

thermal properties with effective electromigration resistance [1]. Use of copper in the area of 

microelectronics especially interconnects, PCBs has had an astounding impact in terms of 

achieving desirable properties [2]. Hence synthesis of copper needs to be tailor-made for these 

applications i.e. synthesis and strengthening of copper simultaneously via suitable methods 

without losing on the electrical properties while retaining its mechanical properties is essential. 

With this background, an earnest attempt has been made to prepare copper foils with highly 

preferred orientation, special grain boundaries (CSL Σ3 coherent twin boundaries) and copper 

nanocomposites (Cu-graphene/CNT) by pulse reverse electrodeposition in an ‘additive-free’ 

electrolyte which is a first in itself, eventually achieving high hardness while maintaining the 

electrical conductivity. The role of each microstructural feature towards increasing the 

characteristics of pure copper and influence of graphene and CNTs as reinforcements has been 

one of the major findings in this research. structure-property correlations were made for the 

very first time in pure copper, Cu-Gr and Cu-CNT based on the above studies. 

1.1 Background 

Copper (Cu29
63.546) is an abundantly available and cost effective material with superior 

electrical, mechanical and thermal properties compared to the other existing materials with 

high electrical conductivity [1, 3]. Owing to its intrinsic characteristics, copper is chosen over 
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aluminum among the metals (Ag, Au etc.) which are available for electronics [1]. Table 

1.1shows the contrasting properties of copper and aluminum i.e. low electromigration and less 

grain growth, strength being a major issue for specific applications. 

Table 1.1 Properties of copper and aluminum properties of copper and aluminum 

Property Copper Aluminum 

Electrical conductivity %(IACS) at 20 ºC 101 60 

Tensile strength (MPa) 200-250 40-50 

Thermal conductivity  at 20 ºC (W/m-1K-1) 353-401 204-249 

Nanostructured copper, copper alloys (Cu- Be, Cu-Ni, Cu-Al, Cu-Cr, Cu-Ag etc.) [4] and 

copper nanocomposites (Cu-SiC, Cu-WC, Cu-TiO2, Cu-TiC etc.) [4-7] have been widely used 

in various applications from architecture, automotive, electronics to aerospace as electrical 

conductors, heat exchangers and radiators, etc. Electronics industry has extensive usage of 

copper as electrical contacts in printed circuit boards, interconnects, radio communications etc. 

(Figure 1.1). The continuous miniaturization of electronic components demands for smaller 

and reliable materials with ever increasing performance.  

Therefore strengthening of copper for specific applications at smaller dimensions in electronic 

circuits is of prime importance. Copper can be prepared by several methods depending on the 

applications. Although traditional strengthening methods increase the mechanical properties of 

copper but they affect thermal and electrical properties. 
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Figure 1.1 Copper as a material for electronics industry (a) flexible printed circuit board [8] 

and (b) interconnects (adopted from [9]) 

Physical vapour deposition, chemical vapour deposition, thermal spraying, electrodeposition, 

electroless deposition, diffusion coatings, and laser based techniques (laser cladding, etc.) are 

some of the techniques available for synthesis of copper foils. Several attempts have been made 

to strengthen copper by various approaches including alloying (substitutional/ interstitial) and 

precipitation hardening (coherent/semi-coherent phase) [10] or dispersion by reinforcement of 

micron, submicron, or nano-sized metal oxide (Al2O3, TiO2, SiO2) [5] or carbide (WC, SiC, 

TiC etc.) particles [6, 7] as the second phase and/or deformation by cold rolling etc. Although 

the mentioned strengthening methods increase the mechanical properties in copper, they result 

in decrement of thermal and electrical properties. Hence, it is utmost necessity to strengthen 

copper, with simultaneous retention of electrical conductivity. 

 

Figure 1.2 Balance between mechanical and electrical properties of copper. 

In order to attain this balance between the electrical and mechanical properties in 

copper, among the vivid techniques available to synthesize copper, electrodeposition has been 
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chosen for the preparation of copper and copper nanocomposites. It is a simple, economical 

and environmental friendly room temperature method where deposition can be made on 

complex shapes with uniform thickness. In addition, the microstructure of pure copper was 

modified by either controlling the texture/grain refinement/introduction of special grain 

boundaries. Selective reinforcements such 1D MWCNTs and 2D graphene are introduced into 

the copper matrix in order to achieve both mechanical and electrical properties simultaneously 

[11, 12].  

  

Figure 1.3  Graphene and carbon nanotube (adopted from [13]). 

1.2  Problem statement 

Copper has been used for several electronic applications such as PCBs, interconnects, 

etc. Because of the miniaturization of the technologies and associated components, fabricating 

smaller components with simultaneous possession of enhanced mechanical and electrical 

properties has been a grand challenge. For example, copper for PCBs requires high strength in 

order to carry large currents at room temperature or slightly higher temperatures due to 

electromigration. However, retaining the electrical properties while strengthening the copper 

by traditional methods has been an uphill task. Therefore in an effort to find a suitable material 

(in this case it is Cu and Cu based nanocomposites) in addressing some of the above challenges, 

the current study has been performed. It involves preparation of highly textured and twinned 

copper foils, Cu-Gr composite foils and Cu-CNT composite foils by a novel PRED technique, 

without adding any additives in the electrolyte. The preferred crystallographic orientation 

increases the electromigration resistance [2, 14-16] whereas twinning increases the electrical 

conductivity [17]. Adoption of graphene/CNTs as reinforcements in copper could improve 
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mechanical and electrical properties and could inhibit the coarsening of microstructural 

features of Cu matrix as the operating temperatures sometimes are slightly higher than ambient 

temperatures. Further the processing technique, PRED governs the grain size, texture, type of 

grain boundaries in pure copper and uniform distribution and dispersion of reinforcement in 

composites without the use of additives. Hence the electrical conductivity can be retained in 

the copper foils with high stability of texture and mechanical properties with negligible residual 

stresses. 

1.3 Pure copper and copper nanocomposite foils with enhanced mechanical and 

electrical properties 

1.3.1 Pure copper 

Controlling the mechanical properties and electrical properties in pure copper is possible by 

controlling the grain size, texture (preferred crystallographic orientation) and twinning (special 

grain boundaries) [18-20]. Each microstructural feature has its role in enhancing the material 

properties such as mechanical, electrical and thermal properties. Majority of material properties 

are mainly influenced by the grain size, type of grain boundaries and texture in any metal. 

Among the microstructural features, grain refinement plays a major role in enhancing the 

mechanical properties of a material according to the Hall-Petch relation [21-23],where the 

mechanical properties such as hardness and tensile strength  are inversely proportional to the 

grain size, while, preferred crystallographic orientations (texture) influence the 

electromigration resistance [16], oxidation resistance, thermal stresses and voids etc., [24, 25] 

of the material depending on their atomic density of that particular crystal plane. In addition,  

special grain boundaries such as low energy high angle grain boundaries, also called as 

coherent twin boundaries (CSL Σ3 boundaries) [26] are the key strengthening candidates in 

attaining hardness as well as electrical conductivity by  hindering the dislocation motions.  At 

the same time, the electrical conductivity can be maintained by reducing the scattering of 

electrons at the twin boundaries in the material [20, 27-29]. These special boundaries also help 

in delaying the atomic diffusion through the twin boundary region [14, 30]. Several efforts 

have been devoted towards the preparation of copper foils with preferred orientation and 

twinning in order to achieve both electrical and mechanical properties by electrodeposition 
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technique [19, 31-37]. Majority of them are by DC and PED with limited reports by PRED 

[35]. Most of these studies have used organic additives in the electrolyte in order to control the 

microstructural features such as grain size, or introduction of twin boundaries or texture [32, 

38-43]. PED and PRED play a significant role in influencing the change in texture, grain size 

and type of grain boundaries without the use of additives. There are very limited studies where  

PRED technique was used to control the  texture, twin density in an effort to increase the high 

hardness of copper [35, 38]. To the best of our knowledge, no reports have appeared on 

controlling the three textures and twin density in copper by varying the pulse parameters in 

PRED technique and no correlation has been made so far between processing 

parameters/properties. In the present work, impetus is on preparing the copper foils by a rapid 

approach in electrodeposition to succeed in achieving the required properties in copper by 

controlling three essential microstructural characteristics such as (111), (100), and (110) 

textures, CSLΣ3 coherent twin boundaries and grain size without additives in the electrolyte 

during the PRED process and correlate the mechanical properties and electrical properties with 

these microstructural features.  

1.3.2 Copper nanocomposites 

Copper (Cu) matrix nanocomposites have witnessed an enormous growth during the past 

decade, due to their enhanced mechanical and thermal properties leading to numerous 

industrial applications [44]. However, reinforcement of small oxide/carbide particles into 

copper matrix [4-7] leads to large decrement in electrical conductivity while enhancing the 

mechanical properties. Hence they are not desirable for electronic applications. Carbon, in the 

form of fibres, fullerenes, CNTs and graphene as reinforcement material can be a better option 

where the mechanical properties are enhanced and the electrical properties of copper are 

maintained. Since its discovery, a number of investigations have been carried out using CNTs 

as reinforcement in polymers, ceramics and metals by different techniques which have proved 

to be an alternate to fibres [45, 46]. Enormous research has been carried out to make use of 

CNTs as reinforcement for composite materials for several applications such as structural 

applications for their high specific strength as well as functional materials for their exciting 

thermal and electrical characteristics. Among the various processes, powder metallurgy and 

electrodeposition are the most commonly used techniques for preparing CNT reinforced 
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composites [44]. However, CNT-metal matrix composites have been received less attention in 

recent times due to the processing cost of CNTs, entanglement due to the van der waal 

interactions leading to the agglomeration, improper dispersion and distribution, weak 

interfacial bonding due to tubular structure. In contrast, recently emerged graphene with two 

dimensional sheet-like structure having high aspect ratio and large surface area compared to 

CNTs, has been attracted a great deal of interest by the scientific community as a viable 

replacement for CNTs in overcoming the aforementioned challenges. Therefore by graphene 

reinforcement is expected to have a positive influence on the various properties of the 

composites [47].  

Graphene is a proven candidate as a reinforcement material in improving the strength of 

polymers as well as metal matrix composites due to its excellent mechanical properties [47]. 

In addition, graphene is also shown to block dislocation motion in well-designed nano layered 

metal-graphene composites resulting in ultra-high strength [48]. The extremely superior 

properties of graphene (Gr), consisting of a single to few layers of covalently bonded sp2 carbon 

atoms, hexagonally packed in a honeycomb crystal lattice, allow it to surpass CNTs as an ideal 

reinforcement into the composites [47, 49]. Graphene, unlike CNTs, can be prepared by 

inexpensive methods in large quantities by chemical and electrochemical exfoliation of 

graphite [50, 51]. Several researchers have also reported an enhancement in mechanical [52], 

thermal [53] and electrical properties [54] of polymer based composites with small amounts of 

Gr introduced into the matrix. However, in case of Cu-Gr nanocomposites, only few studies 

have been reported either on mechanical or electrical and thermal properties by different 

approaches. Preparation methods include powder metallurgy, molecular level mixing, 

electrodeposition etc.  Electrodeposition technique, especially with application of pulsed 

currents is an easy, cost effective and scalable method to incorporate filler materials with nano-

sized dimensions homogeneously throughout the matrix [55]. Since the electrodeposition is a 

room temperature process, the inherent properties of graphene (Gr) and graphene oxide (GO) 

could be preserved during the preparation of the composites unlike in the conventional 

sintering processes where high temperature is involved. High temperatures (>600 °C) could 

destroy the graphene [12]. Therefore the primary focus of the current research work has been 

preparation of Cu-Gr nanocomposites by DC, PED and PRED techniques with optimized 

graphene content to be incorporated into the copper matrix by an appropriate technique for 
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enhanced mechanical and electrical properties simultaneously. The graphene, in the current 

study, has been prepared by an electrochemical exfoliation route. Copper-CNT composite foils 

were also prepared by the pulse reverse electrodeposition and few attempts have been made to 

overcome the challenges in improving the properties by shortening of CNTs, electroless 

deposition of Ni, Cu on CNTs etc.  

 

Figure 1.4 Approach towards enhancing mechanical properties while maintaining the electrical 

properties. 

1.4 Thesis objectives 

 Preparation of pure copper foils using pulse reverse electrodeposition technique in 

an ‘additive-free’ electrolyte. 

 To control various process parameters during electrodeposition to achieve 

maximum control on (111), (101) and (100) textures and the twin density in copper 

foils. 

 Preparation of graphene in bulk quantities using electrochemical exfoliation using 

an electrolyte containing HNO3 and HF. 

 Preparation of Cu-Gr composite using various electrodeposition techniques in an 

effort to achieve enhanced mechanical and electrical properties. 
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 Preparation of Cu-CNT composites. 

 Detailed microstructural/structural characterization of above synthesized materials 

using XRD, SEM, TEM, Raman spectroscopy, XPS, FTIR etc. 

 Evaluation of mechanical properties of these novel materials using depth sensing 

nanoindentation at room temperature. 

 Measurement of electrical resistivity using four-probe method at room temperature. 

 Evaluation of structure-property correlations and to make recommendations for a 

better copper based material with enhanced mechanical and electrical properties too 

address some of the challenges being faced by the electronics industry. 

1.5 Thesis organization 

Chapter 1 discusses the scope and approach towards achieving the mechanical and electrical 

properties in pure copper and copper nanocomposites.  

Chapter 2 discusses the importance of copper and copper nanocomposites for industrial 

applications and strengthening mechanisms of copper by different approaches. In addition, 

brief description about electrodeposition process, different techniques in electrodeposition 

process such as DC, pulse current and pulse reverse electrodeposition with advantages and 

disadvantages are mentioned. Further literature on synthesis of highly textured copper, recent 

studies on copper, Cu-Gr and Cu-CNT composites which are relevant to our approach in 

achieving the mechanical properties by strengthening are being discussed. 

Chapter 3 discusses experimental details for the preparation of individual systems such as pure 

copper, synthesis of graphene, Cu-Gr, copper-CNTs and methods/techniques used for 

characterization of copper and copper nanocomposite foils. 

Chapter 4 discusses texture evolution, control over twin density and their texture-property 

correlations in pure copper foils synthesized by PRED in ‘additive-free’ electrolyte. This part 

of the work has been published in “Electrochemical and Solid-State Letters”, 13 (6) D40-
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D42 (2010) as a short communication and full length article is under review in “Crystal 

Growth and Design”.  

Chapter 5 discusses the graphene synthesis by electrochemical anodization being a part of 

preparation of Cu-Gr composites. This part of the work is ready for submission. 

Chapter 6 discusses the influence of pulse parameters and graphene concentration in the 

electrolyte on the mechanical and electrical properties of Cu-Gr nanocomposite foils prepared 

by electrodeposition. Part of this work has been published in “Scientific Reports”, 4, 4049; 

DOI: 10.1038/srep04049 (2014) and the remaining part is a revised version which is under 

review in “Materials and Manufacturing Processes”. 

Chapter 7 discusses the studies carried on the influence of geometry of 1D CNTs with 2D 

graphene and attempts made to achieve the mentioned properties. Part of the work is ready for 

submission. 

Chapter 7 discusses the studies carried on the influence of geometry of 1D CNTs with 2D 

graphene and attempts made to achieve the mentioned properties. 

Chapter 8 discusses structure-property correlations including summary of main findings in 

copper, Cu-Gr and Cu-CNT composites and the conclusions. 

Chapter 9 is on the suggestions made and the scope for the future studies on improving the 

properties of pure copper and copper composites 
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Chapter 2. Literature review 

2.1 Electrodeposition 

Electrodeposition is a well-established, inexpensive and scalable processing method for 

coating metals as thin layers [56-58]. It is a surface phenomenon which involves the reduction 

of metal ions on the cathode and forms a solid metal coating from liquid state by using electric 

current [59]. It has several advantages over other coating processes like physical vapour 

deposition, chemical vapour deposition, thermal spray coatings, electroless plating etc. A 

simple experimental setup can be used to deposit metal coatings of uniform thicknesses on 

complex shapes and surfaces can be achieved at room temperature. The drawback of this 

technique is that, only conducting material can be coated on a conducting substrate with the 

application of current/voltage. Copper in particular, is the material of interest in the current 

research study.  

 

Figure 2.1 Metals platable from aqueous solutions (red) and platable in combination with one of 

the others (alloy plating) (Yellow) redrawn from [60]). 

All the elements which are in the periodic table cannot be deposited by this route. Figure 2.1 

depicts the elements in the periodic table which can be electrodeposited. In addition, along with 

these elements micron to nano sized particles such as oxides, nitrides, carbides, carbon in the 

form of fibres, tubes etc. can also be co-deposited along with the metal ions by dispersing them 

in the electrolyte with the addition of a surfactant/additive. In this technique, the 

metal/substrate on which plating is done is the cathode and the metal to be plated is the anode. 

Both anode and cathode are immersed in the electrolyte, which contains one or more dissolved 

metal salts with other ions to allow the flow of electricity acting like a medium. A power source 

with a rectifier supplies the current to the electrochemical cell. The anode is connected to the 

positive terminal of the supply, and the cathode is connected to the negative terminal. 
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Schematic of electrodeposition is shown in Figure 2.2. Initially when current is supplied to the 

anode comprising the metal atoms it oxidizes and dissolves in the solution (also ions are formed 

from the electrolyte). These dissolved metal ions are attracted towards the cathode and are 

reduced at the interface between the solution and the cathode, and are finally coated as a metal. 

This can be elaborated as, during the reduction process, initially the cations get stripped off 

from the hydrated complex as shown in Figure 2.2 and adsorbed as bare metal ions on the 

cathode.  These bare metal ions then get reduced by combining with electrons on the cathode 

surface hence becoming neutral atoms. This process continues with the migration of atoms 

over the substrate until they get adsorbed at active sites which are kinks and steps present on 

the surface also called as nucleation sites. Continuous adsorption of atoms results in constant 

spreading of the single atomic layer over the cathode/substrate surface. These adsorbed atoms 

move over the substrate surface interacting with each other forming bigger clusters in order to 

become stable. Many such clusters collide with other and grow in size and ultimately deposits 

as a thin coating. During deposition, larger islands grow and sometimes they leave certain 

portions of the substrate uncoated in the form of channels and holes which are later on filled 

up forming a continuous film.  
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(a)  

(b)   (c) 

Figure 2.2  Schematic showing (a) a typical electrolytic cell and (b-c) the deposition process 

(adopted) [61]. 

Reactions at the anode: 

𝐶𝑢0  ⇌ 𝐶𝑢2+ + 2𝑒−      (2.1) 

𝐻2𝑂 ⇌
1

2
𝑂2(𝑔) +  2𝐻(𝑎𝑞)

+ +  2𝑒−
    (2.2) 

Reactions at the cathode:  

𝐶𝑢(𝑎𝑞)
2+ + 2𝑒− ⇌ 𝐶𝑢(𝑠)

0
     (2.3) 

2𝐻(𝑎𝑞)
+ + 2𝑒− ⇌ 𝐻2(𝑔)     (2.4) 
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2.2 Faraday’s law 

Faraday’s law states that the amount of electrochemical reaction that occurs at an electrode is 

proportional to the quantity of electric charge ‘Q’ passed through an electrochemical cell. Thus, 

if the weight of a product of electrolysis is ‘w’, then Faraday’s law [61] states that  

𝑤 = 𝑍𝑄          (2.5) 

Where, ‘Z’ is the electrochemical equivalent, the constant of proportionality. Since Q is the 

product of the current I in amperes and the elapsed time t in seconds,  

𝑄 = 𝐼 × 𝑡     (2.6) 

Therefore, 

𝑤 = 𝑍𝐼𝑡       (2.7) 

In electrodeposition, rate of reaction such as oxidation and reduction at the anode and cathode 

respectively, are controlled by the electrical current (amps), supplied to the electrochemical 

cell and the duration. Therefore, depending on the type of current and time for which it is 

supplied, mainly two types of electrodeposition are in practice: DC and pulse current 

deposition techniques. In DC, current is supplied continuously until the required thickness is 

achieved irrespective of the time. In PED, current is given in pulses with a definite time called 

forward pulse/cathodic pulse. Each pulse follows an off-time (no current is supplied during 

off-time). This again follows the next pulse and so on. Sometimes, these pulses are given in 

negative direction called anodic pulse in addition to the cathodic pulse (forward pulse). Wave 

forms of DC, pulse and pulse reverse electrodeposition are shown in Figure 2.3. 
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Figure 2.3 Current waveforms for DC, pulse and pulse reverse electrodeposition. 

These pulses are usually in square form because square waves have an advantage of controlling 

wide range of duty cycle. In addition, Faradays law given in section 2.1.1 can quantify the 

amount of deposited material.   

2.3 Direct current electrodeposition 

In this process, direct current (DC) is supplied to the plating bath as shown in Figure 2.3; 

constant current/voltage is applied for deposition using a power source in the form of a battery 

or a rectifier [61]. Due to the constant and continuous supply of current, there is a continuous 

reactions takes place at the surface of anode and cathode. This results in the continues reduction 

of metal ions on the cathode leading to the uninterrupted growth of crystals instead of new 

nucleation sites. Therefore, the as deposited coating ends up with high porosity and roughness 

and with larger residual stresses.  Figure 2.3 indicates the current flow in the DC deposition 

2.4 Pulse electrodeposition (PED) 

Pulse plating was performed for the first time in the 1970s by Western Electric for depositing 

gold for crossover circuits in electronic switching [62]. In this plating, time was reduced by 

50% with the application of pulse compared to DC. In PED, the current supply is made in a 

series of short pulses as shown in Figure 2.4.  
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Figure 2.4 Square wave shapes for pulse electrodeposition. 

These pulse cycles can be controlled with pulse timings at required rates. Defined changes in 

these cycles offer vivid results to the deposited material in terms of microstructure, physical, 

mechanical, thermal and electrical properties [63]. Modulated current in the form of waves is 

used in the form of pulses with TF on and T F off   times. For a pulse, during the on-time, due to 

the application high current, deposition takes place and during the off-time, no current flows 

in the system hence no deposition. The off-time is a relaxation time in which deposited grains 

rearrange to more stable positions and also adsorbed impurities are removed from the coating. 

The ‘on’ and ‘off’-time completes the first cycle. During the second cycle, deposition takes 

place at new nucleation sites that might be formed during off-time. In addition, PED allows 

application of high current densities during deposition. Most of the impurities and gases 

entrapped during the deposition will diffuse out during the off-time. Hence, the pulse 

parameters have great influence on the properties of the as deposited coating free from porosity, 

dendritic growth, pinholes, with smooth, dense and fine nanocrystalline structures and better 

current efficiency compared to DC. Deposit properties can be expressed with duty cycle and 

average current density as given below 

𝐷𝑢𝑡𝑦 𝑐𝑦𝑐𝑙𝑒 % =  
𝑡𝑜𝑛×100

𝑡𝑜𝑛+𝑡𝑜𝑓𝑓
                           (2.8) 

𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑐𝑢𝑟𝑟𝑒𝑛𝑡 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 𝑖𝑎𝑣𝑔 =
𝒊𝒇𝒘𝒅 .𝒕𝒐𝒏

(𝒕𝒐𝒏+𝒕𝒐𝒇𝒇)
              (2.9)   
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PED coatings are characterized by high hardness, high wear resistance and low coefficient of 

friction. PED has several other advantages over DC in terms of throwing power, distribution, 

porosity and metal usage. 

2.5 Pulse reverse electrodeposition (PRED) 

PRED is also categorized under PED, the difference being the application of anodic pulse in 

addition to the cathodic pulse. PED has deposition (on-time) with a relaxation (off-time) in the 

iterations on the cathodic side. For the same iteration if an anodic step (reverse) is added after 

every cathodic pulse that is called pulse reverse technique. If an anodic/reverse pulse is applied 

after every cathodic pulse, which is referred as pulse-reverse electrodeposition. PRED exhibits 

several advantages over both DC and PED electrodeposition [63, 64].  During PRED, current 

is given in the form of modulated wave like in PED. Different types of waveforms for PRED 

are given in Figure 2.5. Similar to pulse, in PRED as well, during forward pulse deposition 

takes place and for the duration of forward off-time, no deposition occurs at the cathode. In 

PRED, during the reverse pulse anode acts as cathode and vice versa resulting in removal of 

some of the deposited material. Along with the removal of the deposited layer, removal of 

entrapped impurities and hydrogen also takes place due to the oxidative reaction. In PRED four 

parameters are required for the application of cathodic and anodic pulses, which influence the 

properties of the final deposit. The duty cycle and average current density for the PRED is 

given as  

𝐷𝑢𝑡𝑦 𝑐𝑦𝑐𝑙𝑒 % =
𝑡𝑓𝑤𝑑𝑜𝑛

𝑡𝑟𝑒𝑣𝑜𝑛+𝑡𝑓𝑤𝑑𝑜𝑛
        (2.10) 

 

𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑐𝑢𝑟𝑟𝑒𝑛𝑡 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 𝑖𝑎𝑣𝑔 =
(𝑖𝑓𝑤𝑑 .𝑡𝑓𝑤𝑑𝑜𝑛)+(𝑖𝑟𝑒𝑣 .𝑡𝑟𝑒𝑣𝑜𝑛)

(𝑡𝑓𝑤𝑑𝑜𝑛+𝑡𝑟𝑒𝑣𝑜𝑛)
     (2.11) 
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Figure 2.5 Types of waveforms for PRED. 

The main difference from the DC and PED is PRED makes deposit very smooth, highly dense, 

porosity free and retards the grain growth. PRED reduces the amount of impurities on the foil 

resulting in improved mechanical and electrical properties. PRED  allows  independent  

variation  of  pulse  waveform, cathodic /anodic  pulses,  duty  cycle  and  applied  potential 

which controls the properties  such  as  microstructure,  adhesion,  composition,  crystallinity  

and  electrical  properties [63, 65] Currently, pulse reverse (PR) plating is widely used in 

printed circuit board (PCB) manufacturing, but long before this became relevant and 

industrially important,  for several applications such as coatings, decorative applications [66]. 

Though, pulse plating technique results in smooth, compact and fine grained structures, macro 

throwing power is worse than that for DC plating. Best throwing power can be obtained by 

pulse reverse plating. In addition, use of additives involves high cost and limits ductility and 

conductivity of the deposited copper [67]. In addition, during the deposition process the anodic 

current   results in electro crystallization on the cathode surface with preferred orientation 

(smaller crystal grains) with smoother, brighter deposits with lower internal stresses [68]. 

However, in case of composites, pulse reverse plating method has been developed in order to 

enhance the particle concentration in electrodeposited metal matrix composite coatings [69, 

70]. It was also previously shown that the particle concentration deposited in pulse reverse 

plated coatings can be increased up to six times over that with unmodulated, DC 

electrodeposition [71].  
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Generally, deposition processes using DC method require the use of additives to control deposit 

structure, properties and current distribution. By selecting the appropriate process parameters 

the properties of deposits made by pulse current (PC) and pulse reverse current (PRC) 

techniques can be improved with addition of minimum or no additives in electrolytes. The 

present research evaluates the influence of cathodic time (TF on), anodic time (TR on), relaxation 

time (T F/R off), and applied current used in the PC and PRC techniques [72]. PED and PRED 

have numerous advantages over existing DC electrodeposition which are mentioned in Table 

2.1. 

Table 2.1 Advantages of Pulse/PRED [64] 

Metallurgical Physical Electrical General 

 Improved density  

 Lower porosity and 

roughness 

 Finer grain size 

 Better mechanical 

properties 

 Reduced residual 

stresses 

 Reduced hydrogen 

embrittlement 

 Improved 

adhesion 

 Increased 

throwing 

power 

 Uniform 

thickness 

 Better control 

of alloy 

composition 

 Better colour 

and brightness  

 Higher 

conductivity 

 Lower contact  

resistance  

 Better 

bondability 

 Reduced process 

limitations 

 More flexibility of 

metal content in 

bath 

 Reduction/elimination 

of additives 

 Reduced process 

(plating) time 

2.6 Deposition mechanism for pure metals and composites during 

electrodeposition 

In electrodeposition process, when current/voltage is applied across an   electrolytic cell, the 

deposition [61, 73] follows the described manner. Initially, electron flow will be moving from 

the anode to the cathode.   
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Figure 2.6 Deposition mechanism in copper and composites and diffusion layer in pulse 

electrdeposition (adopted from [61]). 

During this process, ions pass through a diffusion layer and a double layer (Figure 2.6). 

Mechanism of electrodeposition is the migration of metal cations towards the cathode and the 

deposition on the cathode. There  are  three  main  mechanisms  involved  in  deposition of ions  

on the  electrode surface that include migration (due to the potential gradient the ions move 

through electrolyte), convection (which  involve  the movement of ions through an electrolyte 

from  the  bulk  solution by  stirring etc.) and diffusion. Diffusion has a major role in deposition 

where concentration gradient is the driving force. However, during the current flow, the 

deposition or reduction of cations on the cathode takes place; thereby concentration gradient is 

established in the electrolytic cell.  Therefore the ions tend to move from high concentration 

region to lower concentration region that is towards the cathode. The thickness of this diffusion 

layer is called as the Nernst or Nernstian layer (Figure 2.6). Under static condition, this 

diffusion layer thickness would be ~0.2 mm. Under conditions of convection such as stirring 

etc., this thickness will decrease up to ~0.001 mm. This diffusion layer thickness varies with 

the pulse parameters in case of PED and PRED. During PED and PRED both on-time and off-

times influence the diffusion process. Unlike in DC method, during the off-time, 

reduced/consumed ions at the cathode surface are replenished from the bulk electrolyte. 

Therefore the diffusion layer breaks down and builds again during on-time. Thus, building and 

breaking down of diffusion layer occurs in pulse and PRED leading to a quasi-steady state. 

The two sides of the Nernst diffusion layer are called as pulse diffusion layer and stationary 

diffusion layer. Pulse diffusion layer is also called as inner layer which is located at the 

immediate area of the cathode surface. Stationary diffusion layer also known as the outer layer, 

extends up to the bulk from the other end of the inner layer. The thickness of the pulse diffusion 
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layer (δp), determines the distance for the ions to travel across to reach the electrode surface 

which is considerably smaller than Nernst diffusion layer (δN) [74].  

2.6.1 Nernst equation 

Nernst equation [61] can be used to relate the reduction potential of a half-cell (or the total 

voltage (electromotive force) of the full cell) at any point in time to the standard electrode 

potential, temperature, activity, and reaction quotient of the underlying reactions and species 

used. 

𝐸 =  𝐸0 −
𝑅𝑇

𝑛𝐹
ln 𝑄𝑐                    (2.12) 

‘E’ is cell potential (V) under specific conditions, ‘E0’is cell potential under standard-state 

conditions, ‘R’  is ideal gas constant which is  8.314 J/mol-K, ‘T’ is temperature (kelvin), which 

is generally 25 °C (298 K), ‘n’ is number of moles of electrons transferred in the balanced 

equation, ‘F’  is Faraday's constant, the charge on a mole of electrons  which is 95,484.56 

C/mol and lnQc is  the natural log of the reaction quotient at the moment in time. 

The pulsating diffusion layer thickness for single pulse [75] is given as 

𝛿𝑝 = (2𝐷𝑡𝑜𝑛)1 2⁄                             (2.13) 

Where, D is the diffusion coefficient and for PED and PRED, the diffusion layer thickness 

varies with the pulse parameters such as cathodic /anodic “on” and “off” times. The diffusion 

models for PED and PRED are described by Chang [76] and Ibl [75]. This enables the ion 

transport and facilitates metal ion consumptions at a higher rate at the electrode surface and 

implies higher limiting current densities. Higher limiting current densities in PED and PRED 

compared to DC deposition results in good nucleation rate and finer deposit crystallites. 

 Guglielmi [77] in 1972 (Figure 2.6b) has proposed a mechanism for composites in which the 

adsorption and electrophoretic attraction has a combined effect for the electrodeposition of the 

composites. This model has been used for several copper based composites including the co-

deposition of alumina particles as reinforcement in the metal matrix etc. However, influence 

of several parameters has not been explained in this model. In 1987 Celis [78] developed a 



Literature review 

22 

 

mathematical model for the prediction of amount of particles incorporated during co-

deposition. As shown in Figure 2.6(b), initially an adsorbed layer forms around the particles 

by the ionic species immediately after the addition of these particles to the electrolyte before 

the deposition process starts. Subsequently convection transfer of these particles towards the 

cathode takes place. Thereby diffusion through double layer and adsorption of particles with 

ionic species on the cathode occurs, leading to final reduction of ions and incorporation of 

particles into the metal matrix. 

Hence, with this brief understanding of the electrodeposition and its advantages over other 

techniques, PRED technique is chosen as a suitable technique for synthesizing copper and 

copper nanocomposite foils.  

2.7 Strengthening mechanisms in copper based materials 

Strength of a material is very sensitive to its microstructure. Strength/hardness of a material is 

related to how easily a dislocation moves in a crystal lattice and this in turn governs the 

associated plasticity. Traditionally, there are four strengthening mechanisms [79] for 

increasing the mechanical properties of a metal, (i) Grain refinement (ii) solid solution 

hardening, (iii) precipitation/particle reinforcement hardening and (iv) work hardening. Each 

method has its own significance in controlling the properties. By grain size refinement, the 

number of grain boundaries increases which help to block dislocation motion. In solid solution 

strengthening, solute atoms disturb the periodicity of the lattice and induce stresses. In strain 

hardening, the deformation in the metal increases dislocation number and thereby these 

dislocations interfere with the movement of neighbouring mobile dislocations.  

Certain methods for instance grain refinement, alloying and particle reinforcement though 

increase the hardness/strength of the materials, also lead to adverse effects on toughness, 

elongation and electrical properties depending upon the element used for alloying/reinforcing 

[4]. Work hardening increases strength yet leads to reduction in the electrical conductivity of 

materials. For example, electrical conductivity of work hardened copper decreases by 2 to 3% 

IACS. Figure 2.7 indicates the mechanical and electrical properties of copper strengthened by 

different methods. 
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Figure 2.7 Mechanical and electrical properties of strengthened copper by different methods 

(adopted from [4]). 

Figure 2.7 elucidates that strengthening of copper leads to decrease in the electrical properties 

[4, 17]. This is the main reason for avoiding second phase materials unless they are very 

advantageous, for example, carbon as reinforcement filler in enhancing the required properties 

in conjunction with mechanical properties.  

2.7.1 Grain refinement 

Grain refinement is one of the most common and effective methods adopted to control the 

properties of a material by reducing the grain size. In the early stages of deformation, grain 

boundaries act as trapping locations to hinder the dislocation motion and also barriers to slip. 

By reducing the grain size the number of grains and grain boundaries increases. Therefore, the 

distance moved by the dislocation becomes small before facing a grain boundary. This leads 

to the increase in mechanical strength or hardness. Figure 2.8 represents the polycrystalline 

material composed of grains and grain boundaries with the arrangement of atoms.  
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Figure 2.8  Grain boundary strengthening (a) example for a polycrystalline material [80], and 

(b) are graphical representation of grain boundary between the two grains and atomic 

arrangement at the grain boundary (adopted from [29]). 

The dependence of mechanical properties on grain size is explained by Hall-Petch relationship 

[21, 23, 81]. The Hall-Petch equation relates the grain size to the yield strength and hardness 

as  

𝜎𝑦 = 𝜎0 + 𝐾 𝑑
−1

2⁄
                                    (2.14) 

𝐻 = 𝐻0 + 𝐾′𝑑
−1

2⁄
                                   (2.15) 

Where σy and H are yield strength and hardness of the material respectively, d is the grain 

diameter and σ0, H0 and K, K’ are material constants. 
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(a)  

(b) (c)  

Figure 2.9 (a) Hall-Petch relation grain size vs. hardness or strength (adopted from [81]) (b) 

hardness vs. grain size for pure phase materials (adopted from [82]) (c) tensile properties of 

copper vs. grain size (adopted from [82]). 

According to Hall-Petch equation, hardness can be increased by decreasing the grain size. As 

the grain size decrease, dislocations pile up at each grain boundary, this leads to the increase 

in stress concentration in the grain across the grain boundary. Therefore stresses applied to 

move these dislocations must be higher. However, there is a limit up to which the hardness and 

grain size are inversely proportional beyond which the material tends to follow inverse Hall-

Petch relation [21, 23, 81, 83] where, the grain size and hardness are proportional. The Figure 

2.9 shows the relationship between the grain size and mechanical properties obtained from 

measurements for pure phase materials and copper. This indicates that the enhancement of 

mechanical properties was observed while decreasing the grain size. 
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2.7.2 Solid solution hardening 

Solid solution alloying is the addition of atoms of one element (alloying element/solute 

element) into the crystal lattice of base metal which causes lattice distortions in the base metal 

[84]. This in turn results in lattice strains in the host lattice surrounding the alloying atom which 

restricts the movement of dislocations.  

 

Figure 2.10 Strength and electrical conductivity of copper and copper alloys (adopted from [4]). 

Elements used in solid solution strengthening are usually increase the strength, depending on 

the proportion of solute elements. In case of copper, alloying is done in order to improve 

strength without reducing the ductility. However, alloying often degrades the electrical and 

thermal properties (Figure 2.10). 

2.7.3 Work hardening 

Strain hardening/work hardening [84] is one of the most important methods of strengthening 

where strength is improved by plastically deforming the metal by rolling, drawing etc. Plastic 

deformation results in distortion of atoms in the metal from their equilibrium positions and 

subsequently hardening takes place. The deformation can be carried out at low, moderate and 

high temperatures. If the working temperature is above recrystallization temperature it is called 

hot working while below the recrystallization temperature it is cold working. However, certain 

metals e.g., copper which is very ductile can be hardened by cold working. Therefore, it is 

difficult to deform a metal/alloy plastically further after work hardening as it requires high 
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stresses for additional deformation. During work hardening, dislocation density increases and 

these dislocations interact with other dislocations and impede the motion of dislocations in the 

metal. An annealed metal will have dislocations about 106-108/cm2, while a cold-worked metal 

may contain dislocations ~1012/cm2.  

 

Figure 2.11 Typical stress-strain curve redrawn for a strain hardened materials (adopted from 

[84]). 

2.7.4 Texture 

In polycrystalline materials, the word ‘texture’ is used to describe any feature of the 

microstructure that lends to the anisotropic behaviour of the polycrystalline body. Anisotropy 

refers to the directional dependence of properties. The value of a given property of an 

anisotropic material will differ for any randomly chosen direction [85]. Mechanical, magnetic 

and electronic properties vary widely as a function of crystallographic direction in a single 

crystal. In polycrystalline materials, this directionality of properties can be a consequence of 

crystallite size, particle morphology and/or preferred orientation. Each preferred orientation 

has its own significance in numerous applications. 
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Figure 2.12 FCC crystal and cystallographic planes (adopted from [86]) and randomly oriented 

polycrytalline material respectively (adopted from [85]). 

Therefore it is necessary to control the texture in order to obtain desired properties. In the 

present discussion, texture refers only to preferred orientation of the crystalline lattice, or 

crystallographic texture. Although the properties of single crystals can be strongly anisotropic, 

if all possible crystalline lattice orientations occur in similar manner, then the properties of a 

polycrystalline material can be isotropic, on an average. When preferred orientation exists, the 

structure is said to be textured or it has a strong texture. When the lattices are randomly 

oriented, the structure has no texture or is termed randomly textured [85]. A very strong texture 

is useful for optimizing the properties of an engineering component in a given direction. The 

fact that many structural and electronic properties are anisotropic, such applications demand 

the design of components with properties significantly better in a direction of interest than 

those that could be obtained from a randomly textured material (Figure 2.12). Hence it is 

important to have a preferred orientation. The basic difference in the crystallographic 

orientation is the atomic arrangement in a given crystallographic lattice plane which can be 

(111), (100) and (101) preferable for fcc materials. Figure 2.13 (a) shows the (111) plane of an 

fcc metal (b) shows the atomic arrangement and atomic density of (111) plane for a fcc metal. 

(c) Highly textured polycrystalline material. (111) is known to be densely packed plane 

compared to (100) and (101) planes in fcc metals, however obtaining a preferred orientation in 

(111), (100) and (101) depends on the processing parameters during the synthesis.  
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Figure 2.13 Arrangement of atoms in (111) plane and highly textured polycrystalline material 

respectively (adopted) [85]. 

2.7.5 Twinning 

 

 

Figure 2.14 (a) Representation of rotation of two lattices about an axis (b-c) energies of various 

Σ boundaries (adopted from [87]). 
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As mentioned earlier, grain boundaries play a major role in controlling the mechanical and 

electrical properties depending on the atomic arrangement and fit between two grains at the 

grain boundaries. Depending on the misfit/misorientation angle between the two grains, these 

grain boundaries are of two types, small/low angle and high angle grain boundaries. A small 

angle grain boundary is an array of dislocations that produces a small misorientation (5-15°) 

between the adjoining grains. High angle grain boundaries have a larger misfit with the 

adjoining grains /at grain boundary with misorientation (>15°). Due to the small misfit at the 

grain boundary, the energy of low angle grain boundaries is lesser than the regular grain 

boundaries. However, these small angle grain boundaries are not very effective in blocking 

slip. Apart from the low angle grain boundaries, there are special grain boundaries among high 

angle grain boundaries with misorientation (>15°). These special grain boundaries are called 

coincidence site lattice (CSL) boundaries. Contrary to the majority of low-energy boundaries, 

CSL boundaries have greater mobility than that of random boundaries. CSL boundaries occur 

when one grain rotates at certain angle about an axis (Figure 2.14) relative to another grain that 

results in a three-dimensional atomic pattern and in which a certain fraction of lattice points 

coincide in the two grains as shown in Figure 2.15(a). CSL boundary is characterized by a 

parameter Σ, the reciprocal of the fraction of lattice sites that coincide in both the lattices [26, 

88]. This Σ value changes from Σ1- Σ29 and so on depending on the lattice sites coinciding. 

Each Σ has significant energy associated to it depending on the number of CSLs. It has been 

observed that CSL grain boundaries with relatively low values of Σ can have a significant 

influence on the mechanical behaviour of a polycrystalline material as the small values of Σ 

result in short-period ordered structures in the grain boundary. CSL boundaries with Σ less than 

29 show several advantages over random grain boundaries or boundaries with higher Σ values 

have many advantages such as lower grain boundary energy in pure metals, lower diffusivity, 

lower electrical resistivity, greater resistance to grain boundary sliding, fracture, cavitation and 

greater resistance to corrosion etc. Among the Σ boundaries, Σ3 boundaries have lowest energy 

associated with them among the high angle grain boundaries and called CSL Σ3 twin 

boundaries. A twin boundary is a plane across which lattice structure is similar to special mirror 

image as shown in Figure 2.14. CSL Σ3 twin boundaries again have two subsets called as 

coherent and incoherent twin boundaries. Σ3 indicates that one lattice site is coinciding in every 

3 lattices coinciding at the grain boundary which can be clearly seen in Figure 2.15(a). Here, 
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black coloured circles indicate the CSL Σ3 lattices where, in every red/blue colour lattice 

points, one black coloured circle is coinciding. These boundaries have lower energies than 

those of random high-angle boundaries and other Σ boundaries (Figure 2.14(b)).  

 

Figure 2.15 (a) representation of CSL for Σ3 boundary (adopted from [87]) (b) Coherent twin 

boundary and arrangement of atoms (adopted from [29]) (c) scheme represent the atomic 

arrangement at coherent and incoherent twin boundary (adopted from[89]). 

Twin boundaries can be produced by several means such as, during deformation or heat 

treatment of certain metals. The control of the density of low Σ boundaries can be a means of 

producing a superior polycrystalline material [84]. The two most common twin orientations 

are (1) rotation twins (coincidence), produced by a rotation about a direction <hkl> called the 

twinning axis, and (2) reflection twins, where the two lattices maintain a mirror symmetry with 

respect to a plane [90] called the twinning plane. However, all the twin boundaries cannot be 

effective in blocking the dislocation motion while reducing the electron scattering. CSL Σ3 

coherent twin boundaries are very important in maintaining electrical conductivity while 
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enhancing the strength of the material. Coherent twin boundary, which lies on a {111} plane 

common to both adjoined grains, possesses the lowest energy of ~0.01 J/m2 compared to any 

other boundary (~1.0 J/m2) [91, 92]. Usually CSL Σ3 boundaries have a misorientation of 60° 

<111> and the maximum allowable deviation for CSL Σ3 boundaries according to Brandon 

criteria [93, 94]. 

𝑣𝑚 = 𝑣0 𝛴−1 2⁄
                                                   (2.16)  

Where, the proportionality constant, v
0
, is generally taken to be 15°, and accordingly the 

permeable deviation can be known for twin boundaries. For increasing the strength while 

maintaining the electrical conductivity. According to the Randle the twin boundaries need to 

be coherent where the maximum permeable deviation is up to 3° [26, 88, 95].  

2.8 Composite materials 

Composite material is a material with two or more chemically/physically distinct phases. First 

phase is a continuous phase called matrix which is large in volume fraction and the second 

phase is called reinforcement [90, 96]. The second phase can be randomly distributed or 

arranged, the later influencing matrix properties. Hence, in most of the cases, the second phase 

materials are harder than the matrix material in order to achieve intermediate properties of both 

the matrix and reinforced element. Reinforcement materials are in the form of continuous 

fibres, particles, short fibres, whiskers, etc. The size, shape,distribution and volume fraction of 

reinforced material influence the properties like strength, toughness, stiffness, thermal 

conductivity, electrical conductivity, coefficient of thermal expansion etc., of the composite 

[84, 96, 97]. However in tailor-made composites focussed on the mechanical and electrical 

properties, type of reinforcement and interfacial bonding plays an important role. In the current 

research, carbon in the form of nanotubes and graphene is used as reinforcement. Several 

models were proposed for strengthening mechanisms depending on the geometry and physical 

properties of reinforced element specially for CNTs. Orowan looping, thermal mismatch and 

shear lag are the reported strengthening mechanisms for CNT reinforced aluminum composites 

[98]. Among the three mechanisms, Orowan looping [99] is most probable mechanism where, 

the second phase particles inhibit the dislocation motion in two distinct ways; one is reinforced 
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element may get cut by the dislocations and in the second case  the reinforced elements may 

allow the dislocations to bypass, leaving a dislocation loop around them as shown in Figure 

2.16.  

 

  Figure 2.16 Orowan looping mechanism for particle reinforced composites (adopted from 

[99]). 

Shear lag model is proposed for short fibre composites where the load is transferred from the 

matrix to fibres through an interfacial shear stress [96, 100]. The load transfer depends on the 

length of the fibre; longer fibre implies more strength that can be transmitted from matrix to 

fibre. In thermal mismatch, the strength increases due to the stresses developed with different 

coefficients of thermal expansion of dissimilar phases [90]. Finally the strength of the 

composite is taken care by the shear strength of the interfacial phase. Interface helps in the easy 

transfer of stress from the matrix to the CNTs. In addition to these mechanisms, strengthening 

may also occur due to grain refinement and increase in number of dislocations induced   due 

to the second phase material and clustering of CNTs. 

Strengthening mechanisms were not reported in case of graphene/CNTs copper matrix 

composites. However the above mentioned mechanisms may or may not hold true for copper 

matrix. It is expected that since CNTs/graphene are very strong, strengthening occurs by 

transmission of load from the matrix to graphene/CNTs. In addition, they possess high modulus 

that allows the matrix to carry high loads. During loading, CNTs/graphene and matrix both 



Literature review 

34 

 

undergo elastic deformation. Then as the load increases, the matrix deforms plastically while 

CNTs undergo elastic deformation. After reaching the maximum load both reinforced material 

and matrix deform plastically. During this deformation, load transfer occurs from matrix to 

reinforced element then breakage or pull out of reinforced element occurs. Hence it is expected 

that the achieved strength will be intermediate to both the matrix and reinforced element and 

other properties are also a combination of both the phases in case of composites [101]. Further, 

processing techniques may vary the microstructure and distributions of CNTs/graphene leading 

to different degrees of strengthening.  

In the present study, grain refinement, grain boundary engineering, texture and carbon 

as reinforcement filler for strengthening copper have been adopted, without compromising the 

electrical properties. Therefore, based on the selection of these strengthening methods, next 

section discusses in detail about the relevant studies on synthesis of copper with improved 

mechanical and electrical properties.  

2.9 Recent studies on copper and copper nanocomposites 

Pure copper can be strengthened by several methods, while maintaining electrical conductivity 

as that of bulk copper, such as accumulative roll bonding (ARB)  process [102] , equal channel 

angular pressing process [103], friction stir process [104] and both equal-channel angular 

pressing  and high-pressure torsion [105] in addition to the electrodeposition. In ARB process 

using cold roll-bonding mechanisms, pure copper was severely deformed in order to achieve 

the required properties. Highly deformed pure copper has ultrafine grains with high angle grain 

boundaries and the strength increased up to 723 MPa, attributed from grain refinement and 

strain hardening while the electrical conductivity is retained. In Equal channel angular 

pressing, ultrafine grained pure copper of grain size about 70–200 nm was obtained. Tensile 

tests showed that the yield strength slightly increased and micro hardness increased by a factor 

of 1.7 with an electrical conductivity of 81% IACS. Friction stir processing is a surface 

modification process to improve the surface strength of pure copper where grain size was 

refined from 19 μm to 3 μm with an increase in hardness from 0.85 GPa to 1.14 GPa while 

maintaining the electrical properties. Combination of both equal-channel angular pressing and 

high-pressure torsion resulted in increase in both hardness and electrical conductivity with an 
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increase in the strain during processing. Noticeable increase in the hardness of (~270%) and 

the electrical conductivity of 97% was reported. For copper nanocomposites, Al2O3, SiC, TiB2 

etc. are the major elements incorporated by different techniques. By dispersion of SiC the 

hardness increased up to 229HV, yet the electrical conductivity decreased to 54-69% IACS 

[106]. With Al2O3 [5] and TiB2 [107] also same trend has been followed. 

Among the reports available on achieving mechanical and electrical properties, majority of 

them have shown only a slight/moderate improvement in the mechanical properties while 

retaining the electrical properties. In addition, the processing methods are also expensive and 

take several hours for synthesis. Therefore electrodeposition has been chosen since it is an 

economical and scalable method in attaining the mechanical and electrical properties 

simulatanously.  

2.9.1 Studies on optimization of both mechanical and electrical properties by 

electrodeposition 

Electrodeposition is a well-favoured method for the synthesis of copper and composite coatings 

as it has several advantages over other existing methods.  Open issues include the weight of 

each parameter in the process, mechanisms of additive influence, kinetics of the process etc. 

suggesting the fact that it is not fully understood. Depending on the required properties such as 

mechanical, electrical etc., deposition technique can be chosen [108].  

Improving the hardness by controlling the microstructure, grain size etc. independently by the 

addition of additives is studied by several researchers [32, 33, 41, 109]. Among the available 

methods, electrodeposition with the application of pulse and pulse reverse current are 

promising and one of the most economical methods to synthesize highly dense nanostructured 

copper films. In this method, nature of grain boundaries, grain size and texture can be precisely 

controlled by controlling various pulse parameters. The variables that control this process are 

electrolyte composition, pH, concentration, current density, temperature, agitation, etc. A 

detailed discussion of the literature regarding electrodeposition and its usage to synthesize 

nanostructured copper is presented in the further sections. Very few studies are available on 

achieving the said hardness while maintaining the electrical conductivity by controlling 

texture, high angle grain boundaries etc.  
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Cui et al., [31] reported the synthesis of (111), (200) and (220) textured Cu with a high density 

of {1 1 1} twins by PED. Mechanical and electrical properties of these Cu films were controlled 

mostly by the textures and twin densities and to a smaller extent by grain size. UTS and the 

ductility are equally improved. Formation of texture in the Cu films resulted from both texture 

of the substrates and pulse parameters such as pulse current density. The increase in current 

density leads to reduced twin spacing with the crystallographic orientation of {1 1 1}, with 

increased electrical resistivity and mechanical strength also revealing the nearly linear 

relationship between them [31] (Figure 2.17). 

 

Figure 2.17 Relationship between ultimate tensile strength and electrical resistivity for pulse 

electrodeposited copper (adopted from [31]). 

From the Figure 2.17, it is evident that though attempts have been made to increase the strength 

by introducing twins while controlling texture  and avoiding additives, ultimately the resistivity 

also increased linearly in the PED copper foils claiming that higher  density of twins results in 

an increase in the electrical resistivity of Cu films due to the electron scattering effect at TBs 

[110]. 

In contrast, Lu et al. [17, 20, 29] reported an ultrahigh strength in electrodeposited copper with 

the presence of twin boundaries. They argued that these twin boundaries act as obstacles for 

strain propagation as well as slip propagation. These twin boundaries may also impart high 
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electrical conductivity unlike the conventional grain boundaries. The authors also have 

observed that as the twin boundary density increases, they possess the capacity to store the 

dislocations. This results in increasing rate of strain hardening with high yield strength at high 

flow stresses at 77 K. It has also been shown that copper with high density twins increase the 

tensile strength up to 1 GPa with an elongation to failure of 30% [111]. Recently they also 

reported maximum strength by varying the twin lamellar thickness and found that as the twin 

thickness decreases to 15 nm the strength increases, reaching a maximum strength of about 

1100 MPa. . 

 

Figure 2.18 (a) True stress-strain and (b) electrical resistivity for nanotwinned copper (adopted 

from [20]). 

As twin boundaries influence electrical conductivity, nanotwinned copper shows increased 

resistivity with decrease in twin spacing to 15 nm (1.75 µΩ-cm), slightly higher than that of 

bulk copper. With increase in twin spacing from 15 to 90 nm, the resistivity has been increased 

(1.75 to 2.12 µΩ-cm) which is attributed to the grain boundary scattering. In the above reports, 

twinning was controlled in order to achieve the mechanical and electrical properties 

simultaneously.  

Later Lui et al. [112] have studied the influence of pulse parameters on controlling the texture, 

grain size and fraction of twins boundaries. The authors have suggested that with increasing 

the current density high-density of twin boundaries with 60°<1 1 1> with a plane of {1 1 1} 

were observed with the preferred orientation of <011> in copper films as shown in Figure 2.19. 
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Figure 2.19 Inverse pole figure map of copper foils deposited with a current density of 0.5 a/cm
2 

showing a preferred orientation of (101) and large fraction of twins indicated in red color 

respectively (adopted from [112]). 

 

Figure 2.20 Crystallographic texture of Cu films deposited by varying chloride concentration in 

electrolyte (a) DC-deposited and (b) PC-deposited Cu films (adopted from [32]). 

Chan et al., [32] reported that with the variation of chloride concentration as an additive in the 

electrolyte and with an optimum electrodeposition method, it is possible to control the 

crystallographic orientation, twinning and mechanical properties of Cu films.  Texture was 

manipulated using DC and PED techniques. DC deposited copper films have shown orientation 

of (110) with increase in the chloride concentration whereas the pulse current deposited copper 

showed (111) orientation and changes to (110) as the chloride concentration varied from 10 -4-

10-5 M (Figure 2.20). In addition, pulse current deposited Cu films have 30-50% enhanced 
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hardness compared to DC and (111) textured films have shown a high hardness of 2.7 GPa 

compared to (110) textured films (2.4 GPa) with the chloride addition as an additive. Very 

recently Lu et al. [113] have studied the anisotropic growth of highly (111) textured copper 

synthesized by PED with large fraction of twin boundaries and the transformation of <111> to 

<100> crystals has been observed during the heat treatment at 450°C (Figure 2.21). 

 

Figure 2.21  EBSD map of copper film preferentially orientated toward <111> with inverse pole 

figure and pole figure with the pole density (adopted from [113]). 

From the above studies, it can be noted that structure- property correlations in pure copper, 

such as mechanical and electrical properties were studied only by few researchers, either by 

introducing twin boundaries with the application of DC, PED or by controlling texture and 

twin boundaries. The correlation is limited either to the mechanical properties with texture or 

the electrical properties alone.  No correlation has been made so far on the texture-property 

correlations for mechanical and electrical properties simultaneously using PRED. Therefore 

our main focus is on controlling and simultaneously increasing the mechanical and electrical 

properties of the (111), (100) and (101) textures using PRED. 

2.9.2 Graphene 

Graphene, a newly isolated form of carbon, with sp2 -bonded carbon atoms densely packed in 

a honeycomb crystal lattice, has garnered appreciable attention as a potential candidate for next 

generation applications. The applications could be in electronics, memory, biotechnology, 

sensor, energy storage devices etc. due to its exceptional mechanical, electrical, thermal 

properties, high current carrying capacity, chemical inertness and optical transmittance [114, 



Literature review 

40 

 

115]. Graphene was first synthesized by micromechanical cleavage from graphite [116]. This 

approach facilitates the production of high quality graphene for several applications [117]. 

Graphene can be of either single-layer, two, three or few layers. A single layer graphene is 

defined as a single two-dimensional hexagonal sheet of carbon atoms.  Graphene is harder 

than diamond and about 100 times stronger than steel [118]. The tensile strength of graphene 

exceeds 1 TPa [119]. The robust graphene is stretchable and can be elongated up to 20% of its 

initial length.   

  

Figure 2.22: Allotrope of in the form of charcoal, graphite and graphene (adopted from [120]). 

Electrons flow through graphene (at one hundredth the speed of light) more easily than through 

copper making graphene a better conductor compared to copper. The properties of graphene 

are tabulated below. 
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Table 2.2 Properties of graphene 

Property 

(Unit of measure) 

Typical value 

parallel to 

Surface 

Typical value 

Perpendicular to 

surface 

Density (g/cc) 2.2 2.2 

Thermal conductivity (W/m-K) 3000 6 

Thermal expansion (CTE) (deg-

K) 

4-6×10-6 0.5-1.0×10-6 

Modulus (GPa) 1,000 - 

Tensile strength (GPa) 5 - 

Electrical conductivity (S/m) 107 107 

Graphene has a lot of potential applications, especially in terms of industrial applications for 

optical and electronic devices such as ballistic transistors, field emitters, and components of 

integrated circuits, transparent conducting electrodes, sensors, touch-screens, liquid crystal 

displays, organic photovoltaic cells and organic light-emitting diodes (OLEDs) etc. [49].  

Graphene can be used to create ultra-light components for aviation industry, to improve fuel 

efficiency. Therefore to control the structure and properties of graphene  a variety of processing 

techniques were used by researchers to garner specific applications which require graphene 

production in large scale [121-124].  The subsequent sections will discuss different synthesis 

techniques of graphene and its main applications. 

2.9.2.1 Graphene synthesis 

Synthesis of graphene started as early as 1975 [125] by depositing carbon on platinum. 

However, due to lack of consistency in the properties of graphene and the number of layers, 

the process was not studied extensively. After several attempts since 1999 [126, 127], in 2004 

Novoselov et al. have synthesized graphene through exfoliation [116, 128]. Since then this 

technique has been used to efficiently synthesize graphene in large scale. 



Literature review 

42 

 

 

Figure 2.23 Several methods of mass-production of graphene (adopted from [129]). 

Chemical vapour deposition, thermal decomposition of SiC, un-zipping of CNTs etc. have been 

used for synthesis of graphene [129, 130] shown as in Figure 2.23. Exfoliation methods have 

been discussed in detail owing to their popularity in scalability etc.  

2.9.2.2 Exfoliation methods 

Graphite is a stack of a number of graphene sheets bonded together by weak van der waals 

forces. Hence graphene can be produced from graphite if these van der waal bonds can be 

broken. Fundamentally there are two different methods for graphene preparation. One method 

is separating graphene from graphite called exfoliation and the other is growing single layer 

graphene on any substrate. Exfoliation is a repeated peeling process which uses mechanical or 

chemical energy to break weak van der waals bonds.  Exfoliation can be mechanical 
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exfoliation, microwave exfoliation, thermal exfoliation, chemical exfoliation or 

electrochemical exfoliation etc. [131-137]. Most of the reports are based on mechanical and 

thermal exfoliation [49, 138-141] as these result in large quantities of yield.  In mechanical 

exfoliation, graphene is separated by peeling it off from graphite using adhesive tape/ scotch 

tape. After peeling off, multiple-layer graphene remains on the tape. By repeated peeling, the 

multiple-layer graphene is cleaved into few-layers of graphene. The glue is dissolved in 

acetone and graphene is collected [142-144]. The obtained graphene considerably differs in 

size and number of layers, where the sizes range from nanometers to several micrometers with 

single to few layer graphene with almost no defects. This process is very easy to produce and 

scalable, yet the main drawback remains in the lack of control over the size and number of 

layers. Chemical/liquid phase exfoliation was first used by Horiuchi et al. to produce graphene 

from natural graphite [145]. In this method, graphene is synthesized by oxidizing graphite in 

an organic solvent or acids by reducing its energy barrier or directly with the use of chemicals. 

The exfoliated graphite solution is then sonicated for several hours and centrifuged until the 

thinnest graphene from different sizes is obtained. In liquid phase exfoliation also, the size and 

number of layers of graphene cannot be controlled. Though the complexity in producing large 

quantities of graphene by liquid phase exfoliation route is low, it takes several hours to few 

days to obtain the final product.  In addition, toxicity is a major concern due to the chemicals 

used in the liquid phase exfoliation as it produces graphite oxide as a by-product. However, 

this requires thermal/chemical reduction. After severe oxidation under acidic conditions during 

the process, the graphene oxide is of extremely bad quality compared to pristine graphene [51].    

2.9.2.3 Electrochemical exfoliation 

Electrochemical exfoliation [50, 146, 147] is similar to liquid phase/ chemical exfoliation 

technique. Major difference being, the use of current/voltage for electrochemical exfoliation 

for the graphite to be exfoliated under mild acidic conditions, instead of very strong acids used 

in chemical exfoliation. In liquid phase exfoliation, though the method of reduction from 

graphene oxide is potentially of low cost, the initial oxidation process often damages the 

honeycomb lattices of graphene. The minimum time or rapid process of exfoliation results in 

defect- free graphene and usage of optimized voltage results in controlled number and size of 

layers of graphene in bulk. This method is very simple, single-step, economical, environment 



Literature review 

44 

 

-friendly and is conducted in ambient temperature. When the electrolysis starts, the oxidation 

occurs at the anode (graphite) and reduction occurs at cathode. As time proceeds, the mild 

acidic molecules intercalate through the graphite layers. This further results in oxidation along 

the edges of graphite layers leading to exfoliation of graphene. The extent of oxidation depends 

on the product of electrolytic current/voltage applied and time, which is equal to the number 

of electrons for oxidation. However, the oxidation rate is very low compared to other liquid 

exfoliation methods. 

Electrochemical exfoliation in a mild aqueous electrolyte is used to synthesize graphene 

in bulk quantities in the current research which in turn is used for the preparation of copper 

based nanocomposites.  

2.10  Copper- graphene composites 

Carbon nanomaterials, including carbon nanotubes (CNTs) [148], graphene [149] etc., 

have received tremendous scientific interest as potential reinforcements. Though CNTs have 

exceptional properties, the tubular structure and high aspect ratio of CNTs led to entanglement 

resulting in rough and porous nanocomposites [44, 150]. It is envisaged that the recently 

discovered graphene can be an ideal alternative to replace CNTs.  In addition to the expensive 

production cost of CNTs, the major drawback in preparing the metal-CNT composites is the 

poor dispersibility of CNTs, which tend to entangle and form agglomerates in the matrix, 

hindering the development of these composites. For nanocomposites, dispersion, size, shape 

and interfacial bonding between the matrix and the reinforcement play an important role in 

enhancing the mechanical and electrical properties [151]. 

 Graphene (Gr), as mentioned in the earlier section, the most recently discovered allotrope of 

carbon exhibits excellent mechanical [152], electrical [116] and thermal properties [153]. 

Several studies have shown that graphene can be a better replacement for CNTs in 

nanocomposites and reported a significant improvement in mechanical properties even at lower 

graphene content [154]. Economical and scalable methods are reported for the synthesis of 

graphene [121], as compared to CNTs, facilitating the large scale development of graphene 

reinforced nanocomposites effectively [155]. Considerable work has been explored for 

synthesizing graphene reinforced polymer-based [154] and ceramic-based [156] composites, 
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while metal-graphene composites with aluminum [157, 158], nickel [159], magnesium [160] 

and Cu [12, 48] as metal matrices have also been synthesized. Al-Gr composites have shown 

only a slight enhancement in mechanical properties, the reason being the formation of carbide 

during processing [158]. Recently, magnesium nanocomposites reinforced with copper–

graphene nanoplatelet hybrid particles prepared through semi powder metallurgy method have 

exhibited higher tensile and compressive strength compared to the monolithic Mg, Mg–1Cu–

xGNPs nanocomposites [161]. The influence of graphene in enhancing the properties 

compared to CNTs as reinforcement material, due to its sheet like structure has been discussed. 

Notable literature related to the synthesis of Cu-Gr composites through powder metallurgy 

route reported an 80% improvement in the yield strength [162], young’s modulus [162] and 

thermal properties [163, 164] whereas no improvement was observed in electrical properties 

[165]. These insignificant changes are probably due to inhomogeneous dispersion/distribution 

of graphene, insufficient densification and issues related to interfacial bonding [165]. Very 

recently few-layer graphene (FLG) and copper powder mixed by ball milling followed by spark 

plasma sintering (SPS) shown 2.5 times higher strength than copper and 70.4% of IACS of 

copper [166]. Cu matrix composites reinforced with graphene nanosheets decorated with Ni 

nanoparticles (GNS–Ni) hybrids have shown 61% increase in Young's modulus (132 GPa) and 

94% improvement in yield strength (268 MPa) [167] and similar study on Ni nanoparticles 

decorated graphene nanoplatelets (Ni-GPLs) as a reinforcing component in Cu matrix (Ni-

GPL/Cu) have shown 42 % higher than that of monolithic Cu [168]. Gr/Cu composites by an 

electroless plating process and followed by a spark plasma sintering technique have resulted 

107% and 21% increase in tensile strength and Young’s modulus respectively, for 1.3 wt.% 

Gr/Cu composites [169]. The combination of ball milling and high-ratio differential speed 

rolling (HRDSR) technique was utilized to fabricate 0.5 and 1 vol.% MLG/Cu composites 

[170]. In addition, the radiation damage resistance and interface stability of copper–graphene 

nanolayered composite has also been studied by atomistic simulations [171]. On the other hand, 

an anomalous change in elastic modulus, yield strength and ultimate tensile strength was 

observed in Cu-Gr composites synthesized through molecular level mixing and nano-layered 

composites [12, 48]. Although electrodeposition has been reported as an effective method for 

synthesis of composites in the case of CNT reinforced composites, especially for copper [172], 
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research on electrodeposited Cu-Gr composites was limited to the usage of DC technique with 

major focus on the electrical and thermal properties [173-175].  

Koltsova et al. [176] have shown   improvement in hardness of 39% compared to pure 

copper by compacting graphene and copper powder followed by annealing and rolling.  

 

Figure 2.24 Young’s modulus and yield strength of Cu-Gr composites (adopted from [162]). 

Recently Chu et al. [162] reported synthesis of graphene nano platelets (GNP) reinforced 

copper matrix composites by powder metallurgy route with a combination of ball milling and 

hot-pressing. The graphene volume percentage was varied between 0-8% and dispersed in 

copper matrix by ball milling. Mechanical and microstructural studies showed a significant 

increase in yield strength and young’s modulus up to 114 and 37% respectively as the graphene 

volume increased. The homogeneous dispersion of graphene resulted in grain refinement and 

enhancement of properties. 

From Figure 2.24, it can be clearly observed that with increase in the volume% of graphene, 

the properties are enhanced up to 8% volume. Beyond, 8 vol. % yield strength and young’s 

modulus significantly reduced by 46 and 24% respectively, due to the probable aggregation of 

graphene. Dong et al., [165] have studied the thermal and electrical properties of graphene 

nanosheets (GNS)/copper composite prepared by spark plasma sintering (SPS). Due to the 

interfacial thermal resistance and poor wettability, the composites have not shown any 

improvement in thermal and electrical resistivity [165]. An anomalous change in elastic 
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modulus, yield strength and ultimate tensile strength was observed in synthesis of copper-

graphene through new approaches like molecular level mixing and nanolayerd Cu-Gr 

composites, respectively [12, 48]. Kim et al. [48], demonstrated an ultra- high strength of 1.5 

GPa  for Cu-Gr composite nano pillars by designing alternating layers of Cu and mono layered 

Gr with 70 nm repeat layer spacings, indicating the possibility of achieving high strength even 

in practical processes. 

Electrodeposition has often been reported as an effective method for the synthesis of 

composites, in the case of CNT reinforced composites, especially for Cu [172]. Research on 

electrodeposited Cu-Gr composites was mainly limited to the usage of DC technique with 

major focus on the electrical and thermal properties [173, 174]. Jagannadham [174] has 

recently reported the synthesis of graphene composites with copper as the matrix. Cu-Gr 

composites were prepared by electrochemical co-deposition from copper sulphate electrolyte 

containing graphene oxide suspension. Thermal conductivity of the composite samples with 

different thickness was measured. Composite foils with thickness greater than 200 µm showed 

an improvement in thermal conductivity of 460 W/m-K at 300 K (27°C) compared to that of 

electrolytic copper (380 W/m-K). And thermal conductivity decreased from 510 W/m-K to 

440 W/m-K as the temperature increased from –23 °C to 77 °C.  

Compared to the conventional techniques of electrodeposition, PRED is expected to increase 

the content of reinforcement and ensure uniform dispersion in composite films [172]. In 

addition, PRED controls grain size, incorporation of reinforced filler, roughness, porosity and 

stresses in the composite and reduces hydrogen evolution during deposition thus influencing 

the performance of the composite foil in terms of mechanical and electrical properties [177].    

2.11 Copper-CNT composites 

The demand for a superior material with enhanced mechanical and electrical properties for the 

electronics industry has led to the development of Cu-CNT composites by different methods 

[101, 178, 179]. Excellent mechanical properties, high thermal and electrical conductivity of 

CNTs has led to the research on CNTs into practical applications like resin-CNT, ceramic-

CNT, and metal-CNT composites [46, 180-182]. Several metal matrix composites (Al, Ni, Cu 

etc.,) [44] have been reinforced with CNTs. In addition, much work has been devoted to 
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develop copper-CNT composites for thermal, electronic applications etc. In 2006 for the first 

time, Chen et al. [178] demonstrated CNT reinforced metal matrix composites by DC 

electrodeposition having aligned SWNTs in the composites. CNT reinforced metal 

nanocomposites provide thermal conductivity and electrical conductivity 2 to 3 times higher 

than pure copper deposited by DC electrodeposition.   

 

Figure 2.25 Tensile properties of Cu-CNT composite prepared by electrodeposition (adopted 

from [178]). 

Fabricated copper  has a standard electrical conductivity (resistivity of l.72×10-6 Ω -cm), while 

the copper coated SWNT composite was reportedly found to have much higher electrical 

conductivity as compared to copper (>40%), with an electrical resistivity of 1.22x10-6 Ω-cm.   
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Figure 2.26 Electrical properties of Cu-CNT composite (adopted from [183]). 

Several attempts have been made to achieve higher strength and electrical conductivity. 

However reproducibility could not be achieved by this method due to lack of aligned CNTs. 

Majority of the research was concentrated on increasing the CNTs content for increasing the 

strength, which resulted in a compromising electrical conductivity due to the agglomeration of 

CNTs. Instead, ampacity and electromigration resistance have been improved (Figure 2.26) by 

reinforcing CNTs into the copper matrix [183]. 

Only few reports are available on PRED of Copper-CNT composites. It has been reported that 

PRED method is used to smoothen the surface morphology of plated nanocomposite films 

[172]. PRED method during the composite plating with granular or spherically shaped 

nanoparticles results in separation of most of the nanoparticles from the composite film during 

the anodic pulse. Hence incorporation of particles content in to the matrix is reduced while 

employing granular or spherically shaped nanoparticles [172]. CNTs having a fibrous shape; 

are expected to be attached to the matrix even during the anodic pulse. Therefore PRED of a 
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metal/CNT composite is expected to increase the CNT content of the composite film over 

conventional methods [172]. Coming to MWCNTs, the number of MWCNTs in the composite 

film fabricated by PRED is higher than that fabricated by DC electrodeposition. There were no 

significant defects such as voids in the Cu/MWCNT composite film produced by PRED, as in 

the case of DC electrodeposited Cu/MWCNTs [172]. In addition, since electrodeposition is a 

low temperature process it does not lead to any chemical reaction between the CNT and 

metallic matrix. Thus, the inherent properties of both the CNT and the matrix can be preserved. 

Secondly, during the electroplating co-deposition of metallic ions and CNTs are driven towards 

the cathode and deposit onto the cathode simultaneously.  Metallic deposition on CNTs is an 

atomic-level process that involves electron transport from cathode to metallic ions via CNTs; 

resulting in good interfacial bonding between the CNT and the metallic matrix achieved. Also, 

the simultaneous co-deposition of CNTs and metallic ions ensures the homogeneous dispersion 

of CNTs within the metal matrix [184].  

2.12 Scope of the current work 

Electrodeposition is a rapid, economical and environmentally suitable technique that 

has been adopted to synthesize copper foils with enhanced mechanical and electrical properties. 

In this process, by controlling the current density, pulse parameters, microstructural changes 

could be brought out in the synthesized foils. This has been realized in the current investigation 

in copper, copper nanocomposites such as Cu-Gr and Cu-CNTs. These changes depend upon 

the application of the current and the time for which it is supplied. There are three types of  

electrodeposition depending on the current/voltage supplied during the deposition process such 

as direct current deposition (DC), pulse current deposition (PED) and pulse reverse/anodic 

electrodeposition (PRED).  

Among the three methods, PRED facilitates several advantages both over DC and PED. Major 

difference is the application of a reverse/anodic pulse making the deposit very smooth, highly 

dense, better surface quality and minimized grain growth compared to DC and PED. Generally, 

deposition processes using DC require the usage of additives to control deposit structure and 

properties as well as current distribution [33, 63]. The use of additives results in high costs and 

limits ductility and conductivity of the deposited copper [67]. PRED reduces the usage of 
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additives during deposition, thus minimizes the amount of impurities in the foil, resulting in 

brighter deposits with lower internal stresses [68], improved mechanical and electrical 

properties. However, when it comes to composites, PRED method has been developed in order 

to enhance the particle concentration in electrodeposited metal matrix composite coatings [69, 

70]. It was also previously shown that the particle concentration deposited in pulse reverse 

plated coatings can be increased up to six times compared to unmodulated, DC 

electrodeposition [71]. In summary in the current study efforts have been made to strengthen 

copper without compromising on its electrical conductivity by an appropriate electrodeposition 

method (PRED). Further, for the first time, the effect of preferred crystallographic orientation, 

reinforcing elements such as CNTs, graphene has been studied in order to evolve a 

comprehensive understanding in establishing structure-property correlations.   
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Chapter 3. Experimental details 

This chapter introduces the materials and methods used for the synthesis of copper and copper 

nanocomposite foils. Synthesis of copper includes the highly (111), (100) and (101) textured 

foils with high hardness while maintaining electrical conductivity as that of conventional 

copper. For copper nanocomposites, CNT/Gr was used as a reinforcement and were 

synthesized by PRED technique. 

3.1 Base electrolyte 

Composition of base electrolyte used for electrodeposition of copper and copper 

nanocomposites *  

Table 3.1 Composition of base electrolyte and details of the experimental set-up. 

Electrodeposition unit DPR series pulse power supply (Dynatronix, USA) 

Regulation mode Current/Voltage 

Anode Electrolytic copper (99.99%) 

Cathode Titanium alloy 

Composition of electrolyte 
Copper sulphate (CuSO4 .5H2O) – 250 g/L 

De-ionized water and sulphuric acid (H2SO4) 

Temperature during deposition 15-20 °C, pH- 1-0.5 (maintained by adding H2SO4) 

Additives None used 

* Composition of the base electrolyte is same for pure copper and copper nanocomposite 

depositions.  

3.2 Pre-treatment for cathode and anode 

Titanium cathode was given “mirror-like” surface finish. Subsequently it was subjected to 

ultrasonication in acetone medium followed by dipping in boiling water. This procedure was 

employed mainly to remove impurities from surface and to relieve the substrate from residual 
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stresses. Electrolytic copper was polished to remove the oxide layer and cleaned with 10% HCl 

in DI water followed by ultrasonication. 

3.3 Electrodeposition of pure copper 

Copper foils were synthesized by pulse reverse electrodeposition technique under constant 

current density mode in an ‘additive-free’ electrolyte using DPR series pulse power supply 

(Dynatronix, USA). The electrolytic bath contained 250 g/L of copper sulphate in deionized 

water with pH maintained between ~1-0.5. The pH was controlled with the addition of 

sulphuric acid to the electrolyte. Temperature was maintained between 15-20 °C during the 

deposition. After the deposition for required durations, the deposited copper was peeled off 

from the titanium substrate as a foil.  

3.4 Copper-graphene composite foils 

For the synthesis of copper nanocomposite foils, graphene has been considered as 

reinforcement. The graphene used in this study has been developed by an electrochemical 

method in our own laboratory. Details of this method are given in Section 3.4.1 

3.4.1 Electrochemical synthesis of graphene 

Graphene can be synthesized by various approaches such as mechanical, chemical, thermal and 

electrochemical exfoliation methods. However, the present study focuses on the 

electrochemical approach due to its several advantages. 
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Table 3.2 Electrolyte and experimental details 

Electrochemical set up DPR series pulse power supply (Dynatronix, 

USA) 

Anode & cathode  Graphite rods 

Regulation mode Constant voltage (varied between 4-18 V) 

Electrolyte* Aqueous mild electrolyte (HNO3) and HF, De-

ionized water (3:0.5) 

*Electrolyte composition is varied and optimized. 

Since graphene was prepared by electrochemical exfoliation involving an anodization process, 

the surface of graphene contained oxygen functional groups. These functional groups that are 

attached to graphene during the electrochemical synthesis aid in homogeneous dispersion in 

the electrolyte due to their hydrophilic nature. In addition, these oxygen functional groups 

strongly improve the interfacial bonding between the metal and the reinforcement [151]. 

Therefore the extra step of functionalization required for the mechanical and thermal synthesis 

methods has been avoided.  

 

Figure 3.1 (a) Schematic Representation of the experimental set up for electrochemical 

exfoliation of graphite, (b) Exfoliated graphite rod and dried graphene powder (c) dispersed 

graphene sheets in ethanol and dried powder. 

HF and HNO3 of analytical reagent grade were purchased from Fisher Scientifics. High purity 

Graphite rods were used both as anode and cathode.  Both the electrodes were placed at a 

distance of 2-3 cm to each other in the electrolyte during the exfoliation process. Figure 3.1(a) 

schematically represents the exfoliation of the graphite rod. HF (0.5-2%) and HNO3 (3%) were 
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mixed in water at different concentrations, which was used as the electrolyte under mild acidic 

conditions. Static potentials varying from 4V–18V were applied for about 3h by using a DC 

power supply (Dynatronix). At the initial stage of exfoliation, the surface of the graphite rod is 

expected be wetted and the interaction between the graphite surface and the F- and NO3- ions 

produced due to the application of the bias voltage might be taking place. Within a few minutes, 

the rapid exfoliation of the graphite rod progresses and causing a bulge in the electrolyte. Due 

to the continuous application of the voltage, the exfoliation into few layered graphene takes 

place as long as the flakes are attached to the rod. Slowly, the graphene sheets start to dissociate 

from the rod and fall into the electrolyte. The size and the no. layers also depend on the bias 

voltage. The exfoliated graphene sheets were then ultrasonicated for few minutes for further 

dissociation and washed thoroughly several times in water until the pH of the solution was 

close to neutral, followed by washing in ethanol. The exfoliation products were then separated 

by centrifugation and/or filtration and dried. Basic experimental set up shown in Figure 3.1(a-

c), illustrates the exfoliation process used for the synthesis of graphene from graphite in the 

current study. Exfoliated graphene was collected after the anodization process by thorough 

centrifugation, washing, filtering etc., with deionised water. This collection was then dried. 

The collected graphene powder was used for the co-deposition along with copper in Cu-Gr co-

deposition. 

 

Figure 3.2 Schematic of experimental set up used for electrodeposition of Cu-Gr composite foils 

in the current study. 
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Basic electrodeposition set up for the composite foils is shown in Figure 3.2 and details of the 

electrolyte for composite deposition are given below  

Table 3.3 Experimental details for Cu-Gr deposition 

Electrodeposition unit DPR series pulse power supply (Dynatronix, USA) 

Deposition technique Direct, pulse and pulse reverse techniques 

Regulation mode Current 

Anode Electrolytic copper 

Cathode Titanium alloy 

Graphene 0.1-0.75 g/L 

Surfactant Poly acrylic acid (PAA)5000 

Composition of electrolyte Copper sulphate (CuSO4 .5H2O) 

De-ionized water and sulphuric acid (H2SO4) 

PAA 5000 15-25ppm/0.1g of graphene 

Ultrasonication Prior to the deposition 2-4 hr (0.1-1 g/L of graphene) 

Temperature during deposition 15-20 °C, pH- 1-0.5 (maintained by adding H2SO4) 

Additives None used 

Cu-Gr composite foils were deposited on titanium plates using PRED technique by optimizing 

the current density. Following this, pulse parameters as well as graphene content were also 

optimized separately. A polymeric surfactant PAA5000 of ~15 ppm for 0.1 g/L of graphene 

was added to the electrolyte to disperse graphene in the copper sulphate electrolyte and to avoid 

agglomeration. Graphene content in the electrolyte was varied between 0.1-0.75 g/L and the 

foils prepared are designated as P1 (0.1 g/L), P25 (0.25 g/L), P35 (0.35 g/L), P5 (0.5 g/L) and 

P75 (0.75 g/L) respectively, which is the nomenclature adopted for the entire dissertation. The 

applied pulse parameters for PRED technique were ~0.1 A/cm2 and ~0.01 A/cm2, for the 

forward and reverse pulses respectively. For the forward pulse, TF on was in the range of 15–50 

ms and TF off was in the range of 50–100 ms, for reverse pulse, TR on and TR off were in the range 

of 1–10 ms. Cu-Gr composite foils were synthesized by DC using the optimized graphene 

content in the electrolyte in order to compare with PRED. DC electrodeposition was done by 
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applying a current density of 0.025 A/cm2.  Initially, pure copper was deposited in blank 

electrolyte (without graphene) as a seed layer for few minutes to enable easy separation of the 

deposited composite foil from the titanium substrate. This step was followed by composite 

deposition in the respective electrolytes containing varied concentrations of graphene. All 

depositions were performed under magnetic stirring with the bath temperature between 15-20 

°C. Compact and highly dense composite foils with a thickness of ~30 µm were deposited by 

DC and PRED technique using Dynatronix pulse power supply (DuPR10-3-6). The 

electrodeposited Cu and Cu-Gr foils were annealed at 300 °C for 30 min under argon 

atmosphere in a tubular furnace in order to evaluate the microstructural stability. 

3.5 Copper-CNT composites 

In order to study the influence of tubular structure of CNTs in enhancing the strength as well 

as electrical conductivity, CNT reinforced Cu composite coatings are prepared using an 

electrochemical deposition technique with the optimized pulse parameters. Initially, CNTs 

were functionalized by acid treatment using the procedure given in section 3.5.1, followed by 

washing with de-ionised water until the pH becomes neutral in order to make the surface of the 

CNTs hydrophilic due to the presence of oxygen functional groups. The chemical interaction 

analysis revealed that the oxygen present in the surface functional groups can enhance the 

interaction between carbon and Cu. The oxygen present in the functional groups could promote 

electron exchange between Cu and carbon atoms, or directly interact with Cu thus playing a 

key role in the formation of Cu-CNT surfaces [151]. The functionalization process for the 

CNTs is discussed in the next section. 

3.5.1 Functionalization of CNTs 

Carbon nanotubes were functionalized by the well-established chemical method. As received 

multi walled carbon nanotubes (MWCNTs) were suspended in acidic medium of H2SO4 (98%) 

and HNO3 (70%) (1:3) and stirred for 2 hr at a temperature of 120°C. The oxidized CNTs were 

then washed several times until the pH of functionalized CNTs solution becomes neutral. 

Carbon nanotubes were filtered using a polymer filter membrane and later dried at 60-80 °C. 



                                                                                                  

Experimental details  

58 

 

3.5.2 Deposition of Cu-CNTs 

Functionalization was followed by deposition of Copper-CNT composites which includes 

different steps such as dispersion of CNTs with the addition of surfactant to make the CNTs 

homogeneously disperse in the electrolyte.   

Table 3.4 Experimental details for Cu-CNT composites 

Electrodeposition unit DPR series pulse power supply (Dynatronix, 

USA) 

Deposition technique Pulse reverse electrodeposition (PRED)  

Regulation mode Current 

Anode Electrolytic copper 

Cathode Titanium alloy 

Composition of  base electrolyte Copper Sulphate (CuSO4 .5H2O)  

De-ionized water and sulphuric acid (H2SO4)  

Surfactant Poly acrylic acid (PAA)5000 

PAA 5000 15-25 ppm/0.1 g of CNTs 

Ultrasonication Prior to the deposition for 2-4 hr (0.1-1 g/L of 

CNTs) 

Temperature during deposition 15-20 °C, pH- 1-0.5 (maintained by adding 

H2SO4) 

Additives None used 

Initially content of the CNTs used for the deposition was 0.1 g/L and deposition, follows the 

same procedure as in section 3.4. However, due to the length of CNTs, which is in the order of 

5-20 µm, Copper-CNT composite films were not formed. Instead powdered composite has 

formed. Therefore, shortening of CNTs was attempted in order to deposit a highly dense 

composite foil. The CNTs were shortened by ultrasonication method without damaging the 

CNTs walls. 
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3.5.3 Shortening of CNTs 

 

Figure 3.3 Scheme representing the process of shortening SWCNTs and MWCNTs. 

SWCNTs and MWCNTs were procured from NANOSHEL, USA. As-received CNTs were 

ultra-pure without any metal catalysts (purity >98%). Analytical grade ethyl alcohol (Alfa-

Aesar) was used as the organic solvent. SWCNTs and MWCNTs of 0.05 gm. each were taken 

separately in 50 ml of ethyl alcohol  and were dispersed  using an ultrasonicator (Telsonic-

Ultrasonics, 33 kHz) for about 30-120 min. Ultrasonicated CNTs were separated by 

centrifugation/filtration and dried in an oven. Figure 3.3 illustrates schematic of the shortening 

process. 

3.5.4 Electroless deposition of copper on MWCNTs 

In order to enhance the interfacial bonding and dispersion of CNTs, in this case, CNTs are 

shortened and then functionalized. These shortened and functionalized CNTs are decorated 

with copper. Electroless deposition has several steps viz, sensitization, activation and coating 

of copper. Sensitization includes addition of 2.26 gm. of SnCl2 –2H2O to 1ml of HCl (38%) 

and the volume was made up to 100 ml with de-ionized water and stirred. This sensitized 

mixture was aged for 72 hr at room temperature (25°C).  An activating solution was made 

containing 0.025 g. of PdCl2 in 1.3 ml of HCl (38%) and the volume was made up to 50 ml 

with deionized water. 0.05 g of the oxidized tubes was then sensitized by sonicating in 50 ml 

of SnCl2– HCl solution (of a specified age) for 3 min and the mixture was subsequently stirred 

for 7 min. The sensitized tubes were separated from the sensitizing medium by centrifugation 

and washed with deionized water. The sensitized nanotubes were then stirred in 50 ml of 

PdCl2–HCl activating solution for 0.5 hr. The activated CNTs were separated from the 
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activation medium by centrifugation and were washed with de-ionized water. The composition 

of the electrolyte for the electroless deposition of copper is give as Table 3.5 

Table 3.5 Electrolyte composition for electroless deposition of Cu on CNTs 

CuSO4-5H2O  3.1 g/L 

Disodium salt of EDTA   20 g/L 

HCHO (added later)  20  g/L 

Na2SO4-10H2O  40 g/L 

HCOONa     20 g/L 

Polyethylene glycol 6.6 g/L (pH=7, adjusted with NaOH at 25 °C) 

Decoration with copper was achieved by stirring the activated and sensitized tubes in 50 ml 

of Cu bath (composition as shown above, pH 7) for 15 min, followed by the addition of 1 g. 

of HCHO. After 5 min the suspension was filtered and washed with deionized water. The pH 

was varied using NaOH solution to study its effect on metal decoration. 

3.6 Characterization techniques utilized 

Copper and copper nanocomposite foils were characterized by various techniques for 

microstructural details, mechanical and electrical properties. Microstructural/structural details 

are obtained using Field Emission Scanning Electron Microscopy, Electron Back scattered 

diffraction, X-ray diffraction, Transmission electron microscopy, focused ion beam milling, 

Raman spectroscopy, Fourier-transform Infrared spectroscopy, X-ray photo electron 

spectroscopy and simultaneous thermal analyzer.  Mechanical and electrical properties were 

evaluated using depth sensing nanoindentation, four-probe electrical resistivity method 

respectively. Since the majority of the characterization was done at ARCI, the relevant details 

about respective equipment are adopted from ARCI web page. 
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3.6.1 Field emission scanning electron microscopy (FESEM) and electron backscatter 

diffraction (EBSD) 

Scanning electron microscope with field emission (FESEM HITACHI S4300) is used for 

microstructural evaluation of the copper and copper composite surfaces at high 

magnifications (> 200000X). This system is attached with an energy dispersion spectroscopy 

(EDS) unit and an electron backscatter diffraction (EBSD) unit [185]. When an incident 

electron beam falls on a sample, the interactions of the electrons with the material produces 

various types of electrons from the sample depending on the energy after interaction, namely 

secondary electrons, backscattered electrons, x-rays etc. The secondary electrons are 

important to study the microstructure of the sample.  Backscattered electrons are elastic in 

nature and are the source for the EBSD technique, using which crystallographic information 

(texture), microstructural information, orientation of individual grains, grain shape and size, 

type of grain boundaries including grain boundary statistics can be obtained. The copper 

sample is held inclined at an angle of 70° from the ground in order to enhance the 

backscattered electrons and these emergent backscattered electrons undergo diffraction. The 

electron beam moves on the copper sample surface in a systematic manner based on a step 

size, which is 20-40 nm, which was used, in the present research. The diffracted backscattered 

electrons are collected on a phosphor screen where they form bands called Kikuchi bands that 

are analyzed and indexed based on known crystallographic inputs. The electron beam passes 

on the surface and electron diffraction occurs at each point on the entire area of interest and 

mapped in EBSD. FESEM is used to study the morphology of electrodeposited copper and to 

observe the reinforced elements such as graphene, CNTs etc., in the copper matrix and their 

distribution.  

3.6.2 X-ray diffractometry  

X-ray diffraction (XRD) (D8 ADVANCE, BRUKER), was used to study the structural 

(crystalline, amorphous) information of the material can be retrieved [186]. Materials can 

range from bulk, thin films/coatings and powders of metals, alloys, ceramics, organic and 

inorganic compounds. In XRD, Cu is used generally as x-ray source and a high speed 1D 
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LYNXEYE detector is mounted on a vertical goniometer in order to carry out angular scans 

from 5 to 160° with an angular resolution of 0.002°. XRD was used to confirm the preferred 

crystallographic orientations of the electrodeposited copper foils and copper nanocomposites. 

Information of the reinforcements was also obtained. In the present study XRD analysis using 

Cu K-α radiation of wavelength 1.54056 Å with a step size being 0.05° and a scan speed of 3 

sec/step.  

3.6.3 Raman spectroscopy 

Raman Spectrometer (LabRAM HR800- Horiba JOBINYUON Micro Raman spectrometer) is 

an exceptional instrument to study the organic compounds present in the composites [187, 

188]. Intrinsic nano probing combined with micro Raman spectroscopy makes it very sensitive 

to short range structure in the nanomaterials. Raman spectroscopy can be used to analyse 

almost all the variety of materials including aqueous solutions since it is not affected by the 

large water absorption effects found in FTIR. No sample preparation is required, hence making 

it an easy characterization technique. Raman spectroscopy actually instigates from the bond 

vibrations. Having a spot size of 500 nm, Raman has a resolution of 0.36 cm-1 and micro Raman 

provides phase identification where, even traces of secondary phases can be detected as the 

polarisibility changes with the nature of the bonding. 

Raman spectroscopy was used to determine the number of layers and crystallinity in graphene, 

to study the crystallinity and defects in the as-received, functionalized and shortened SWCNT 

and MWCNTs by observing the variation in D- band, G- band, 2D band and ID/IG ratio. In 

addition, presence of graphene and copper oxide was also observed in the Copper – graphene 

composites by Raman studies. The measurements were carried out by using Argon-ion laser 

with power and wavelength of 16 mW, 514 nm respectively. 

3.6.4 Fourier transform infrared spectroscopy (FTIR) 

Fourier transform infrared spectroscopy (Spectrum GX Optica, Perkin Elmer, USA) with 

wave number region: 7000-370 cm-1 has been used. FTIR measures the infrared radiation 

frequencies, which were absorbed by a material at the frequencies of vibration of the 
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interatomic (chemical) bonds within that material. This gives us the details about interatomic 

(chemical) bonds, which are present in a material. The frequencies of bond vibrations fall 

within the frequency range of the infrared part of the electromagnetic spectrum. A single bond 

may vibrate in more than one mode and only those modes, which involve a change in dipole 

moment, will absorb infrared radiation. When a molecule is irradiated with all the infrared 

frequencies, it will absorb those frequencies which match bond vibrations with a change in 

dipole moment, and will not absorb those frequencies which do not match bond vibrations 

with a change in dipole moment [189]. FTIR has been used to study the functional groups 

present on the surface of graphene and CNTs. 

3.6.5 Transmission electron microscopy (TEM) 

Transmission electron microscopy is used to study the microstructural features of the samples 

at very high magnifications (> 500000X) in transmission where, FESEM cannot provide 

enough resolution [190]. Samples of 3 mm diameter are prepared such that the thickness of the 

thin region is about 50-60 nm or less. The preparation of this electron-transparent sample 

involves several steps including dimpling, precision-ion milling or twin-jet polishing and 

electropolishing. The incident electron beam can be accelerated to 200 kV and on passing 

through the sample, several interactions take place. The transmitted beam is then used for 

imaging and electron diffraction studies. The system is equipped with a LaB6 filament, EDS 

and electron energy loss spectroscopy attachments both of which are techniques for elemental 

analysis. In the later technique the energy lost by the incident beam on passing through the 

sample is measured and thus elemental information is obtained. 

TEM has been used to study the microstructural features of graphene synthesized 

electrochemically and to confirm the presence of graphene and CNTs in the copper matrix. 

Although graphene and CNTs in the copper matrix can be distinguished in FESEM, the features 

including distribution, number of layers in graphene/length and number of walls in CNTs 

cannot be observed, TEM has been used to serve this purpose. TEM has also been used to 

observe the length reduction in CNTs after the cutting process. For the composite foils TEM 

samples have been prepared using electropolishing (lectroPol5) for about 12 seconds with a 
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flow rate of 19-23 and applied voltage of 12-13 respectively until the required thickness is 

achieved this followed by Twin-jet polishing to get the thin region using an electrolyte contains 

HNO3 and methanol mixture at an applied voltage of 8-12V at -10°C.  

3.6.5.1 Focussed ion beam milling/microscopy (FIB) 

Focussed ion beam milling (Carl Zeiss Neon 40) system is equipped with an electron beam and 

a focused ion beam (FIB). The Ga-ion beam is used to remove material from the sample surface 

in a controlled fashion and the electron beam is used to carry out the imaging. As in-situ FE-

SEM is present in the FIB unit, live imaging is possible. Applications include study of coatings, 

cross-sections, growth mechanisms, corrosion etc. If an EBSD unit is attached to the dual beam 

microscope, the three-dimensional extent of grains in the sample can be mapped out. FIB was 

used to study the grain size distribution of Cu-Gr composites with different concentration of 

graphene and to study the DC and PRED deposited Cu-Gr samples. In case of pure copper FIB 

was used to confirm the equi-axed grain growth throughout the cross-section of the textured 

copper foils. 

3.6.6 X-ray photoelectron spectroscopy (XPS) 

X-ray photoelectron spectroscopy is an effective and quantitative tool for determining the 

elements and elemental composition on the surface of the material [191]. In addition, XPS also 

provides the surface structure, hybridization, bonding and functionalities with binding energy 

present in graphene. In the present study, to determine the elemental composition of graphene 

x-ray photoelectron spectroscopy (XPS) (Omicron Nano Technology, UK) has been used. 

3.6.7 Nanoindentation 

Nanoindentation is a standard and well-known method to investigate mechanical properties 

like hardness, elastic modulus, fracture toughness, strain- rate sensitivity, scratch resistance 

[192] etc. Hardness of engineering materials has been widely studied using various indentation 

techniques including nanoindentation. Hardness is proportional to the applied load P divided 

by the contact/projected area of the material [193]. Therefore nanoindentation is mainly 
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concerned with the depth of penetration in nm and the applied load in µN. During 

nanoindentation, the indenter tip (Berkovich) of known geometry is projected onto the selected 

area of the testing material surface by applying load either until it reaches the chosen maximum 

load or it reaches the designated depth.  Once it reaches the required load/depth, holding 

segment is introduced for material to relax then unloading takes place. The same loading and 

unloading process is repeated for several times at different positions on the surface to have 

meaningful statistical analysis of the data. 

In simple terms the load applied over area of the impression left gives the hardness value. This 

area is calculated as a function of contact depth whereas in other traditional indentation 

techniques, projected area is taken into consideration. The hardness is extracted from the load-

displacement plots obtained during nanoindentation using the method described by Oliver and 

Pharr [194, 195].  

H= Pmax/A (hc)     (3.1) 

Where, Pmax is the peak load applied, A is the contact area, hc is the vertical distance along 

which contact is made (contact depth) and A (hc) is area function defined as  

 

A(hc) =24.5hc
2+C1hc

1+C2hc
1/2+C3hc

1/4+……..+C5hc
1/16    (3.2) 

C1, ….C5 are the constants of area function given as C1 = 1.6991E+4, C2 = -1.1537E+6, C3 = 

1.1977E+7, C4 = -3.0602E+7, C5 = 1.9918E+7  

The reduced modulus (Er) is calculated using 

𝐸𝑟 =  
√𝜋

2

𝑆

√𝐴
     (3.3) 

Where, S is the measured stiffness, defined as S=∂p/∂h, taken as slope of initial linear portion 

of the unloading curve  

The elastic modulus E is calculated from reduced modulus Er using the equation given below: 
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1

𝐸𝑟
=  

(1−𝜗𝑖
2)

𝐸𝑖
+

(1−𝜗2)

𝐸
         (3.4) 

Where, Er is the reduced modulus, E and ν are the Elastic modulus and Poisson’s ratio (0.33 

for Cu) of the sample. Ei and νi are the elastic modulus and poisson’s ratio of the indenter (for 

diamond, Ei is 1140 GPa and νi is 0.07 respectively). May be it is better to give equation 

numbers 

Hardness and elastic modulus were determined for (111), (100) and (110) textured and 

twinned pure copper foils by MTS Nanoindenter XP in CSM (continuous stiffness 

measurement) mode. For the copper nanocomposites (Graphene and MWCNTs), Hysitron 

Triboindenter TI950 was used in a quasi-static mode. 

 

Figure 3.4 Load-displacement curve in nanoindentation (redrawn from [193]).  
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For the copper foils, the indentation was done at constant depth mode where the maximum 

depth of penetration was 2000 µm. Similarly composite foils were tested at a maximum 

constant load; applied peak load was in the range of 2000 µN at constant loading rate of 500 

μN/sec. 

3.6.8 Four-probe electrical resistivity 

 

Figure 3.5 Schematic represents the Four-probe electrical resistivity set-up. 

Four-probe resistivity consists of four equally spaced probes connected to the sample as shown 

in the Figure 3.5. Current (I) is supplied to the foils through the outer probes and simultaneously 

the voltage (V) drop is measured between the inner probes. The resistivity of the sample is 

given by   

Resistivity,  𝜌 =
𝑅𝐴

𝑙
   (3.5) 

Where ‘R’ is resistance, ‘A’ is area of cross section, and ‘l’ is length between voltage probes. 

This method was used for pure copper foils with sample of 4 cm length, width of 1.5 cm and 

thickness of 100-200 µm. Four probe resistivity measurements were done using Loresta GP; 

Mitsubishi chemical analytech Co., Ltd, Japan.  By using this method, resistivity can be 

measured in the range 10-6 to 107 Ω with 4-digit accuracy of (± 0.5%). 
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The resistivity was measured as volume resistivity (ρv), which is similar to the above method, 

the only variation being the thickness of the sample. 

𝜌𝑣 = 𝑅[𝛺] × 𝑅𝐶𝐹 × 𝑡[𝑐𝑚]  (3.6) 

Where, ‘R’ is resistance,‘t’ is thickness of the sample and ‘RCF’ is resistivity correction factor.  

The resistivity correction factor (RCF) changes with change in sample shape, size as well as 

measuring positions. In the 4-pin probe method, if the sample size or measuring position are 

not fixed, the electric energy distributed in the sample is changed. The resistivity correction 

factor (RCF) is used to obtain the correct values for the volume or surface resistivity. In 

addition to the four probe electrical resistivity, electrical conductivity can be measured by eddy 

current electrical conductivity gauge, (Sigmatest 2.069, FOERSTER, USA) ranging from 0.5 

to 65 MS/m. It is a single probe portable device to measure electrical conductivity of non-

ferrous metals and coatings (as thin as 180 nm) at different testing frequencies with external 

and internal heating compensations. It is also used for thin and irregular shaped nano to micron 

sized films and bulk materials (smooth or rough) with minimum and maximum size of diameter 

being 5 mm and 300 mm respectively.  

For textured copper foils and composite foils in addition to these techniques, resistivity values 

were also confirmed by I-V characteristics obtained using keithley ammeter and volt meter. 

The characterization of the pure copper, Cu-Gr and Cu-CNT samples is discussed in detail in 

the individual chapters. 
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Chapter 4. Electrodeposition of pure copper with various  

crystallographic orientations and evaluation of its mechanical 

and electrical properties  

This chapter discusses in detail about the texture evolution and control over the twin density in 

copper foils prepared by a rapid pulse reverse electrodeposition (PRED) technique in an 

additive-free electrolyte. Subsequently, correlation to its mechanical and electrical properties 

with the obtained microstructure has been made. For the first time, a novel approach has been 

demonstrated involving a rapid PRED technique in order to manipulate the (111), (100) and 

(110) textures, CSL Σ3 coherent twin boundaries (special grain boundaries) and grain size.  

Electrodeposition was performed in constant current density mode. A detailed experimental 

procedure has already been discussed in chapter 3. Range of optimized pulse parameters in 

order to control the texture in copper foils is mentioned in Table 4.1. 

Table 4.1 Pulse parameters used in PRED 

Texture 
Pulse duration (ms) Forward current 

density (A/cm2) 

Reverse current 

density (A/cm2) TF on TF off TR on TR off 

(111) 5-15 20-50 2 2 0.5 0.1 

(100) 10-20 100-200 2 2 0.25-0.5 0.1 

(101) 15-20 1000-2000 2 2 0.4-1 0.1 

Pulse parameters and current densities for the forward pulse were varied while the reverse pulse 

parameters were kept constant. Electrolyte composition, pH and temperature of the electrolytic 

bath during the deposition were maintained constant for all depositions. PRED technique 

facilitated rapid deposition and a coating of about 50-100 µm thick was feasible in about 1h of 

deposition. The as-deposited foils were peeled off from the substrate to make them free 

standing prior to characterization. The surface of the copper foils was electropolished to 

determine the texture by electron backscatter diffraction (EBSD). The step size during the 

EBSD scanning was about 40 nm. The diffraction patterns from EBSD data were analysed 
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using orientation imaging microscopy (OIM™ V6.1) analysis software from EDAX-TSL to 

determine the crystal orientations in each grain, grain boundary misorientations such as low 

angle grain boundaries (LAGBs), high angle grain boundaries (HAGBs) and other grain 

boundary statistics. Confirmation of the texture in large areas of the copper foils was also done 

conventionally by x-ray diffraction (BRUKER D8 ADVANCE) with Cu Kα radiation 

(λ=1.5406 Å). Hardness and elastic modulus of copper foils were measured using an MTS XP 

Nanoindenter; the indentations were performed in the continuous stiffness measurement 

(CSM) mode using a Berkovich indenter at a constant maximum indentation depth of 2 μm. 

The electrical resistivity measurements were carried out by four point probe technique and 

electrical conductivity was measured by eddy current electrical conductivity gauge (Sigma test 

2.069, FOERSTER, USA).  
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4.1 Texture validation by EBSD and XRD 

 

Figure 4.1 (a), (b) and (c) indicate the crystallographic orientation maps for copper foils  highly 

oriented towards (111), (100) and (101) textures respectively as indicated by  the color codes 

allocated in the inverse pole figure (crystal direction with respect to the sample normal) and 

pole figures with pole densities given to the right of the respective image.  

The crystallographic orientations of the highly (111), (101) and (100) textured foils in the 

present study have been obtained by adjusting the pulse parameters as well as the current 

density. The various parameters that have been used during the deposition process are given 

earlier. Figure 4.1(a-c) shows the representative crystallographic orientation maps/OIM maps 

of the copper foils and corresponding colour coded inverse pole figures (IPF). Pole figures with 

colour scale indicate the crystallographic orientations of each grain and their pole densities 

respectively from the pole figures for a selected area of the foils at the microscopic level. In 

the present study, the orientation maps were processed from the normal direction (ND) of the 

sample, indicated as crystallographic plane normal, which is parallel to the normal direction. 

It can be seen from Figure 4.1(b) that the pole in pole figure of the sample with (100) texture 
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is shifted by 8° with respect to [-1, 3, 23]. A similar shift has been reported where, authors have 

further mentioned that a shift of 12° is acceptable [196].   

From the EBSD orientation maps, it is evident that the copper foils are highly textured with a 

pole density of 15.63, 10.84 and 7.31 calculated from the orientation distribution function 

(ODF) indicating the preferred orientation for <111>ǁ ND, <100>ǁND and<101>ǁ ND textured 

foils, respectively. EBSD data shown in this study have been cleaned up using OIMTM data 

analysis software. After grain confidence index (CI) standardization and neighbour CI 

correlation, a partition was created for each scan consisting of only those data points with CI 

≥ 0.1. Thus it was ensured that the data used for the analysis is of high quality. 

In order to confirm the texture of the copper foils at the macroscopic level, XRD patterns were 

obtained and the texture coefficients were calculated to confirm the preferred orientations. 

From XRD patterns (Figure 4.2), it is clear that these three foils are preferentially oriented 

along (111), (220) and (200) respectively. The reflections from the crystallographic planes of 

(111), (220) and (200) from XRD correspond to (111), (101) and (100) from EBSD [197]. 

 

Figure 4.2 X-ray diffractograms of (a) (111) (b) (100) and (c) (110) textured copper foils. 

The texture coefficient (Tc) [198] was calculated from the XRD patterns by using equation 4.1. 

𝑇𝑐(ℎ𝑘𝑙) =
𝐼(ℎ𝑘𝑙) 𝐼0(ℎ𝑘𝑙)⁄

1 𝑛⁄ ∑𝐼(ℎ𝑘𝑙) 𝐼0(ℎ𝑘𝑙)⁄
                             (4.1) 

Where Tc is the texture coefficient of (hkl) plane, I (hkl) and I0 (hkl) are measured and relative 

intensities of the corresponding planes respectively and ‘n’ is the number of reflections. It has 

been reported that Tc>1  indicates a preferred crystallographic orientation [199] and Tc~1 

indicates a random orientation [198].  



Textured and twinned copper 

73 

 

  

Figure 4.3 Texture coefficients of (a) each plane and (b) total Tc of the copper foils with (111), 

(100) and (101) textures.  

From the XRD patterns (Figure 4.2), for the (111), (100) and (101) textured copper foils, the 

texture coefficients (Tc) were calculated as 2.39, 3.38 and 3.78 respectively. These larger 

values of Tc show a strong texture in these foils (Figure 4.3). The texture coefficients calculated 

for various crystallographic directions in all these foils are shown in Figure 4.3(a&b). 

According to the texture formation studies in fcc metals, at initial stages of the deposition, the 

crystallographic orientation is dominated by substrate texture at the interface due to its large 

interfacial energy in conventional DC and PED processes [97]. During the electrodeposition 

process, surface energy, strain energy or a combination of both and the energy arising out of 

various interfaces may control the texture formation [85]. However, texture of the films is also 

influenced by several aspects such as pH of the electrolyte, applied current densities, pulse 

parameters, additives, impurities, thickness of deposit, stress/strain formation in the deposit 

[200] and their relaxation etc. In most of the cases the crystallographic orientation changes 

from (111) to (100) and to (101), respectively depending on the changes that occur during the 

deposition process [201, 202]. Apart from these, the stability of the surface plane of the metal 

also has a significant role [203, 204]. However, the stability of the individual surface plane of 

fcc metals during the texture formation follows the order as  (111) >  (100) > (101) [19] as 

minimization of surface energies in these metals  follow the  order of  γ(101) > γ (100) > γ (111) 

[205]. Therefore initially copper growth is generally is expected to be inclined towards the 

(111) direction irrespective of the deposition technique used. It is mainly driven by several 

reasons like low surface energy of the (111) plane which in turn depends on the coordination 
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number [206] and atomic density when compared to other (100) and (101) planes [201, 207-

209]. During the deposition, development of (111) texture is favoured at large current densities 

applied at low temperatures due to minimization of surface/interfacial energy during growth 

process. Our previous study has also revealed that (111) texture is favourable at high current 

densities with short forward pulses and short reverse pulses [35]. In addition, low deposition 

temperatures are suggested in order to minimize the surface and interfacial energies, for twin 

boundary formation, good surface properties and to reduce the usage of additives [61]. 

Although (100) and (101) textures are known to be dominated by the strain energies [210] due 

to the anisotropy in elastic constants of copper [197], (100) and (101) grains nucleate at (111) 

boundaries dutring initial stages of electrodeposition [211] and gradually change to either (101) 

or (100) depending on the stresses. This usually occurs at higher current densities and low 

temperatures during conventional deposition process [197]. Specially for thicker and free 

standing films, lowest strain energy density in the elastic regime favours (100) direction and is 

considered as free growth mode formed due to H2 co-deposition during DC and PED [212, 

213]. However, during deposition, (100) growth is favoured slightly at larger off-times [214] 

and (101) is known to be favoured at very large off-times [17]. This happens by consuming 

(111) grains resulting from the stress driven recrystallization during PED due to lower strain 

energies favoured at high current densities [215].  High current densities results in high initial 

stresses, causing defects within the grains which are associated to the strains leading to the 

formation of texture. Increase in (101) with the extent of self-annealing and at very low 

deposition rates was reported to be because of higher off-times [32]. Further due to lesser 

atomic density in the plane and high broken bonds, (101) is known to be dissolved more easily 

compared to (111) and (100) textures. Therefore, (101) growth appears to be highly favourable 

during PED technique with longer off-times [216]. 

Accordingly, moderate changes in the pulse parameters have been made in our PRED 

conditions to deposit films with various orientations namely (111), (100) and (101) textures 

during deposition of the copper foils. In PRED, several processes occur at the cathode [35] as 

well as the anode during each cycle [217]. During the cathodic pulse or forward pulse, copper 

ions get reduced at the cathode and deposit as copper metal, while forward off-time aids in 

relieving of stresses and rearrangement of crystals, leading to texture development [218, 219]. 

In addition, uniform diffusion of Cu ions occurs from the bulk of the electrolyte towards the 
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cathode, improving the deposition process [109]. Short anodic pulse, during which current is 

applied in the negative direction, removes the deposited copper partially, resulting in the 

availability of fresh active nucleation sites during each cycle. This will lead to grain refinement 

and equi-axed grain formation throughout the thickness (~100microns).  

Anodic pulse also aids in the formation of twin boundaries due to strains formed during the 

anodic pulses [219, 220]. In addition to the dissolution of loosely bonded atoms, removal of 

entrapped hydrogen and impurities, etc. will also happen during the anodic pulse.  Hence, with 

the applied cathodic and anodic pulses with optimum on and off-times, a number of 

microstructural changes take place that could influence the texture. However, the stabilization 

of texture is taken care by the applied anodic pulse immediately after forward pulse in every 

cycle by relieving all the induced stresses which can change the texture during room 

temperature annealing after the deposition. In the present case, for (111) textured foils, high 

forward current densities with shorter forward and reverse pulses with low reverse current 

densities were applied at low temperatures. High current densities are employed in order to 

increase the nucleation sites which aid in grain refinement and also to have low impurity levels 

[61]. For (100) and (101), slightly large forward off-times were employed in comparison to 

(111) with same anodic pulse. Pulse parameters were employed to control the textures, 

avoiding use of additives in the electrolyte since additives stay as impurities in the deposited 

foils and disturb the texture during room temperature annealing. The mechanism for formation 

of texture during each cycle in process is not understood as of today. However in the current 

study the formation of highly stable (111) texture is probably due to rapid pulses which are 

leading to preferred orientation [19]. The formation of (100) texture is possibly by self-

annealing during the forward off-time due to high induced stresses leading to high strain 

energies at high current densities [218, 221]. Very long forward off durations might allow the 

formation and growth of (101) because (101) growth occurs at grain boundaries of (111). In 

addition, the PRED foils have also exhibited high compactness, high surface smoothness and 

less porosity [61, 63]. Here the deposition rates are quite fast compared to PED due to high 

current densities with application of a reverse pulse. In case of PED, longer pulse off-times are 

required for the rearrangement of the deposited grains for minimization of energy, removal of 

the residual stresses and adsorbed hydrogen along with impurities from the surface. In case of 

PRED, the applied reverse pulse takes care of the processes happening during off-time of PED, 
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wherein reverse pulse removes impurities quickly and also acts as an internal stress reliever 

after each cycle and porosity reducer by having new nucleation sites. This leads to grain 

refinement [222] and twin formation due to stress/ strain development during the deposition 

while reducing the deposition times. In addition, anodic pulse increases the stability of texture 

with equi-axed grain growth throughout the thickness of the foils, which can be observed from 

field ion beam (FIB) milled micrograph (Figure 4.4) with the usage of moderate current 

densities, which is not the case in DC and PED.  

 

Figure 4.4 FIB micrograph showing the equi-axed grains throughout the cross-section of PRED 

deposited copper foil. 

 

Figure 4.5 Representative EBSD orientation maps and respective inverse pole figures of copper 

foils prepared by electrodeposition (a) randomly oriented DC/PED synthesized copper foil 

without reverse pulse, (b) PRED copper foil highly oriented towards (111) and (c) slight 

deviation from (111) to random orientation of PRED copper foils after 6months. 
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The EBSD orientation maps with IPF figures in Figure 4.5 is an observation that confirms the 

influence of reverse pulse in controlling the texture formation, stability of texture and equi-

axed grain growth. Further, the additive-free electrolyte results in the absence of impurities 

contributing to high electrical conductivity. 

In addition to texture evolution, the copper foils have been further characterized to study the 

grain size, type of grain boundaries etc. It is known that grain size and grain boundaries play a 

significant role in controlling the mechanical and electrical properties besides texture [17]. 

Analysis of copper foils by EBSD yields the information regarding grain misorientations, grain 

boundary distributions including sub-grain boundaries, LAGBs (5-15°), HAGBs (>15°) and 

special grain boundaries [99]. The special grain boundaries including low-energy coincident 

site lattice boundaries (CSL) and coherent twin boundaries in all the textured foils are 

distinguished by different coloured plots. In addition to all these, the grain size distribution and 

grain boundary fractions are also estimated from EBSD. 
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4.2 Grain size distribution and grain boundary statistics 

 

   

Figure 4.6  Grain size distribution of (a) highly (111) textured, (b) (100) textured, (c) (110) 

textured copper foils. 

Figure 4.6 shows the grain size distribution in copper foils with (a) (111), (b) (100) and (c) 

(101) textures respectively. The corresponding statistics and grain size distribution histograms 

are also shown. It is seen that the foil with (111) texture had an average grain size of 0.57±0.2 

µm with majority of the grains in the submicron range. The (100) and (101) foils had an average 

grain size of 0.72±0.3 µm and 0.97±0.5 µm respectively. 
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Figure 4.7 Grain boundary misorientation for copper foils highly oriented towards (a) (111), (b) 

(100) and (c) (101) respectively. 

From the EBSD data, the fractions of LAGBs and HAGBs are calculated. The low angle 

boundaries are 6.2%, 2.8% and 2.9% among the total number of grain boundaries respectively 

(Figure 4.7) whereas HAGBs are 66.6%, 78.8% and 85.5% for foils with (111), (100) and (101) 

textures, respectively. HAGBs were indicated in blue color and Σ3 boundaries were indicated 

in red color (Figure 4.7). It can be observed that a large fraction of HAGBs are with a 

misorientation angle of ~60°. LAGBs generally have very less energy due to the minimum 

misfit at GBs between the adjacent grains which leads to increase in the hardness [218]. These 

LAGBs were found in larger fraction in foils with (111) texture as compared to other textured 

foils. HAGBs have high energy with large misfit at the GBs that may have no significant 

influence on the mechanical and electrical properties. According to Randle [95], special grain 

boundaries called CSL Σ3 coherent twin boundaries, categorized under the HAGBs, lead to 

increase in the mechanical strength as well as electrical conductivity. These are essential for 

improving the properties due to mirror-like arrangement of atoms at the GBs with the 



Textured and twinned copper 

81 

 

misorientation of 60° <111>. Consequently, in order to measure the fraction of coherent twin 

boundaries (CSL Σ3) among the HAGBs, the analysis was carried out. From the grain boundary 

statistics, the most important feature of all the textured copper foils is that among the total 

length of grain boundaries, the large fraction of grain boundaries is accounted for CSL Σ3 (60° 

to <111>) boundaries (Figure 4.7). It was observed that highly (111) textured copper has 

40.4%, (100) has 30.6% and (101) has 47.8% Σ3 boundaries among total boundaries. However, 

among the fraction of HAGBs (111) has 60.6%, (100) has 38.8% and (101) has 55.9% Σ3 

boundaries. From the analysis, though (100) and (101) textures have large fraction of HAGBs, 

fraction of Σ3 boundaries is higher in (111) and (101) compared to that of (100). This is 

because, Σ3 boundaries are more common in (101) texture and boundaries with Σ < 27 and 

LAGBs are more common in (100) texture compared to (111) texture [223, 224]. This could 

be the probable reason that (100) has less fraction of LAGBs and slightly large fraction of Σ < 

27 boundaries such as Σ9 etc., in addition to the Σ3 boundaries (Figure 4.7). These boundaries 

lead to a decrease in the fraction of Σ3 boundaries among HAGBs (30.6% of total length of 

GBs and 38.8% among HAGBs). Here the length of HAGBs accounts to 78.8% of total length 

of GBs. Also, Σ boundaries < 27 are resistant to intergranular corrosion. As a result, in the 

(111) and (101) textured foils, the fraction of CSL Σ3 boundaries were 40.4% and 47.8% 

among the total length of GBs and 60.6% and 55.9% among HAGBs respectively. This is in 

agreement with literature that (100) and (101) favours the Σ boundaries other than Σ3 

boundaries compared to (111) [224]. Though all the textured foils have significant fraction of 

CSL Σ3 boundaries, coherent twin boundaries contribute better for the enhancement of 

electrical conductivity. The boundaries with a deviation of only a few degrees from the ideal 

Σ3 boundary condition (60°<111>) can be considered as coherent twin boundaries which are 

essential for enhancing the electrical conductivity and ductility along with other mechanical 

properties [26]. According to the Brandon criterion [93, 94], for CSL Σ3 boundaries including 

coherent and incoherent twin boundaries, the allowable deviation can be up to 8°. Also Randle 

[26] has reported that the deviation must be in between 1-3° for coherent twin boundaries, with 

low energy compared to conventional CSL and HAGBs. Coherent twin boundaries are the only 

boundaries which can reduce the scattering of electrons at GBs leading to enhancement in the 

electrical conductivity which is not the case with incoherent twin boundaries [89].  
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Figure 4.8 Deviation from the CSL boundary in copper foils with (a) (111) (b) (100) and (c) 

(101) textures.  

In the present study, it is found that in (111), (100) and (101) textured copper foils, majority of 

these CSL Σ3 boundaries are very close to the ideal Σ3 condition from the GB statistics (Figure 

4.8). An angular deviation of 1° from the reference condition is considered to calculate the 

percentage of coherent twin boundaries (CSL Σ3) which is found to be ~80% (Figure 4.8). The 

twins formed in the present deposition process are growth-in twins and the formation of these 

twins reduces the total interfacial energy of the system. As mentioned earlier, these twins are 

formed due to the induced stresses and strains during the PRED. In all the textured foils, the 

presence of twin boundaries is confirmed after a detailed analysis of EBSD data. Mechanical 

and electrical properties were measured for the copper foils prepared by PRED with good 

control over the texture.  
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4.3 Mechanical and electrical properties of  highly textured copper foils 

 

  

Figure 4.9 (a) Load-displacement curves for copper foils highly textured towards (111), (100) 

and (101) (b) hardness and modulus vs. texture (c) grain size, hardness vs. texture. 

Nanoindentation has been used to evaluate the mechanical properties of these foils. Hardness 

and modulus are measured performing indentation  at different locations in the foils of 1 cm2 

area, which shows overlapping curves indicating high structural homogeneity of the foils 

(Figure 4.9). Figure 4.9(b) shows the representative load-displacement curves indicating the 

variation of hardness and modulus with variation in the copper foils with varied textures. 

Copper foils with dominant (111) texture   have shown excellent hardness in the range of ~2.2-

2.7 GPa and elastic modulus in the range of ~110-130 GPa. The hardness value of these copper 

foils is superior to that of bulk copper and modulus is comparable to that of bulk copper. Since 

there is a slight difference in the average grain size obtained for various foils in this study, 

Figure 4.9(c) was made by incorporating both hardness and grain size values of various 
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textured foils. It is clear from Figure 4.9(b) that the hardness is high for the (111) textured foils 

(2.45±0.15 GPa) while slightly lower values are observed for (101) (1.85±0.15 GPa) and (100) 

(2.1±0.20 GPa). Similarly, (111) textured foils exhibited highest modulus (117 ± 7.5 GPa), in 

comparison to (101) (102 ± 12.5 GPa) and (100) (90 ± 10 GPa) foils.  It has already been shown 

experimentally that the Young’s modulus for Cu (111) is 193 GPa, which is 2.9 times higher 

than Cu (100) with 69 GPa [85]. Generally for all fcc metals, elastic modulus follows a trend 

with E (111) > E (101) > E (100) [85, 225]. A similar trend has been observed for the elastic modulus 

of the highly textured foils in this study. High energy due to low atomic density and 

coordination number of (100) and (101) planes leads to slightly lower modulus. In order to 

correlate the texture dependent mechanical properties, the critical resolved shear stress (CRSS) 

values for Cu single crystal have been taken into consideration for comparison, as CRSS is an 

indirect measure of hardness [226]. The present study deals with the highly textured copper 

foils, which are expected to exhibit mechanical properties similar to those of single crystal 

copper. The trend observed in the hardness values for different crystallographic orientations of 

the highly textured copper foils is in line with that reported CRSS values [227, 228]. Dub et al. 

[228] have reported a CRSS of 4.56 GPa and 3.8 GPa for (111) and (100) planes, respectively 

for copper single crystal.  The ratio (1.2) in the CRSS for (111) and (100) is in agreement with 

the observed ratio (1.19) of the average hardness value in the present study for these two 

textures.  

 

Figure 4.10  Variation of electrical resistivity and grain size with respect to different textures in 

copper foils. 
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Electrical conductivity was found to be 56-66 MS/m for all the foils in this study (electrical 

conductivity for bulk copper the value is 58-62 MS/m). In addition, resistivity measurement 

made using 4-probes have shown that all the copper foils including (111), (100) and (101) 

exhibited a low electrical resistivity in the range from ~1.65-2.0×10-6 Ω-cm, which is 85-104 

% of that of bulk copper. Usually, when the grain size is reduced, the volume fraction of grain 

boundaries increases, leading to the scattering of electrons at the grain boundaries resulting in 

reduced electrical conductivity. In contrast to that, the electrical conductivity of the copper 

foils in the present study has not deteriorated with the grain refinement as well as texture 

development (Figure 4.10). This could be attributed to several aspects such as preferred 

crystallographic orientations (texture), low impurities and the presence of CSL Σ3 coherent 

twin boundaries, which reduce the scattering leading to enhancement in the electrical 

conductivity. 

In addition to the mechanical and electrical properties, the structural stability is also important 

while adapting these copper foils for various electronic applications. In order to evaluate this, 

the copper foils are stored at room temperature for six months. Subsequently hardness of these 

foils was measured and it was found that the hardness has decreased by only 5% in comparison 

to its as-deposited value [35]. This constancy of hardness at room temperature is probably due 

to the absence of grain growth [210]. Further the very slight deviation from the preferred 

orientation (texture) to random orientation was observed in the representative orientation map 

and IPF are shown in Figure 4.5(b-c). An additional feature observed is that density of all the 

textured foils was found to be 8.92 ± 0.05 g/cm3 i.e., about 99.6% of that of the bulk copper, 

using Archimedes principle method. 

Hence, it has been mainly observed during the present study that in PRED the usage of 

‘additive-free’ electrolyte reduces the impurities in the deposited material, resulting in minimal 

stresses giving stability to mechanical and electrical properties with texture in addition to the 

hydrogen embrittlement. Among the copper foils which were deposited using different  pulse 

parameters  in order to control the texture, high hardness in (111) is probably due to the high 

atomic density in (111) resulting in compact structure with low energy [229]. The enhancement 

of properties (mechanical, electrical) also results from low residual stresses and large number 

of coherent twin boundaries, which behave similar to conventional grain boundaries in 



Textured and twinned copper 

86 

 

blocking the dislocation motion while reducing the scattering of electrons. Similarly, in spite 

of large number of grain boundaries, the electrical conductivity of the foils is high due to 

LAGBs in (111), about 6.2% among the total number of grain boundaries with low energy and 

low mobility contributing to lower resistivity of the foils. The highly uniform orientation of 

the grains in (111) textured foils (texture coefficient) results in the reduction in scattering of 

electrons leading to lower values of electrical resistivity [221]. (111) is harder compared to the 

other planes because of the difficulty in activating the {111} <01Ī> slip systems [230]. Further, 

predominant advantage with highly (111) textured copper is, it improves the electromigration 

resistance compared to all other textures [16]. In the present study, among all textured copper 

foils, the highly (111) textured foil has prominent properties compared to the rest due to its 

standalone features. Thus, the enhancement of hardness in (111) is probably due to the grain 

refinement, texture and presence of CSL Σ3 coherent twin boundaries compared to other (100) 

and (101) textured foils. 

4.4 Control over twinning 

It has already been mentioned in the above section that CSL Ʃ3 coherent twin boundaries can 

enhance the strength as well as electrical conductivity by minimizing the scattering at GBs, the 

pulse parameters are optimized to synthesize the highly twinned copper foils. The properties 

of copper foils with different twin densities synthesized by pulse reverse electrodeposition 

were studied. At this point, two copper foils with different twin densities with dissimilar twin 

lamellae were prepared by PRED and characterized by EBSD. The variation  in pulse 

parameters to control the texture of the coper foils, can also control the twin density at the same 

time by increasing the reverse anodic pulse current density. These  pulse parameters aid in 

obtaining the twinning and they inturn influence the properties.  
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Figure 4.11 EBSD orientation maps of two different copper foils with (a) smaller grains and (b) 

larger grains with different twin lamellae thicknesses. 

Copper foils with various twin densities were synthesized by optimizing the pulse parameters 

in PRED. Figure 4.11 shows (a) with twin lamellae of ~300 nm and (b) with the twin lamellae 

~100 nm for copper foils characterized by EBSD. From the grain size distribution of copper 

foils from Figure 4.12 with variation in twin densities, these copper foils have shown a large 

variation in the grain size. However from the EBSD data, it can be observed that the fraction 

of twin boundaries in both the foils have variation in the number of twin boundaries and their 

twin lamellae. The grain boundary statistics were calculated from EBSD shown in Figure 4.13. 

The misorientation angles for both twinned copper foils have large  fraction of Σ3 coherent 

twin boundaries, which are 40.4% and 76% respectively with a fraction of HAGBs of 75.5% 

and 85.5% of total length of GBs. However, considering the Ʃ3s among the HAGBs the 

moderately and highly twinned copper foils have fractions of 53.7% and 89.8% of CSL Ʃ3s 

(Figure 4.13). In addition, moderately twinned copper foil has other Ʃ< 27 boundaries (Ʃ9) 

etc., which are included among the HAGBs and resulted in smaller fraction of Ʃ3s among the 

HAGBs. However, in highly twinned copper foils the fraction of Ʃ3s is  higher among the 

HAGBs. 

(a) 
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Figure 4.12 Grain size distributions for twinned copper foils. 

 

Figure 4.13 Grain boundary statistics in (a) highly twinned and (b) moderately twinned copper 

foils. 
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Figure 4.14 Deviation from the CSL boundary in (a) highly twinned and (b) moderately 

twinned copper foils.  

Further, these foils were characterized for the mechanical and electrical properties. The foils 

with smaller grain size of 1-2 µm with twin lamellae thickness of ~300 nm exhibited a  hardness 

of ~2.0 GPa showing an electrical resistivity of 1.76×10-6 Ω-cm. The copper foil with larger 

grain size of 5-7 µm with twin lamellae thickness of ~100 nm has exhibited a similar hardness 

of ~2.0 GPa and an electrical resisistivty of 1.73×10-6 Ω-cm. Therefore, from the grain 

boundary statistics and properties, it can be concluded that the enhancement of hardness and 

electrical conductivity could be due to the presence of CSL Ʃ3 coherent twin boundaries.  

From Figure 4.13 both the copper foils have sufficient fraction of CSL Σ3 coherent twin 

boundaries. Twinned copper foils with smaller grains have lesser fraction of CSL Σ3 coherent 

twin boundaries compared to the highly twinned copper foils with larger grain size. This can 

be easily seen in the EBSD map (Figure 4.13). However, fraction of these grain boundaries can 

be obtained only after detailed analysis on grain boundary statistics. In moderately twinned 

copper foil, the fraction of CSL Σ3 boundaries were about 50%. CSL Σ9 boundaries which 

have misorientation angle between 35°-40° were also present and these boundaries may not be 

contributing to the observed properties. 

In case of highly twinned copper, the fraction of CSL Σ3 coherent twin boundaries were very 

high (>90%)  and there are negligible fraction of other Σ boundaries including low angle grain 

boundaries (< 5%).  Due to more fraction of coherent twin boundaries and also because of twin 

lamellae (thickness is ~100 nm) contributing in increasing the hardness along with the 
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electrical conductivity.  However the hardness is comparable to that as moderately twinned 

copper. It is to be noted that although  the grain size is 5-7 µm, because of the presence of twin 

lamallae  with finer thicknesses (~100 nm) high hardness has been achieved. It appears that 

these twins with varied twin lamellae thickenesses might act as barriers for dislication motion 

and also helps in reducing the scattering of electrons leading to improve the electrical 

conductivity.  

4.5 Summary 

To summarise this chapter, the control over texture and twin density has been achieved by 

optimizing the pulse parameters with the use of PRED in an ‘additive-free electrolyte. Highly 

(111), (100) and (110) textured copper foils with the alignment of <111>ǀǀND, <100>ǀǀND, 

<101>ǀǀND were prepared successfully. Current densities between 0.4-1.0 amp/cm2 enable the 

texture formation due to rapid pulses. Increment in forward off (TF off) duration controlling the 

textures at shorter forward pulses (111) forms, at slightly higher off-times (100) formation 

occurs and at very large off-times, (110) formation occurs due to the self-annealing process. 

The increase in anodic current density leads to the formation of special grain boundaries. 

Further, reverse pulse results in equi-axed grain structure with high stability in maintaining 

texture with negligible stresses. Here the deposition rates are quite rapid compared to PED [31] 

due to high current densities with application of reverse pulse. PED requires longer pulse off-

times for the rearrangement of deposited grains that results in minimization of energy, removal 

of the residual stresses and adsorbed hydrogen along with other impurities from the surface. In 

PRED, the applied reverse pulse takes care of the processes that happen during the off-time of 

PED. The reverse pulse during PRED removes impurities quickly, and also acts as stress 

reliever after each cycle. It also aids in reducing the porosity by generating new nucleation sites 

leading to grain refinement [222]. It also favours the twin formation due to the stress / strain 

developed during the deposition and also results in reduced deposition times. In addition the 

usage of ‘additive-free’ electrolyte in PRED results in foils with no unwanted impurities 

leading to high electrical conductivity. Among all the textured copper as well as twinned 

copper foils, the highly (111) textured copper foil has the enhanced properties.  In spite of the 

presence of large number of grain boundaries, the electrical conductivity of the foils is 
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maintained due to presence of small angle grain boundaries and twin boundaries. Small angle 

and special boundaries (twins) exhibit one order of magnitude lower electrical resistivity 

compared to that of conventional/ high angle grain boundaries. The highly preferred orientation 

of these grains results in reduced scattering of electrons.  Optimization of pulse parmeters also 

resulted in control over the twin density.
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Chapter 5. Electrochemical synthesis of graphene  

This chapter deals with the electrochemical synthesis of graphene for the preparation of 

copper-graphene nanocomposite foils. The electrochemically synthesized graphene in the 

present study has been used to reinforce into copper matrix by electrodeposition. 

The existing methods for preparation of graphene include chemical vapour deposition, 

mechanical exfoliation, chemical and electrochemical exfoliation techniques [116, 231, 232]. 

Although graphene with high quality with required number of layers can be produced from the 

chemical vapour deposition technique, large scale preparation is the need of the hour. Massive 

production at very large scale by use of a simple, environment-friendly and economically 

feasible technique with good reproducibility to produce high quality graphene is essential for 

several of the above mentioned applications. Liquid phase chemical exfoliation methods, 

although can produce graphene at large quantities, the quality of graphene is still a challenge. 

Chemical exfoliation such as Hummers method involves severe acidic environment causing 

damage to the graphene sheets produced [233, 234]. In addition, control over the size and 

number of sheets is not possible by using this method. Due to the violent interactions from the 

gaseous species produced from the acids used at high concentrations, the resultant product after 

the process still contains several thicker flakes, reducing the yield [51]. The chemical structure 

of graphene with the hexagonal lattice is also severely damaged, limiting its use in several 

applications [235]. 

Very recently, electrochemical exfoliation, a better controllable method by the variation of the 

type of electrolyte, its concentration and the potential used for anodization has been intensively 

explored by several researchers both for fundamental studies and technical applications [147, 

235]. Electrochemical exfoliation technique shows several advantages over the chemical 

methods since it is a single step process requiring ambient temperature [236]. Furthermore, the 

duration is much lesser, in contrast to the chemical approaches. Yet another advantage of this 

process is the feasibility to upscale, where milligrams to several grams of graphene can be 

produced with a control over the size and number of layers, with simple variation in the 

parameters and electrolyte concentration [237]. Mainly electrochemical exfoliation has been 

done using two types of electrolytes, namely ionic liquids containing imidazolium compounds 
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[147, 238] and aqueous electrolytes containing HNO3, H2SO4, H3PO4 etc. [50, 239, 240]. Use 

of ionic liquids result in low yield of the graphene produced by exfoliation, which may also be 

attached or modified with nitrogen or ionic liquids several times, bringing an inferiority to its 

properties. Aqueous acidic electrolytes on the other hand, play an active role in the 

electrochemical exfoliation of graphite into graphene, larger amount of oxygen functional 

groups get attached to graphene, depending on the concentration of the electrolyte, applied 

potential etc. Su et al. have demonstrated a fast electrochemical method to obtain thin graphene 

sheets, with a large lateral size, exhibiting electrical properties that are superior to the reduced 

graphene oxide prepared by the regular chemical exfoliation methods by using electrolytes 

containing H2SO4 [50]. An electrochemical exfoliation method was reported for large scale 

production of few layer graphene of high quality from graphite using oxalic acid as the 

electrolyte. The graphene sheets produced by this method were stable up to 800 °C, thus have 

shown a capability for their potential application in solid oxide fuel cells as gas diffusion layer 

[241]. Khanra et al. have prepared graphene by an electrochemical exfoliation of graphite in 

an aqueous medium, using 9-Anthracene carboxylic (9-ACA) acid as the surface 

functionalizing material to improve the dispersion capacity and specific capacitance of 

graphene at a constant DC power supply [242]. Parvez et al. have reported use of aqueous 

solutions containing different inorganic salts such as (NH4)2SO4, Na2SO4, K2SO4 etc. in order 

to prepare highly conductive few layered graphene films at large quantities containing low 

oxidative degree [133]. Zhou et al have prepared few-layer graphene by electrochemical 

intercalation of graphite using Na+/ dimethyl sulfoxide complexes as the intercalation agent in 

an electrolyte containing NaCl, dimethyl sulfoxide and  thionin acetate, demonstrated that a 

lower content of defects were observed compared to graphene prepared by chemical methods 

[243]. 

However, an alternative technique is highly essential for the production of few layered 

graphene exhibiting superior features, at large quantities for its use in battery and 

supercapacitor applications and as a better reinforcement in metal, polymer and ceramic 

nanocomposites. Choice of electrolyte and voltage play a critical role in achieving high quality 

graphene with better yield and lesser number of functional groups attached. In the present work, 

we report for the first time, a highly efficient electrochemical exfoliation method to prepare 

few-layered graphene with large lateral size, by using a novel acidic electrolyte containing HF 
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and HNO3 at very low concentrations. The process is scalable to achieve graphene at 

remarkably large quantities, up to gram-scale, while maintaining the quality. Electrochemical 

exfoliation in a mixture of HF and HNO3 has also formed graphene containing lesser oxygen 

functional groups, with a mechanism similar to that of ionic liquids (ILs). However, post-

treatment of the sheets was much easier compared to that of ILs, where no residual impurities 

were found in the final product. 

The morphology of the few layered graphene sheets have been characterized by FESEM 

(HITACHI S4300), and TEM (FEI Tecnai G2 200 KV). The chemical composition was 

characterized by XPS (Omicron Nano Technology, UK). Raman spectroscopy (LabRAM 

HR800- Horiba JOBINYUON), XRD (D8 ADVANCE, BRUKER) and FTIR (Spectrum GX 

Optica, Perkin Elmer, USA) to study their features including number of layers, quality of the 

graphene prepared, the functional groups present and the lateral size.  

5.1 Results and discussion 

A mixed solution containing HF and HNO3 in water was used as the electrolyte in the present 

work. The effect of the concentration of HF was studied by varying it from 0.5% to 3%, while 

maintaining the concentration of HNO3 at 3% in the electrolyte. The experimental set-up for 

the exfoliation of high purity graphite is demonstrated in Chapter 3 Figure 3.1, where a graphite 

rod was used as anode for exfoliation and another graphite rod was used as cathode. Graphite 

was exfoliated using different voltages from +4V to +18 V and the features of the graphene 

sheets obtained were compared. During the first few minutes, rapid exfoliation was not 

observed.   It is expected that the initial reactions where interaction of the F- and NO3- with the 

surface of graphite may be taking place in addition to the wetting of the surface [241]. Within 

a few minutes, complete expansion of the graphite is started and the graphene sheets 

dissociated from the rod partially during the exfoliation and completely during ultrasonication 

which was performed after the ultrasonication. Figure 3.1(b) shows the photo of the exfoliated 

graphite, dried graphene powder and the graphene suspension in poly ethylene glycol after 

ultrasonication and washing. About 10 g of graphene was obtained with an anodization time 

of 6 hr. The amount of graphene depended on the voltage applied and the duration of the 

process.  
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Figure 5.1 Schematic representation of the mechanism of electrochemical exfoliation of graphite 

in electrolyte containing HF. 

Mechanism of the exfoliation of graphite into graphene sheets, in the electrolyte containing HF 

and HNO3 is illustrated in Figure 5.1. The mechanism can be deduced both from the 

concentration of the electrolyte and the voltage applied. Anodic oxidation of water produced 

both hydroxyl and oxygen radicals depending on the voltage applied, while formation of F- and 

NO3- ions mainly depend on the concentration of the acid in the electrolyte. Oxidation and the 

hydroxylation of water initiates the corrosion of graphite at the edges, grain boundaries and 

defect sites. This process then facilitates the intercalation of the anionic F- and NO3- ions and 

aids the expansion of the graphite into graphene sheets. Due to the higher oxidation potential 

of F- and NO3-, they act only as intercalators aiding the expansion, while water sacrificially 

oxidizes to form the radicals and oxidize graphite anode, which also aid in the cutting of the 

sheets [244]. 
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Figure 5.2 (a, b) FESEM micrographs of graphene (c, d, e, f) low magnification TEM 

micrographs and (g, h) high magnification TEM micrographs of graphene sheets prepared by 

electrochemical exfoliation. (diffraction patterns  indicate (g) single layer, (h) double/multi 

layered graphene. 

The morphology of the graphene sheets was demonstrated by FESEM and TEM. FESEM 

micrographs of the graphene sheets obtained from the exfoliation of the graphite rod, in Figure 

5.2(a-b) clearly demonstrate their large lateral size and random orientation. The lateral size of 

the graphene sheets is further investigated from the TEM micrographs (Figure 5.2 c-f). 

Graphene sheets were dispersed into ethanol and then spread onto a holy carbon grid prior to 

the observation in TEM. It can be noticed clearly from the typical TEM micrographs that the 

lateral size of the graphene sheets extends from few hundreds of nanometers to several microns. 

The size of the sheets varied mainly depending on the voltage applied. At a lower voltage of 4 

V, 500 nm to 2 µm sheets were typically obtained (Figure 5.2 c-d) while application of a higher 
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voltage of 18 V resulted in graphene sheets above 5 µm and up to ~ 20 µm (Figure 5.2 e-f). 

Very small amount of sheets were also sized ~ 40 µm. Another interesting feature is the control 

over number of layers of graphene with application of voltage. Lower voltage resulted in 3-6 

layers, while application of higher voltages have demonstrated 1- 4 layers (Figure 5.2 g-h). The 

insets of Figure 5.2(g-h) reveal the selected area diffraction patterns (SAED) of the few layered 

graphene obtained at different voltages. These diffraction patterns exhibit a typical 6-fold 

symmetry, which is consistent with the crystalline hexagonal structure of the graphene sheets. 

These results indicate a violent exfoliation of the graphite into the graphene sheets. The results 

also clearly demonstrate that the voltage plays a major role in controlling the number of layers 

in addition to the electrolyte used, which will be discussed later in this work.  

  

  

Figure 5.3 X-ray diffractograms of (a&b) electrochemically exfoliated graphene sheets at 

different voltages before and after annealing (c) chemically exfoliated graphene (d) graphite. 
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The X-ray diffractograms (Figure 5.3) of the exfoliated graphene displayed a peak at ~26.5° 

(d-spacing ~3.37Å) for the graphene sheets exfoliated at all the voltages, which can be 

attributed to the (002) diffraction of the graphitic structure. The presence of a small amount of 

the functional groups in graphene sheets acts as spacers between layers and result in a lower 

2θ value with large d-spacing compared to that of graphite (26.77°, d-spacing ~3.33Å).  The 

2θ value further decreased to ~26.2 after annealing under argon atmosphere at 600 °C for 3 hr, 

indicating a similar d-spacing of ~3.36 Å. In addition, the spectra observed for the graphene 

sheets after annealing were broader than those for the as-anodized sheets. The (002) peak of 

the oxide was found to be broad and increased with increase in the exfoliation voltage.  

  

Figure 5.4 Raman spectra of the graphene sheets prepared by exfoliation at different potentials. 

Raman spectroscopy was then used for studying the quality of the graphene sheets as well as 

the number of layers. Figure 5.4 (a) shows the Raman spectra of the graphene sheets obtained 

at different voltages, using a 514 nm laser. The peak positions are shown in Figure 5.4 (b). D 

band observed at ~ 1350 cm-1 can be attributed to the defects, functional groups and the edges 

causing structural disorder to graphene. The G-band observed at ~1580 cm-1 represents a 

graphitic nature of the material. The most interesting observation from the Raman spectrum is 

the position of 2D band which clearly indicates the number of layers of graphene [188, 245]. 

A clear shift in the 2D band clearly towards the lower wave number (~2669 cm-1) clearly 

indicates that at higher voltages, few layered graphene sheets are formed compared to those 

formed by the application of lower potentials. The ratio of ID/IG varied from 0.96 to 1.12 

showing that the disorder did not change significantly with increase in exfoliation voltage. An 
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important observation from the Raman spectra is that there was no distortion in the peaks 

showing that no flourographene was formed. It has been reported by Karlicky et al. that the G-

band slowly disappears as the content of fluorine increased [246]. Graphene sheets prepared 

using an exfoliation voltage of 8V have been found to give 1-4 layers. Therefore further 

characterization has been done using sheets formed at 8V, while varying the concentration of 

HF in order to study the influence of F- concentration on the exfoliation process.  

 

  

Figure 5.5 Effect of concentration of HF in the electrolyte: XPS spectra and deconvoluted peaks 

of (a) 0% HF, (b) 0.5% HF,(c)2% HF and (d) 0.5% HF reduced graphene. 

X-ray photoelectron spectroscopy (XPS) was used to study the chemical composition of the 

graphene prepared at different voltages (Figure 5.5). Different concentrations of HF ranging 

from 0.5% to 2% were used in the electrolyte while maintaining the concentration of HNO3 at 

3%.  Graphene prepared with 0.5% HF have shown no traces of fluorine and only 7.5% oxygen. 
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The C/O ratio was ~12.33. However, with increase in HF concentration, the ratio of C/O 

decreased, while small fraction of fluorine was also found (Table 5.1). 

Table 5.1 XPS data for electrochemically synthesized graphene 

C 1s 1 (C-C) 2 (C-O) 3 (C=O) 4 (C-C)/(C=C) 

0%HF ~284.1 ~286.44 288.025 284.718 

0.5% HF 284.083 286.599 288.353 284.517 

2%HF 284.017 286.305 288.037 284.819 

Reduced graphene 284.549 285.349 - - 

The possibility of formation of fluorographene is being performed as a separate study and is 

out of scope of the present work, due to its increasing application in batteries and 

supercapacitors. The deconvoluted spectra of the C1s peak reveal the C-C peak at 284.5 eV, 

C-O and C=O at 286.5 eV. Absence of C-F peak at 288.1 eV indicates pure graphene sheets 

indicating the absence of graphene fluoride [247]. Further, from the XPS spectra, fluorine is 

shown to be absent in the graphene sheets prepared by using 0.5% HF while increase in in the 

HF concentration has shown traces of Fluorine which increased further with increase in 

concentration.  

  

Figure 5.6 XPS spectra of graphene synthesized with (a) 0.5% HF (b) 2% HF in electrolyte 

compositions (Atom %) of C, O and F. 
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Table 5.2 Atom % of C, O and F obtained from XPS 

 C 1s (at%) O 1s F 1s 

0.5% HF 92.49 7.51 - 

1% HF 80.15 17.83 2.02 

2% HF 79.45 17.78 2.77 

Figure 5.6 and Table 5.2 gives the complete information on the XPS data for different 

concentrations of HF used in the electrolyte. An important observation from these studies is 

that the content of oxygen was much lesser amounting to only 7.5%, compared to the graphene 

sheets prepared using H2SO4 or by chemical exfoliation methods [50, 239]. This could be 

anticipated due to the faster intercalation and expansion of graphene in the presence of F-. 

Chemical exfoliation methods result in large quantities of atomic % of oxygen. Smaller amount 

of oxygen functional groups in the graphene sheets are advantageous for different applications, 

especially in case of preparation of nanocomposites by electrochemical deposition, where, 

these groups is essential for the dispersion of graphene as reinforcement material. However, 

larger concentrations of the oxygen functional groups influence the resistivity, limiting their 

use in electronic applications in their pristine form or in nanocomposites. 

 

Figure 5.7 FTIR spectra for as prepared (BR) and reduced graphene (AR). 
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FTIR spectra (Figure 5.7) were further used to study the functional groups present in the 

graphene sheets prepared at 8V with 0.5% HF and for the sheets after annealing at 600°C under 

argon atmosphere. The spectra clearly indicate the presence of different oxygen functional 

groups for the as-prepared sheets, while the functional groups disappeared after annealing 

indicating a reduction in the number of oxygen functional groups. Absence of C-F peak at 1260 

cm-1 indicates that the graphene sheets were free of fluorine [246]. 

5.2 Summary 

To conclude, our present electrochemical exfoliation method using an alternative electrolyte 

containing HF and HNO3, effectively exfoliated graphite to form a single to few layered 

graphene (1~6) sheets with lesser oxygen functional groups, thereby significantly improving 

the features for their application in nanocomposites, electronics and energy applications. 

Graphene sheets of larger size could be prepared at large quantities, measuring up to several 

grams demonstrating the feasibility of the present method to prepare graphene in industrial 

scale. Absence of fluorine/graphene fluoride could be observed from Raman spectra, XPS, 

FTIR and XRD analysis at lower concentrations of HF in the electrolyte.  
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Chapter 6. Preparation of copper-graphene composite foils and 

their mechanical and electrical properties 

This chapter forms the basis to correlate the properties of pure copper with that of copper-

graphene (Cu-Gr) nanocomposites. The influence of graphene reinforcement in controlling the 

electrical and mechanical properties has been studied. The electrodeposition technique, 

especially with application of pulsed currents is an easy, cost-effective and scalable method to 

incorporate filler materials with nano-sized dimensions homogeneously throughout the matrix 

[55]. In addition, electrodeposition being a low temperature process, the properties of graphene 

(Gr) and Graphene Oxide (GO) can be preserved during the preparation of the composites 

unlike the conventional sintering processes which could destruct Gr/GO since they involve 

temperatures higher than the decomposition temperature of Gr/GO (>600 °C) [12]. To the best 

of our knowledge, there are no reports on Cu-Gr composites prepared either by pulse reverse 

electrodeposition (PRED) or by optimization of graphene content with enhanced mechanical 

properties while retaining the electrical properties similar to that of pure Cu. Hence as part of 

the research, influence of graphene content and pulse parameters has been studied 

simultaneously, all of which have been discussed sequentially in this chapter.  

6.1 Optimization of graphene content  

In this study we mainly focus on synthesizing the Cu-Gr composite foils with enhanced 

hardness without compromising the electrical conductivity simultaneously using PRED 

technique. PRED technique has been chosen initially as it is superior over application of DC 

current technique for the preparation of composites in order to achieve homogeneous 

microstructure with well-dispersed reinforcement throughout the matrix. In addition, PRED 

has better control over DC in reducing the grain size, incorporation of reinforced filler, 

roughness, porosity and stresses in the composite and reduces hydrogen evolution during 

deposition, thus influencing the performance of the composite foil in terms of mechanical and 

electrical properties [177].  

In order to disperse the graphene in the copper sulphate electrolyte and to avoid the 

agglomeration, it was dispersed by adding a polymeric surfactant PAA5000, ~15 ppm for 0.1 
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g/L of graphene in the electrolyte. Graphene content in the electrolyte was varied between 0.1-

0.75 g/L and the foils prepared are designated as P1, P25, P35, P5 and P75 for corresponding 

graphene content dispersed in the electrolyte respectively. Composition of base electrolyte and 

pulse parameters for deposition of the Cu-Gr foils have been optimized and are same for all 

the depositions, except for the quantity of graphene added to the electrolyte. The applied 

current densities for the forward and reverse pulses were ~0.1 A/cm2 and ~0.01 A/cm2, 

respectively. While for the forward pulse, TF on is in the range of 15–50 ms and TF off is in the 

range of 50–100 ms, for reverse pulse, TR on and TR off are in the range of 1–10 ms. 

Electrochemically synthesized graphene ~0.5 µm–2 µm diameter consisting of 1-4 layers is 

used for co-deposition. Since graphene was prepared by electrochemical exfoliation as 

mentioned in the chapter 5 which is an anodization process, the surface of graphene contained 

oxygen functional groups. Compact and highly dense composite foils with a thickness of ~30 

µm were deposited by PRED technique using Dynatronix pulse power supply (DuPR10-3-6). 

Initially, pure copper was deposited in blank electrolyte (without graphene) as a seed layer for 

few seconds to enable easy separation of the deposited composite foil from the titanium 

substrate. This step is followed by composite deposition in the respective electrolytes 

containing varied concentrations of graphene. 

 

Figure 6.1 (a) Scheme of the PRED process for deposition of Cu-Gr composite foils and (b) 

FESEM of Cu-Gr composite representing the alignment/co-deposition of graphene and copper. 

Deposition cycle and process for the preparation of Cu-Gr composite foils by PRED are 

schematically shown in Figure 6.1. During TF on, copper ions and graphene containing oxygen 

functional groups were reduced and co-deposited on the cathode with respect to its given 

current amplitude. During the TF off, rearrangement of existing crystals along with removal of 
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the stresses formed during deposition takes place [63]  and removal/dissolution of the loosely 

bonded graphene and copper takes place during TR on. In addition, the impurities or gases that 

are entrapped during the TF on   where rapid deposition takes place are also removed from the 

surface of the deposit. Added to it, roughness and porosity are reduced due the controlled 

diffusion layer. Grain refinement occurs due to the incorporation of filler material leading to 

high performance materials with enhanced and controlled properties [101].   

The foils are characterized by field emission scanning electron microscopy (FESEM) 

(HITACHI S4300), focused ion beam milling imaging (Carl Zeiss Neon 40), transmission 

electron microscopy (TEM) (FEI TECNAI G2 S-Twin operated at 200 kV) and Raman 

spectroscopy (LabRAM HR800-JOBINYUON) for microstructural/structural studies to 

confirm the presence of graphene and its distribution. Hysitron Triboindenter TI950 and Four-

probe resistivity setup (Mitsubishi-Loresta Series) have been used to evaluate mechanical and 

electrical properties respectively. The significant findings of this study are mentioned below.  
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Figure 6.2 Confirmation of presence of graphene and distribution in composite foils illustrated 

by (a) FESEM micrograph for electropolished and etched (inset) P1 (b) TEM micrograph for   

P1 (inset) shows the diffraction pattern, (c)&(d) FESEM micrographs of electropolished P25 

and P5 shows the presence of graphene and distribution in the composite  foils respectively. 

 Figure 6.2 (a) shows the FESEM micrograph of the Cu-Gr composite foil (P1) prepared by 

PRED and inset shows the presence of graphene in etched surface of copper. Due to small 

concentration and transparent nature of graphene used for preparing these Cu-Gr composites, 

obtaining good contrast in FESEM for the Copper matrix and graphene was difficult. At 

smaller concentrations, i.e., for P1 and P25, graphene was even more difficult to be 

distinguished from copper; therefore, presence of graphene was confirmed from TEM (Figure 

6.2b) Inset of Figure 6.2(b) shows the diffraction pattern obtained for Cu-Gr composite (P1) 

foil. Figure 6.2(c-d) shows the FESEM micrograph of P25 and P5, arrows indicating the 

presence of graphene. The FESEM micrograph for P25 (Figure 6.2c) has clearly indicated the 

presence of graphene. However, graphene distribution in P25 is found to be random due to 

lesser incorporation although better than that of P1. Figure 6.2d shows the uniform distribution 

of graphene throughout the copper matrix which was observed in the composite foil P5 (Figure 
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6.2d). In addition to the good dispersion of graphene in the Cu-Gr composites, very few 

agglomerates of the graphene were found in all the composites.  

 

Figure 6.3 (a) and (b) Agglomerated graphene in the copper matrix observed by FESEM for 

P75. Inset of Fig. b shows the magnified micrograph 

Whereas, the microstructure of  electropolished surface of P75 showed agglomeration of 

graphene throughout the surface of the matrix (Figure 6.3 a, b& inset), compared to all the Cu-

Gr composite foils (P1-P5) due to the saturation in dispersion of graphene in the electrolyte 

resulting in non-uniform dispersion of graphene in the copper matrix. Therefore from FESEM 

observations, P5 with 0.5 g/L graphene is the best possible concentration which gives best 

distribution of the reinforcing material in the Cu-Gr composite foils. 
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Figure 6.4 Raman spectra for Cu-Gr composite foils prepared by PRED with varied graphene 

content in the electrolyte. (a) &(b) for as deposited Cu-Gr composite foils and (c)&(d) for 

annealed composite foils indicating the  D-band and G-band in (a&c) and 2D-band in (b&d) 

respectively. 
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 The presence of graphene in the composite foils was also confirmed by Raman spectroscopy 

using Ar ion laser source (514nm). Raman spectroscopy, a powerful tool to determine the 

presence of Gr, the number of layers, crystallinity, defects etc., in Cu-Gr foils macroscopically. 

Spectra were found similar to those of pure graphene which has D-band(~1350 cm-1), G-band 

(~1580 cm-1) and 2D-band (~2700 cm-1)  as main characteristic peaks corresponding to typical 

disordered, graphitic and G’ bands of graphene respectively known for graphene, for all the 

samples P1-P75 (Figure 6.4). Figure 6.4 shows the Raman spectra for as-deposited (Figure 6.4 

a&b) and annealed (Figure 6.4 c&d) Cu-Gr composite foils G-band, D-band (Figure 6.4a&c) 

and 2D band (Figure 6.4b&d). It is also observed that with increase in the content of graphene 

in the composite, the intensity of the bands increased for both as-deposited and annealed 

composites. The intensity of D-band was slightly higher compared to G-band in the as 

deposited composite (Figure 6.4a), which may be due to the crumpling/folding of graphene in 

addition to the presence of oxygen functional groups. It has been reported that in case of CNT 

reinforced composites, Raman bands change their positions and intensities due to stresses and 

strains induced at the interface [248]. Further, after heat treatment, a small increment in the G-

band for the composites was observed upon annealing (Figure 6.4c) which resulted in 

decrement of ID/IG ratio indicating graphitization due to the reduction of functional groups 

attached [101]. Further, no significant difference was observed in the peak positions of the 

composite foils upon annealing. The ID/IG ratios for different as-deposited and annealed Cu-Gr 

composite foils are given in Table 1, indicating a lower decrement of D/G ratio after annealing. 

For all the composite foils ID/IG is <1 indicating the less density of defects in the graphene [101, 

170]. 

Table 6.1 ID/IG ratios for Cu-Gr composite foils 

Copper-Graphene 
Raman Intensity Ratios (ID/IG) 

P1 P25 P35 P5 P75 

As-Deposited 1.1867 0.951 1.07 1.1039 1.244 

Annealed 0.789 0.88 0.8266 0.9049 0.8058 
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Figure 6.5 Micrographs showing grain size distribution of  P1, P5 and P75 as-deposited and 

annealed Cu-Gr composite foils respectively. 

Cu-Gr composite foils were also annealed at 573 K in Ar atm for 30 min in order to study the 

effect of annealing on grain size and mechanical properties of Cu-Gr composites. As-deposited 

and annealed Cu-Gr composite foils were electropolished and etched by Focussed Ion Beam 

(FIB). The etched surface was observed for the grain size distribution. The electropolished and 

FIB etched samples were shown in Figure 6.5. The grain sizes of the foils were estimated from 

the micrographs of electropolished surface of Cu-Gr composite foils etched by FIB (Focused 

Ion Beam) (Figure 6.5) to study the influence of graphene in controlling the grain size. Figure 
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6.6(a-f) shows the plots indicating grain size distribution in the as-deposited and annealed Cu-

Gr composite foils for, P1, P5 and P75, which cover the whole range of graphene concentration 

used in the present study.  

 

Figure 6.6 Variations in grain size distributions of (a), (c) (e) as-deposited and (b), (d), (f) 

annealed Cu-Gr (P1, P5 and P75) composite foils respectively. 

From the grain size distribution plots, it is observed that the rain size is decreased significantly 

with the graphene content at P75 compared to P1 and P5. 
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Figure 6.7 Plots indicating (a) representation of load vs. displacement curves, (b) hardness and 

(c) elastic modulus of the composite foils with variation in graphene content in the electrolyte 

for samples 0-P75. 

Cu-Gr samples were characterized by nanoindentation to determine the hardness and modulus 

of the electrodeposited composite foils. Berkovich indenter was used for indentation with an 

applied peak load of 2000 µN, at a loading rate of 500 µN/Sec. Figure 6.7 (a-c) shows the 

representative load-displacement curves and harness and Modulus plots. Hardness and 

modulus were calculated using the method suggested by Oliver and Pharr [194, 195]  from the 

load-displacement curves. It is clear from Figure 6.7 (a) that as the graphene content in the 

electrolyte is increased (P1-P75), the load-displacement curves have shifted to the left with 

lower contact depths, suggests that as the graphene content in the composite is increased, 

hardness increases and reached a maximum value of ~2.7 GPa for the as deposited P75 sample. 

This enhancement of hardness is attributed to the presence of graphene as well as the decrease 
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in the grain-size, also observed from (Figure 6.6). On subjecting the Cu-Gr nanocomposites to 

heat treatment, a slight increment in the hardness of the annealed Cu-Gr foils with lower 

content of graphene (0-P25) was observed, which could be mainly due to the formation of 

twins during the annealing process [249].  

 

Figure 6.8 Variation of grain size in as deposited and annealed P1, P5 and P75 copper–

graphene composite foils. 

The influence of graphene in controlling the grain size in as-deposited and annealed composite 

foils is given in a consolidated plot which shows deviation in the grain size for the same 

composite foils given in Figure 6.8. The influence of graphene in P1 was minimal due to the 

lower graphene content present in the foils, observed from the grain size of P1. The grain size 

of sample P1 before annealing was ~0.89±0.43 µm and upon annealing increased to 

~1.18±0.66 µm with large deviation. This deviation is due to the very small amount of graphene 

incorporated into the foils (Figure 6.8). However, the scatter in the hardness values is small 

probably due the formation of twins during annealing. 

All the graphene reinforced copper matrix composite foils in the as-deposited condition have 

followed a trend in increasing hardness gradually from 1.5 GPa to a maximum of ~2.7 GPa 

(~125% enhancement compared to that of bulk copper (1.2 GPa)) with the addition of graphene 

in the electrolyte from 0-P75. It is expected that for the samples P35-P75, the decrease in 

hardness after annealing is probably because of the reduction in internal stresses. The elastic 

modulus for the composite foils was calculated from the unloading portion of the load vs. 
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displacement curves. Figure 6.7(c) shows a gradual increment from ~117 GPa to ~139 GPa in 

as deposited foils as the graphene concentration is increased from 0-P5. However, for P75, 

elastic modulus significantly decreased to ~119 GPa (±6.36 GPa) though the grain size is finer 

(P75 before annealing- 0.48±0.14 µm and after annealing 0.55±0.19 µm). The substantial 

decrease in the modulus with larger deviation could be due to the agglomeration and non-

uniform distribution of graphene. Similar behaviour was already observed in CNT reinforced 

composites [250].   In addition, stresses introduced during the electrodeposition process due to 

the agglomerated graphene in the composite lead to the large variation of ±0.3 GPa in hardness 

values of P75 at different areas in the composite. Because of possible annihilation of 

deposition-induced internal residual stresses, during annealing the modulus might be 

decreasing in all the samples after annealing. Though the modulus is independent of the 

microstructure, in case of composites it depends on the reinforced element in the matrix, its 

distribution and interfacial bonding between the reinforced element and the matrix [251]. 

According to the rule of mixtures, the modulus can be estimated by Halpin-Tsai model [252], 

provided the volume fraction of graphene in the Cu-Gr composite foils is known. However, 

graphene which is added into the electrolyte does not incorporate completely during the 

deposition as the incorporation and distribution of graphene depends on the pulse parameters 

and mass transport limitations. Also, quantification of such extremely small quantities of 

graphene incorporated into matrix is very difficult and efforts are being made for these 

quantitative estimations. 

Nanoindentation studies indicated that, irrespective of the grain size, optimum quantity of 

graphene to be dispersed in the electrolyte is observed to be 0.5 g/L (P5). Beyond 0.5 g/L, 

though the properties can be enhanced by increasing the dispersion time by ultrasonication, 

graphene appear to agglomerate during deposition as the graphene content is large. In addition, 

ultrasonication/dispersion takes several hours to disperse the graphene when the graphene 

concentration is increased; this further results in extra-long time for the deposition. Moreover, 

beyond the optimum concentration of 0.5 g/L graphene, the deposit becomes brittle as observed 

during our experimental studies. Hence, the ideal amount of graphene that can be added to the 

electrolyte to incorporate into matrix by PRED in order to improve the properties is found to 

be 0.5 g/L. 
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Figure 6.9 Variation of electrical resistivity of as-deposited Cu-Gr composite foils with graphene 

content in the electrolyte. 

As copper is of interest in electronic applications, to study the influence of graphene, electrical 

resistivity is of great importance. Electrical resistivity was measured by Four-probe resistivity 

for as-deposited Cu-Gr composite foils deposited with different concentrations of graphene. 

From Figure 6.9, it was observed that, the composite foils have shown a slight increment in 

resistivity compared to that of pure Copper prepared with same pulse parameters. The 

resistivity of the composite foils also increased with increase in the content of graphene in the 

foils from 2.0×10-6 Ω-cm to 5.2×10-6 Ω-cm. The presence of traces of oxygen functional groups 

remained in graphene even after reduction during deposition could be the contributing factors 

for enhancing the resistivity of the composite foils. Since, P5 is found to be the sample with 

optimum concentration of graphene from nanoindentation studies to achieve enhanced 

mechanical properties; PRED deposited Cu-GR-P5 composite foil was annealed at 573K in Ar 

atm and characterized for electrical resistivity. The resistivity was found to decrease from 

~3×10-6 Ω-cm to ~ 2.3×10-6 Ω-cm after annealing, comparable to pure Copper.  Though the 

presence of oxygen functional groups in graphene increased the resistivity of the composite 

slightly as the amount of graphene added in the electrolyte was increased, this can be overcome 

by annealing due to the removal of some of the oxygen functional groups attached to graphene.  

Using a simple and economical PRED technique by systematically varying the graphene 

concentration from 0-0.75 g/L in the electrolyte have shown a remarkable enhancement in the 

hardness from 1.5 GPa to ~2.7 GPa (~125%  higher than bulk copper) with  increase in 
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graphene. Similarly the elastic modulus is also increased from ~117 GPa to ~139 GPa (~30% 

higher than bulk copper) for 0-P5 with a slight decrement in modulus after annealing, whereas 

a substantial decrement in the modulus to ~119 GPa, was observed for as deposited P75with 

further decrement after annealing , clearly indicating the importance of dispersibility of 

graphene. The electrical resistivity of Cu-Gr composites increased gradually as the graphene 

content is varied from 0-0.75 g/L. From the hardness and modulus data, it appears that the 

optimum amount of graphene to be added in the electrolyte in order to enhance the mechanical 

properties was 0.5 g/L (P5) for which, annealing at 573K reduced the resistivity to ~2.3×10-

6µΩ-cm which is comparable to that of bulk Copper. 

6.2 Influence of deposition technique 

In the earlier section it is observed that the mechanical properties of the composite foils were 

evaluated and found to improve with the optimum graphene content. Therefore this section 

dedicated on evaluation of effect of pulse parameters for synthesis of Cu-Gr composite foils 

with optimum Gr content. Hence, this study reports the main findings of the composite foils 

prepared by PRED and DC, in order to correlate the properties and show the superiority of 

PRED with electrodeposition technique while keeping the graphene concentration constant at 

0.5 g/L in the electrolyte. In addition to study the influence of graphene, pure copper foils were 

also synthesized by DC and PRED. 

 

Figure 6.10 (a)&(b ) Schematic represents the current waveforms and the co-deposition of Cu 

and Gr, (c) & (d) Cu-Gr nanocomposite foils, by DC and PRED respectively. 
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Figure 6.10 (a-d) represents the schematic of the electrodeposition process employed in the 

current investigation. Figure 6.10(b &c) shows the schematic representation explaining the 

pulse pattern and the deposition process during DC and PRED. DC electrodeposition was done 

by applying a current density of 0.025 A/cm2.  In case of PRED, the current densities for the 

forward and reverse pulses are optimized by performing the depositions in the range of 0.05-

0.2 A/cm2 and 0.005-0.015 A/ cm2 respectively. The forward pulse on (TF on) time is in the rage 

of 15-50 ms,   TF off  is in the range of 50-100 ms and TR on and TR off are in the range of 1-10 

ms. Subsequently, these foils were annealed under argon atmosphere at 300°C for 30 minutes 

in order to reduce GO to Gr. It is also plausible that GO in the Cu matrix could partially reduce 

to Gr during the electrodeposition because of application of large cathodic pulses during the 

deposition process. It has been reported that Gr and GO exhibit hardness and modulus in the 

same range where GO shows a slightly lower hardness [253].  

  

Figure 6.11 (a) Transmission electron micrograph of copper-graphene composite foil and (b) 

Raman spectra of graphene and composite. 

DC and PRED Cu-Gr composite foils were examined by TEM and Raman spectroscopy to 

confirm the presence of graphene. Figure 6.11a shows the TEM micrograph of the Cu-Gr 

composite confirming the presence of Gr in the Cu matrix, (b) Raman spectra of graphene and 

Cu-Gr composite. In the Raman spectra (Figure 6.11b), composite foils with Gr as 

reinforcement have shown a D-band at a wave number of 1348 cm-1, and slight shifts in the G-

band (from 1574 to 1582 cm-1) and 2D bands (from 2692 to 2703 cm-1) from those observed 

for Gr. As mentioned in the earlier section similar spectra were observed with a slight 

increment in the intensity of the D- band compared to the G-band.  
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Figure 6.12 X-ray diffractograms of PRED Cu, DC-Cu-Gr and PRED Cu-Gr before annealing. 

Crystallographic orientation of the composite was characterized by XRD (D8 BRUKER D8 

ADVANCE X-ray diffractometer). X-ray diffraction (XRD) patterns for pure Cu foils and Cu-

Gr foils prepared by DC & PRED are shown in Figure 6.12. Similar patterns were observed 

for all the composite foils. Peaks corresponding to Gr/GO were not observed since the amount 

of GO incorporated into the composite is too small to be detected by XRD. 

 

Figure 6.13 Grain size distributions of (a) (b) &(c) PRED Pure Cu, DC Cu-Gr , PRED Cu-Gr 

before annealing and (d) (e) &(f) PRED Pure Cu, DC Cu-Gr, PRED Cu-Gr after annealing 

respectively. 
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Figure 6.13(a-c) show the micrographs of focussed ion beam (FIB) etched surface of the 

electropolished pure Cu foils prepared by PRED, Cu-Gr foils prepared by DC and PRED 

respectively. PRED pure Cu has nearly uniform grain size (Fig. 3a). While Cu-Gr composite 

foils electrodeposited by DC resulted in grains with broader size distribution (Figure 6.13b) 

compared to those prepared by PRED (Figure 6.13c). Growth twins are also present in as-

deposited pure Cu as well as composite foils. PRED is advantageous over DC electrodeposition 

because it offers to vary several key processing parameters including current applied, pulse 

duration and duty cycle that enables a smooth, highly dense, uniform deposit while minimizing 

hydrogen embrittlement. This in turn improves the properties of the deposited material. The 

forward pulse restricts the mass transfer process and controls the grain size; whereas the reverse 

pulse minimizes the dendritic morphology and helps in removal of extended Gr and loosely 

adsorbed Cu or Gr, in addition to entrapped hydrogen during each pulse [63]. Furthermore, the 

incorporation of Gr into the matrix is expected to be higher in PRED. In case of DC deposition, 

due to the continuous application of current, the deposition is rapid at the most active nucleation 

sites and continuous incorporation of Gr along with the Cu deposition results in roughness of 

the surface as well as formation of Gr clusters in the matrix. We have already shown in the 

chapter 4 that use of PRED with controlled  pulse parameters enables highly dense, smooth, 

highly textured (111) Cu foils with high hardness and with good electrical conductivity [35]. 

The most interesting results have been achieved for the annealed Cu-Gr composite foils. Figure 

6.13(d-f) shows the micrographs of the annealed PRED-Cu, DC-Cu-Gr and PRED-Cu-Gr foils 

respectively after etching the surface with FIB. Grain size in the pure Cu foil increased 

maximum up to 10 microns upon annealing (Figure 6.13d), whereas Cu-Gr foils have not 

shown any significant increase in the grain size (Figure 6.13e& f) due to the presence of Gr as 

the second phase material at the grain boundary. Where graphene obstructs the motion of grain 

boundaries and thus retards grain growth. It is well established that the morphology of the 

second phase plays a significant role in the grain growth kinetics. Needle-like structures as well 

as flake-like structures of the reinforcement material are found to be more effective in 

controlling the overall microstructural features of the composite [254, 255]. In addition to being 

a good reinforcement material, Gr with its sheet-like structure is expected to be a better grain 

growth inhibitor.  
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Figure 6.14 FESEM micrograph of Cu-Gr composite foil prepared by PRED. 

The FESEM micrographs show the presence of graphene sheets at the grain boundaries of 

copper and the distance between the graphene sheets is found to be comparable to that of the 

grain size of the matrix.   

  

Figure 6.15 Grain size distribution for pure copper and copper-graphene composite foils 

prepared by PRED. 

The grain size distribution in as-deposited pure Cu and Cu-Gr composite foils is shown in the 

Figure 6.15. The average grain size measured from about 250 grains using linear intercept 

method is found to be maximum up to ~1.3±0.3 µm and ~1.2±0.4 µm for the as-deposited pure 

copper and Cu-Gr composite foils, respectively, prepared by PRED as shown in the Figure 

6.15. The corresponding micrographs are shown, where the average distance between the 

graphene sheets in the copper matrix is ~800 nm – 1.2 μm. The separation distance between 

two graphene sheets located at the grain boundaries is indicated by arrows in red colour in 
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Figure 6.14. Hence it is clearly evident from the FESEM micrograph of the surface of the 

electropolished Cu-Gr foil (Figure 6.14) that the Gr is distributed along the grain boundaries. 

  

Figure 6.16 Load-displacement curves of (a) as deposited and (b) annealed PRED pure Cu, Cu-

Gr composite foils. 

Hardness and elastic modulus of the Cu-Gr foils prepared by PRED and DC are evaluated by 

nanoindentation technique with a Hysitron Triboindenter. The applied peak load was 2000 µN 

with a loading rate of 500 µN/sec, a Berkovich tip was used for the indentation. The load 

displacement-curves obtained during nanoindentation are shown in Figure 6.16 (a-b). 

  

Figure 6.17 (a) Hardness and (b) elastic modulus of as deposited and annealed pure Cu and Cu-

Gr composite foils prepared by DC and PRED. 

The corresponding hardness and modulus calculated from the unloading curve from the load-

displacement curves are shown in Figure 6.17(a-b). Each hardness or elastic modulus datum 

point is an average of 25 indents performed under similar conditions. The hardness and the 
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elastic modulus obtained for pure Cu synthesized by PRED and DC electrodeposition are also 

shown for comparison. The pure Cu foils exhibited hardness in the range of 1.4 – 1.6 GPa, 

whereas the composite foils have shown a hardness in the range of 2.1-2.5 GPa. This suggests 

that the inclusion of Gr substantially increases the hardness by 96% in these novel composites. 

In comparison to DC conditions, PR conditions yielded higher hardness values for the 

composites because of the absence of agglomeration and thereby uniform distribution of Gr 

throughout the composite. The overall hardness of these composites will have contributions 

from three factors, 1) finer grain size of the matrix, 2) presence of twins and 3) presence of Gr 

as a reinforcement. Since the grain size of the matrix is comparable in both the composites 

prepared by different processing parameters (DC and PRED), it is clear that Gr makes the 

difference in increment of the hardness values. The -COOH and –OH groups attached to the 

Gr improve the covalent bonding between the metal matrix and the filler material enabling the 

efficient load transfer [12, 256]. Uniform dispersion and spread of Gr throughout the matrix 

arrests the grain growth during deposition and subsequently blocks the dislocation motion 

during deformation process. The decrement in the hardness of Cu-Gr composite films upon 

annealing is not significant, because of the retention of same microstructural features. Even 

though GO present near the surface of the film is possible to undergo reduction during 

annealing, residual functional groups present in bulk of the Cu retain the interfacial bonding 

between Cu and GO. In contrast, as-deposited pure Cu foils contain larger grains due to absence 

of Gr resulted in much lower hardness values compared to Cu-Gr foils and showed drastic 

grain growth during annealing. However, against the expectations, the hardness for these foils 

did not decrease significantly, probably due to the formation of annealing twins in addition to 

the growth twins, which are known to form in PRED, that compensate to the decrease in 

hardness due to grain-growth [219].   
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Figure 6.18 Variation of hardness with peak load, applied during nanoindentation, of Cu-Gr 

composite foils. 

Nanoindentation was also carried out on PRED Cu-Gr (0.5 g/L) samples at different peak loads 

ranging from 1000 µN to 8000 µN and the obtained data is shown in Figure 6.18.  From the 

Figure 6.18 it is clear that the hardness was constant throughout and was not influenced by the 

peak load (contact depth).  

Although modulus is independent of the microstructure, in case of composites, the 

values depend on the reinforced material, its distribution and the volume fraction, in the matrix. 

It can be observed from Figure 6.17 that the modulus of the PRED Cu-Gr composite foils is 

higher, ranging between 127–137 GPa, compared to ~116 GPa for pure PRED Cu foils, 

attributed to the presence of Gr. Interestingly, only a slight decrease in the modulus values was 

observed after annealing at 300°C for both pure Cu and composite foils prepared by PRED 

while, a large decrease is observed for the samples deposited using DC. The large decrease in 

modulus for DC samples during annealing could be due to the annihilation of residual stresses 

induced during DC process [257].  
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Figure 6.19 (a) X-ray diffractograms and (b) variation of intensities of crystallographic 

orientation calculated from X-ray diffractograms. 

It has also been reported by Xiang et al., [258] that annealing can reduce the residual stresses 

resulting in decrease of the modulus [259]. Since PRED enables deposition of foils with very 

low residual stresses [260], only a slight decrease in the modulus is observed upon annealing 

(Fig.4d). In addition, they have shown an increase in the (111) orientation upon annealing, 

which is common in PRED films [261]. Many studies have shown that annealing can bring a 

preferential orientation of grains [262]. It favours high modulus[263, 264]. Recently we have 

also observed higher modulus for (111) textured pulse electrodeposited Cu foils compared to 

(100) and (101) oriented foils. Thus annealing induced (111) orientation in the present work 

compensates to some extent the decrease in modulus that arises from residual stress release , 

and lesser decrease in the value of modulus compared to that of the DC deposited foils is 

observed (Figure 6.19). 
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Figure 6.20 Electrical resistivity of Cu-Gr composite foils. 

Electrical resistivity of Cu-Gr composite foils was measured by four-point probe method. The 

resistivity of as-deposited PRED Cu-Gr composite foils is observed to be ~ 3.4×10-6 Ω-cm  and 

is  decreased to ~ 2.3×10-6 Ω-cm upon annealing at 300°C under argon atmosphere, for 30min 

(Figure 6.20).The slight increment in the resistivity for as-deposited PRED Cu-Gr foils 

compared to that of pure Cu foils (1.7×10-6 Ω cm) might be either due to the presence of poorly 

conducting GO incorporated into the matrix or due to the formation of small amount of Cu 

oxide during anodic pulse. Generally, upon annealing in inert atmosphere, stress relaxation 

leading to grain growth and removal of residual oxygen leads to a decrease in the resistivity of 

a material. GO must be reacting with Cu to form Cu oxide and Gr, while Cu oxide being 

reduced to Cu during annealing [174]. The resistivity values obtained are well in the range of 

the values reported for Cu-Gr and Cu-CNT composites [174, 183].  

From the observed outcomes and nanoindentation studies showed that the PRED 

electrodeposited Cu-Gr composite foils have exhibited a high hardness of 2.2-2.5 GPa 

(increased by ~96% of that of pure Cu). The uniformity throughout the foils in terms of 

hardness was high for the PRED films compared to those observed for the DC deposited foils. 

The elastic modulus of the foils prepared by PRED is ~137 GPa, which is ~30% higher than 

that for pure Cu foils. Annealing of PRED Cu-Gr foils have not shown considerable decrement 

in the hardness and modulus values indicating the promise of these foils, which can be used 

for several applications. The superior mechanical properties obtained are due to a) fine grain 

size of the Cu matrix, b) presence of twins in Cu matrix and c) presence of Gr as reinforcement 
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and its uniform distribution throughout the matrix. The uniformity in the microstructural 

features of these novel nanocomposites can be attributed to the feasibility to optimize several 

parameters including the applied current density, pulse ‘on’ and ‘off’ times both during the 

‘forward pulse’ and the ‘reverse pulse’ unlike in DC deposition which allows variation of 

current density alone. Our present process is appropriate to prepare Cu-Gr composite foils with 

control over the mechanical and electrical properties, as it is a scalable low temperature 

process, economical and can be prepared on substrates with complex shapes with good 

reproducibility. 

6.3 Summary 

To conclude, Cu-Gr composite foils were synthesized for the first time, by varying the 

graphene content and by varying the pulse parameters (PRED/DC) in order to achieve superior 

mechanical properties, while exhibiting electrical conductivity in the same range as that of pure 

Cu. Application of pulse reverse current has resulted in uniform distribution of Gr in the metal 

matrix. In addition to the presence of optimum amount of graphene (0.5 g/L), application of 

PRED technique, sheet-like structure, available surface area which is in contact with copper 

matrix of finer grain size, uniform distribution and spread of graphene influenced the 

mechanical and electrical properties.  
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Chapter 7. Electrodeposition of copper-carbon nanotube (Cu-

MWCNT) composite foils and their mechanical and electrical 

preoperties  

The objective of the present chapter is to prepare the Cu-CNT composite foils prepared under 

similar conditions and to compare the mechanical and electrical properties with those of 

copper-graphene composite foils. The outcome of this work assesses the role of structure of 

the reinforced element in controlling the properties. The Cu-CNT composites in the present 

study are prepared by pulse reverse electrodeposition with the same pulse parameters used for 

Cu-Gr. Subsequently, in order to improve the strength, several novel approaches have been 

adopted to enhance the dispersion and to avoid the entanglement and agglomeration. A 

systematic study that reports the important and promising findings of the various approaches 

towards the synthesis to increase the properties are presented in the successive sections. 

7.1 Copper foils reinforced with functionalized CNTs 

 

Figure 7.1 FESEM micrograph of as-received CNTs. 

Effective utilization of CNTs as reinforcement in the metal matrix for improving the properties 

is limited due to their high aspect ratio. Added to it, structural defects, kinks and van der waal 

interactions are leading to the agglomeration of CNTs. This results in lack of interfacial 
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bonding and the load transfer from the matrix to CNTs is affected. Hence, this is a major issue 

for the commercial applications due to the inhomogeneous dispersion of CNTs along with poor 

interfacial bonding and hydrophobic nature with the matrix [265]. Therefore, it is necessary to 

modify the surface properties of MWCNTs in order to improve wettability and reduce the 

agglomeration [266, 267]. 

To address this, several approaches such as chemical and physical functionalization have been 

used [268, 269]. As a part of this, initially, as-received MWCNTs were chemically 

functionalized by acid treatment [270, 271] to make the surface of the CNTs hydrophilic. This 

step follows washing with de-ionised water until the pH reaches neutral. The functionalization 

introduces several functional groups including atomic oxygen (–O), hydroxyl (–OH) and 

carboxyl (–COOH) groups on the surface of CNTs [271]. These oxygen functional groups help 

to enhance the interaction between carbon and Cu. In addition, the oxygen present in the 

functional groups promote electron exchange between Cu and carbon atoms, or directly interact 

with Cu, thus, play a key role in the formation of Cu-CNT interfaces [272]. The functionalized 

CNTs were dispersed and utilized for deposition of Cu-CNT composites. The complete 

experimental details which includes dispersion of CNTs, addition of surfactant, co-deposition 

of Cu and CNTs follows the same procedure discussed for graphene reinforced composite foils 

[172]. For the deposition, ~0.5 g/L of functionalized CNTs were taken in order to compare the 

features with the graphene reinforced composite foils.  

    

Figure 7.2 (a) &(b) FESEM micrographs of Cu-CNTs composite foils. 

Figure 7.2 shows the composite “powder–like” microstructure with entangled CNTs and 

copper powder. This indicated that the composite powder was formed instead of compact film. 
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This powdery formation is probably due to the high aspect ratio of the CNTs (length of the 

CNTs ~5-20 µm). 

 

Figure 7.3 Schematic representing the co-deposition of CNTs with high aspect ratio and copper 

particles. 

Figure 7.3 shows the representation of co-deposition of long CNTs and copper leading to 

powdery deposition. It is expected that length reduction could reduce the entanglement to an 

extent and enables the CNTs to deposit along with copper, forming a compact film. Therefore, 

the entanglement of CNTs has to be avoided to overcome the powdery deposition.  In order to 

avoid the powdery deposition falling into the electrolyte, and to reduce the agglomeration of 

the CNTs in the composites, the length of the CNTs was reduced prior to co-deposition. 

To reduce the length of the CNTs, optimum method has to be chosen among the several 

approaches available [273-276]. The chemical and structural stability of the CNTs are very 

important in case of composites where the reinforcement will have a major role in deciding the 

properties. Therefore, CNTs were shortened by ultrasonication method without damaging the 

walls of CNTs. The subsequent sections give the detailed description of shortened CNTs and 

associated shortening mechanism.  

7.2 Shortening of CNTs by ultrasonication in an organic solvent 

Although chemical functionalization improves the wettability/ chemical compatibility with the 

matrix, entanglements in the CNTs caused by van der waal forces between neighbouring CNTs 

is still a major concern because of their high aspect ratio. Therefore, the length of the CNTs 

has to shortened. Many efforts have been made on enhancing the dispersion of CNTs by 

shortening/cutting the long CNTs mechanically or chemically [273, 274]. Several methods 

such as  ball milling [277, 278], solid–state cutting [279] thermal oxidation [280] etc. have 

been used for this purpose.  However   the length of the CNTs treated by these methods was 
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not uniform. Wet methods such as ultrasonication [275, 276] and other polymer based methods, 

have been used to cut the CNTs due to their low impact on the CNT damage. This method is a 

room temperature method and reduction in length occurs in an organic solvent such as ethanol. 

Use of ethanol for shortening results in carbon nanotubes with high quality, shorter lengths and 

minimum defects with no material loss unlike the other processes. As the shortening during 

ultrasonication is caused by the intercollision of neighbouring CNTs, the defects and kink sites 

further increase the defects depending on the shortening media, ultrasonication time and power 

[281]. Therefore a low impact ultrasonication process in a solvent which aids in only shortening 

or cutting the CNTs with minimal structural defects is preferred. These issues can be resolved 

most likely by using eco-friendly organic solvents that reduce defects and act only as media 

during the process and cutting takes place only by intercollision. Hence, in the present study 

facile mild method for cutting SWCNTs and MWCNTs with high dispersion, short lengths has 

been adapted and reported here. 

Transmission electron microscopy and Raman spectroscopy have been used for the 

microstructural studies to confirm the reduction in length and as well as to understand the 

crystallinity. An increment of only ~0.1 in ID/IG ratio (Figure 7.5) indicated minimal or 

negligible defects in CNTs after shortening. Therefore, the present process is a viable one to 

yield CNTs with uniform lengths and large enough quantities for a wide range of applications. 

In this process, shortening of CNTs was carried out under ultrasonication for a few minutes to 

hours depending on the type of CNTs. SWCNTs and MWCNTs before and after shortening 

process were observed in TEM and characterized by Raman spectroscopy for other 

microstructural studies.  
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Figure 7.4 TEM micrographs of MWCNTs (a) & (d) as received MWCNTs and SWCNTs (0 

min), (b) &(c) shortened MWCNTs after 60 and 120min and (e) & (f) shortened SWCNTs after 30 and 

60min of ultrasonication. 

Figure 7.4 (a-f) shows the TEM micrographs of the MWCNTs and SWCNTs before and after 

shortening respectively. It is clearly evident from these micrographs that, CNTs are shortened 

successfully from initial lengths of ~5-20 µm to submicron lengths of ~0.5- 2 µm within a short 

duration of 30–60 min for SWCNTs and 60-120 min for MWCNTs. Both SWCNTs and 

MWCNTs were shortened with minimal damage to the tubular structure (Figure 7.4). Use of 

ethyl alcohol, an organic solvent plays an important role in shortening, since it is neither acidic 

nor reacts with the CNT surface. It acts only as a medium during ultrasonication. It is 

anticipated that though the mechanism is similar to that of acidic media, in the present study, 

a simple solvent ethanol is used only to improve the wetting of the surface of the walls of the 

tube.  

Initially, during ultrasonication, intercollision of CNTs occurs, which leads to the 

initiation of the scission of the side wall and then progressively cutting process takes place 

which is  limited to the collision points locally [275]. Sonication induced scission has been 

reported earlier where nanotube scission arises from the fluid friction at the surface of the 

nanotubes in the radial elongational flow field that forms around a cavitation bubble [282]. An 

important point to note is that, in this study, the CNTs were neither functionalized nor oxidized 

unlike in prior methods/reports ([283, 284]). Functionalization of CNTs is generally required 
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prior to the shortening due to their hydrophobic nature. When these functionalized CNTs are 

further shortened in the acidic media, the process not only increases the defect sites, but also 

unzips the CNTs. The cutting process is faster at defect sites and continues from there, affecting 

the physical, chemical and mechanical properties of the shortened CNTs [285]. In the present 

study, in order to have defect-free CNTs, ethanol, which helps in wetting the surface of the 

walls of the CNTS that eases the dispersion of the CNTs is used as the solvent. Ethanol 

improves the wettability of the CNTs due to its lower contact angle compared to that of water 

and thus helps in the shortening process [286]. Therefore, during ultrasonication, bubbles 

nucleating at solid surfaces can push the tubes apart and nucleate the scission of the tube if they 

are wetted sufficiently by the fluid phase. The cutting process is well explained by  power law,  

L ~ t–m [282] which is dependent on the power and time (t) used during ultrasonication. 

Exponent ‘m’ varies between 0.2-0.5 and L is the length of the CNTs.  

 

Figure 7.5 Raman spectra of (a) MWCNTs and (b) SWCNTs before and after shortening, (c) 

Raman peak shifts and (d) ID/IG ratios obtained from Raman spectra. 
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 In order to study the presence of defects and the crystalline nature, the shortened CNTs were 

characterized by Raman spectroscopy (Figure 7.5 a-b). From Raman spectra, it has been 

observed that the D-band near 1350 cm-1 corresponds to the disordered, sp3-hybridized carbon 

present as defects, whereas the band at ~1575 cm-1 corresponds to the C–C stretching modes 

(G-band) representing the graphitic structure in carbon nanotubes.  The 2D band can be used 

to observe specific changes that are sensitive than D-band. The D-band, G-band and 2D-bands 

observed for the MWCNTs and SWCNTs are shown in Figure 7.5(a-b). A small peak shift of 

~6 cm-1 was observed in SWCNTs (Figure 7.5 c) after shortening. This shift is an indication of 

only negligible stresses/strains induced during the shortening process. Intensity ratio of D band 

to G band (D/G ratio) is generally used to evaluate the defects in the CNT walls. In the present 

study, a small increase of 0.92-1.02 and 0.10-0.23 of D/G ration (an increment of ~0.1 in the 

D/G ratio, compared to the as received CNTs) was observed for MWCNTs and SWCNTs 

respectively. Increment in the D/G ratio after the cutting process, often indicates a slight 

damage to the CNTs surface [188]. This damage could be on the sidewall or on the tubular 

structure of CNTs. From the Raman studies, it is confirmed that the shortening process did not 

induce noticeable defects in the graphitic structure. Further, the observed Raman spectra 

revealed that the shortening is limited to the collision points and resulted in holding the 

structure of CNTs. Ethanol might be helping in holding the graphitic structure, avoiding 

etching and formation of defects on the tube walls. Along with ultrasonication medium, 

duration of the process has a great influence on the cutting process. In the current study, 

SWCNTs required shorter (30-60 min) ultrasonic cation time as compared to that of MWCNTs 

(60-120 min). Although ultrasonication time and power decide the cutting efficiency according 

to a power law [282], ultrasonication in the organic solvent as a medium results in an efficient 

way of shortening the CNTs in large scale. Further, ethanol as a medium for shortening 

increases the efficiency of the process in terms of reduction in defects during shortening 

compared to several existing process [274, 276, 283, 284, 287]. These shortened CNTs are 

further used for co-deposition with copper.  
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7.3 Electrodeposition of shortened CNTs reinforced Cu composite foils 

Once the shortening process is completed, the shortened CNTs were dried and functionalized 

as mentioned in the earlier section. Functionalized CNTs were dispersed in the electrolyte 

(experimental details in chapter 3) with a surfactant and Cu-CNT films were deposited by using 

PRED. In the present case as well, before depositing Cu-CNT composite, initially pure copper 

was deposited as a seed layer in order to peel off the composite foils from the substrate easily. 

 

Figure 7.6 Scheme representing the co-deposition of short CNTs with copper.  

   

Figure 7.7 (a-c) FESEM micrographs of copper-CNT composite foils showing the presence of 

CNTs. 

Figure 7.7 represents the scheme of co-deposited shortened CNTs and copper. After the 

deposition process, composite foils were characterized by FESEM for microstructural studies. 

From FESEM (Figure 7.7), it is evident that the compactness in Cu-CNT composite films is 

increased in comparison with those prepared using the long CNTs. In addition, less porosity 

and roughness was observed in these foils as the CNTs length has decreased.  
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Figure 7.8 Hardness of Cu-CNT and pure copper foils prepared by PRED. 

Hardness of Cu-CNT composite foils were determined by nanoindentation. From the 

Figure 7.8, it is clear that the hardness of Cu-CNT composites was improved slightly, exhibited 

a hardness of about ~1.8 GPa. This value is higher than that of the bulk copper (0.5-0.8 GPa). 

In contrast to that, hardness values were not uniform probably due to insufficient compactness 

and uniformity in the foils, although better than the composites prepared using longer CNTs. 

In addition, this behaviour was not noticed in the Cu-Gr composite foils. Therefore in order to 

improve the density and to reduce the porosity, the composite foils were annealed in argon 

atmosphere at 300°C for 30 min. The annealing of these composites have shown significant 

decrement in the hardness of to a value of ~1.4 GPa without any consistence. The reason could 

probably be the non-uniform dispersion and agglomeration of CNTs as bundles present in the 

matrix, which were observed in FESEM at few places of the composite.  
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Figure 7.9 (a) & (b) FESEM micrograph showing CNT agglomerates in composite foil. 

Figure 7.9 is a clear indication for the presence of agglomerated CNTs. Non-uniform 

distribution of CNTs was observed from TEM studies as well (Figure 7.10 c). Figures (Figure 

7.10(a) and (b)) show TEM micrographs of the uniformly distributed CNTs and (c) the 

agglomerated CNTs in the composite foil. 

 

  Figure 7.10 TEM micrographs of CNTs in composite indicates the (a,b) uniformly distributed 

CNTs and (c) agglomerates. 

From Figure 7.10 it is observed that the CNTs were non-uniformly distributed at some places, 

although uniform dispersion is observed at majority of the areas in the composite foil.  This 

might be due to the non-uniform dispersion of the CNTs throughout the matrix and 

agglomerates. Agglomeration could be due to the high surface energy of the CNTs, which tends 

CNTs to entangle and agglomerate which causes the poor density and roughness leading to 

poor mechanical properties. Therefore, as a final attempt, inorder to further improve the 

dispersion and interfacial bonding of CNTs with the matrix, copper was coated onto the CNTs 
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by electroless deposition and these copper coated CNTs were incorporated into copper matrix 

by PRED.  

7.4 Electrodeposition of metal coated CNT reinforced copper composites 

There are studies on electroless deposition of metal on CNTs such as Ni, Cu, Ag etc. because 

they possess better bonding between the CNTs and metal matrix. In this study as copper is the 

matrix and the application is focused towards the electronic industry, CNTs were coated by 

copper by electroless deposition prior to electrodeposition. In addition, copper exhibits high 

electrical conductivity and it may result in the enhanced conductivity of whole composite. 

In this process, copper is coated on to the surface of CNTs by electroless deposition 

process (no usage of current) [288-290]. These coated CNTs could then be incorporated into 

metal matrices to produce new composites with novel properties. Here, deposited copper 

particles on CNTs are expected to avoid the agglomeration of CNTs in the plating bath and 

increase the interfacial bonding between Cu and CNTs during electrodeposition. In this process 

coating of copper on CNTs was attempted in two steps called sensitization-activation and metal 

deposition. Sensitization and activation provides the introduction of catalytic nuclei. These 

nuclei then initiates the redox reaction specifically on the activated surface. In this, Tin (Sn) 

sensitized layer enhances Palladium (Pd) adsorption as well as the binding strength of Pd to 

the surface and Pd acts as a catalyst for the metal to grow on CNT surface. The sensitized and 

activated CNTs were used for the electroless deposition of Cu. The complete experimental 

details for electroless deposition of Cu on CNTs surface were mentioned in the Chapter 3.  
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Figure 7.11 (a-b) Transmission electron micrographs of Cu coated on CNTs by electroless 

deposition. 

Figure 7.11 shows the TEM micrograph of copper coated carbon nanotubes (Cu(CNT)) formed 

by electroless deposition  

7.4.1 Electrodeposition of copper and copper coated carbon nanotubes (CNTs) 

Although the copper has been coated by electroless deposition on CNT surface, the research 

on the metal coated CNTs reinforced composites has been reported only through powder 

metallurgy and other consolidation processes [289]. There are no reports on reinforcing metal 

coated CNTs into metal matrix by electrodeposition. Therefore, this work gives an idea to 

explore the metal coated CNTs incorporated by electrodeposition technique as well. In 

addition, electrodeposition is a wet method and the mechanical properties can be enhanced 

without application of heat treatments/melting of the metal and can be an appropriate method 

to employ for practical applications.  

Pulse reverse electrodeposition (PRED) technique is employed to deposit the copper 

coated CNT reinforced copper composite films. Same pulse parameters which have been used 

to deposit the Cu-Gr composites has been applied in the present case as well.  
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Figure 7.12 (a) Field emission scanning electron micrograph of   Cu coated CNT- Cu composite 

and (b) Raman spectra for CNTs, Cu coated CNTs and Cu (CNTs)-Cu composite. 

Figure 7.12 (a) shows the microstructure of composite foil, which is a different microstructure 

in comparison to that of Cu-CNTs composite and pure copper foils deposited with same pulse 

parameters. Further, the presence of CNTs in composite matrix was confirmed by Raman 

spectroscopy as shown in Figure 7.12 (b). From the above spectra, the presence of CNTs is 

evident in the composite. In Raman spectrum (Figure 7.12 (b)), bands near 1575 cm-1 called 

G-band (Graphitic band), a disordered band at 1350 cm-1  is called D-band confirmed the 

presence of CNTs. Additionally a band which has been appeared at 2691 cm-1 called second 

ordered D-band / Gʹ-band. Strains and thermal stresses in the nanotubes can be measured from 

this band. In addition, for MWCNTs and Cu coated MWCNTs, notable difference in ID/IG ratio 

has not been observed. Hence, it appears that the electroless deposition of metal on CNTs and 

the process has not introduced any additional defects in CNTs. From Raman spectrum of 

composite, an additional peak was observed at 630 cm-1 due to the presence of very small 

amount of copper oxide on the surface of the composite foil. The hardness was determined for 

as-deposited and annealed copper coated CNTs reinforced Cu composite foils. 
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Figure 7.13 Hardness of copper coated CNTs reinforced composite foil. 

Hardness of the composites was determined by nanoindentation. From Figure 7.13 metal 

coated CNT reinforced composites have shown a tremendous improvement in hardness in 

comparison to that of pure copper deposited with same pulse parameters. The enhancement in 

hardness is probably due to the better interface of copper which gives good interfacial bond 

between CNTs and copper matrix. In contrast, after annealing hardness is decreased similar to 

Cu-CNT composites. 

 

Figure 7.14 Mechanical properties of Cu-CNT and Cu coated CNT -Cu composites. 

Mechanical properties of copper coated CNTs (Cu(Cu-CNT)) reinforced composites and Cu-

CNT composites were compared in Figure 7.14. In comparison to that of Cu-CNT, Cu coated 

CNTs-Cu composites have shown better enhancement of the properties. However, 

reproducibility was not achieved in the Cu(Cu-CNT) composites and significant decrement in 
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properties was observed after annealing. These foils have shown the electrical resisitivty in the 

range of ~2.3-2.4 × 10 -6 Ω-cm after annealing which could be due to the presence of oxygen 

functional groups attached to the CNTs.  

7.5 Summary  

The mechanical properties of Cu coated CNT reinforced copper composites have shown a 

significant enhancement of hardness (~2.4 GPa) compared to pure copper and Cu-CNT 

composites. However, the reproducibility in the mechanical properties was not observed in 

these foils. As a result, it can be concluded that the dispersion of CNTs is a major challenge, 

and it appears that non paractical for the industrial applications at this stage. 
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Chapter 8. Summary and conclusions 

Preparation of highly textured free standing copper foils with control over the (111) 

(100) and (110) textures and twin density were prepared using PRED technique in an ‘additive-

free’ electrolyte for the first time. The (111), (110) and (100) textures are confirmed by EBSD 

and XRD. The texture coefficient calculated for all the three textures was >2 suggesting that 

these copper foils are highly oriented in the respective directions. These copper foils have 

exhibited a high hardness in the range 2.0-2.7 GPa, while maintaining the electrical 

conductivity in the same range as that of bulk copper. Among the three textures and twinned 

foils, (111) textured foils exhibited higher hardness with an electrical resistivity in the range 

~1.65-1.91×10-6 Ω-cm. The enhancement in the mechanical and electrical properties is 

probably due to a combined effect of grain size, texture and presence of coherent twin 

boundaries (CSLΣ3 boundaries). The room temperature stability of the copper foils was 

ascertained to ensure that these foils could be used in future practical electronic applications. 

These foils can easily be prepared in mass production by using this economical and 

environmental friendly PRED method.  

Prior to the synthesis of Cu-Gr composite foils, an environmental friendly and 

upscalable electrochemical exfoliation process has been used to synthesize the graphene. For 

this exfoliation, an electrolyte containing HF and HNO3, has been used for the first time to 

effectively exfoliated graphite to form a single to few layered graphene (1~6) sheets with lesser 

oxygen functional groups. The as prepared graphene has been characterized by TEM, Raman, 

XRD, FTIR and XPS to observe the number of layers, size of the graphene sheets, and to study 

the presence of functional groups on the surface of graphene respectively. Thereby these 

functional groups significantly improve the interfacial bonding with the matrix in the 

nanocomposites. Graphene sheets of controlled size and controlled number of layers could be 

prepared at large quantities, measuring up to several grams demonstrating the feasibility in 

industrial scale. The as prepared graphene has been used subsequently used as a reinforcement 

in Cu-Gr composites prepared by electrodeposition. 

Graphene reinforced copper matrix composite foils are synthesized by using a complete 

electrochemical process, where graphene was prepared by electrochemical exfoliation and the 
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Cu-Gr foils were made by a simple and economical PRED technique. By systematically 

varying the graphene concentration from 0-0.75 g/L in the electrolyte, a remarkable 

enhancement in the hardness from 1.5 GPa to ~2.7 GPa (~125%  higher than bulk Copper) 

with  increase in graphene content was achieved. Elastic modulus has increased from ~117 

GPa to ~139 GPa (~30% higher than bulk copper) from P0-P5 with a slight decrement in 

modulus after annealing. A substantial decrement in the modulus to ~119 GPa, was observed 

for the as-deposited P75 foils. On further annealing these P75 foils the modulus has further 

decreased due to the possible annihilation of deposition-induced internal residual stresses, 

during annealing. From the hardness and modulus data, it can be concluded that the hardness 

increased continuously with increase in the amount of graphene in the matrix.The maximum 

modulus was achieved for 0.5 g/L (P5) graphene in the electrolyte and it was 139 GPa. On 

annelaing these samples  at 573 K, the electrical resistivity has been reduced  to ~2.3×10-6 Ω-

cm, which is comparable to that of bulk copper. Most importantly the hardness and modulus 

of P5 are much higher and consistent, both for as-deposited and annealed foils when compared 

to the foils with other concentrations of graphene. These results clearly show the influence of 

graphene as a reinforcement material in tailoring the various properties of copper based 

composite foils.  

To study the influence of pulse parameters, composite foils are also deposited using 

DC method with the optimized content of graphene (P5). Application of pulse reverse current 

has resulted in uniform distribution of Gr in the metal matrix compared to DC. Nanoindentation 

studies also showed that the PRED electrodeposited Cu-Gr composite foils have exhibited a 

high hardness of 2.2–2.5 GPa (increased by 96% of that of pure Cu) and   good uniformity 

throughout the foils in terms of hardness compared to that observed for the DC deposited foils. 

The elastic modulus of the foils prepared by PRED have not shown considerable decrement in 

the hardness and modulus values after annealing indicating the promise of these foils for 

several applications. The superior mechanical properties obtained as already mentioned, are 

mainly due to fine grain size of the Cu matrix and presence of Gr as reinforcement and its 

uniform distribution throughout the matrix. The uniformity in the microstructural features of 

these novel nanocomposites can be attributed to the feasibility to optimize several pulse 

parameters unlike in DC deposition which allows variation of current density alone. Our 

present process is appropriate to prepare Cu-Gr composite foils with control over the 
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mechanical and electrical properties, as it is a scalable low temperature process, economical 

and can be prepared on substrates with complex shapes with good reproducibility.  

For the comparative studies, several experiments have been performed,  using the same 

set of pulse parameters which have been used for the preparation of copper-graphene 

composites, to synthesize Cu-CNT composites. Initially powder like deposition was obtained 

due to the presence of CNTs of several microns in length. Thereafter, the CNTs were shortened 

and deposited with copper in order to increase the dispersibility of the CNTs in the electrolyte. 

The mechanical properties including hardness and the modulus improved slightly. However, 

the hardness values were not uniform throughout the sample probably due to the non-uniform 

dispersion and agglomeration of CNTs in the matrix. This could be due to the high surface 

energy of the CNTs, which tends CNTs to entangle and agglomerate.  Therefore, as a last 

attempt, inorder to further improve the dispersion of the CNTs, and also to improve the 

interfacial bonding between  the CNTs, copper was coated onto the CNTs by electroless 

deposition and these copper coated CNTs were incorporated into copper matrix by PRED. 

However, reproducibility was not achieved with the Cu(Cu-CNT) composites and significant 

decrement in properties was observed after annealing. As a result, copper-CNT composites 

seem non paractical for the industrial applications at this stage based on our experimental 

investigations. 

  

 Figure 8.1 Variation of hardness in (a) highly textured copper foils and (b) copper 

nanocomposites prepared by PRED 

 From the strucutre-property correlations, it can be seen (Figure 8.1 a&b) that the required 

mechanical and electrical properties can be achieved in pure copper by simultaneously 
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controlling texture, introdcing CSL Σ3 coherent twin boundaries in addition to the grain 

refinement. For copper nanocomposites, graphene appears to be better reinforment material in 

terms of cost, reproducibility, industrial feasibility etc., compared to the CNTs. In addition, 

high aspect ratio and sheet like structure of 2D graphene is benificial in terms of better 

dispersion over 1D CNTs. Hence from Figure 8.1 depending on the requirement and operating 

conditions, textured pure copper and Cu-Gr composites could be used for industrial 

applications. Highly texured  and twinned copper foils can be used for room temperature 

applications.Copper-graphene composite foils can be used even for slightly  high temperature 

applications, where grain growth is inhibited by graphene and desired properties can be 

maintained. 

Finally, the enhancement of mechanical properties could be probably possible by interfacial 

strengthening, where the load transfer depends on the interfacial bonding  and shape of the 

reinforcement. In the current research, graphene has high aspect ratio with sheet like structure 

compared to CNTs. Therefore, two-dimensional structure of graphene crumpled, distributed 

and spread around grains is beneficial and is expected to enhance the mechanical properties  

by increasing the available interfacial contact area with the matrix compared to CNTs.
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Chapter 9. Suggestions for future studies 

 

 Microstructural details for the highly textured, twinned copper foils and copper 

nanocomposite foils. 

 Micro-tensile testing of highly textured copper and copper nanocomposite foils to study 

the mechanical behavior. 

 HRTEM studies on highly twinned copper foils prepared by PRED to study the twin 

boundary statistics. 

 Identification of strengthening mechanism in copper nanocomposites and study the 

influence of 1D and 2D structure of CNTs and graphene. 

 Strain rate sensitivity of pure copper and copper nanocomposite foils by 

nanoindentation to study the deformation mechanism. 

 Modulus mapping for the Cu-Gr and Cu-CNT composite foils by nanoindentation to 

observe the dispersion and distribution of reinforcement in the copper matrix. 

 Study on the enhancement of mechanical properties in Cu-CNT composites by 

increasing the dispersion and distribution of CNTs by coating Ni on CNTs. 

The important outcomes of the work encouraged to further study where combination of CNTs 

and graphene reinforced copper composite foils prepared by PRED. The mechanical properties 

of PRED deposited pure copper, Cu-CNT, Cu-Cu (CNT), copper-graphene and Cu-Gr/CNT 

composites are discussed below. The initial results of Cu-CNT/graphene composites prepared 

by PRED have shown a significant increment in modulus up to ~150 GPa, which is higher than 

Cu-Gr composites are discussed in the following plot. 
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Figure 9.1 Hardness and modulus of copper nanocomposites 

From the Figure 9.1 the outcomes of the present study suggested that the incorporation of CNTs 

alone may not probably enhance the properties, yet the combination of CNTs and graphene are 

expected to increase the modulus of composites along with the hardness compared to Cu-Gr. 

Therefore, it is suggested that the incorporation of graphene and CNTs can be an excellent 

alternative where CNTs are expected to form a network between graphene sheets where 

graphene is distributed through the grains and grain boundaries. The network of CNTs could 

increase the electrical conductivity and reinforcement of graphene takes care of mechanical 

properties. Hence, this can be a proposed work for the future in order to improve the electrical 

conductivity simultaneously with mechanical properties. In addition, the strain rate sensitivity 

of these composites can be an extended proposed work for advanced applications, where these 

composites are potential candidates for varied loading rate conditions. 

9.1.1.1 Probable strengthening mechanism in Cu-Gr composites 

The improved mechanical properties of the graphene reinforced nanocomposite foils in the 

current study could derive contributions from finer grain size of the matrix, twins in the matrix 

and probable operation of Orowan stengthening mechanism due to interaction between 

graphene sheets and lattice defects. 
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Figure 9.2 Possibility of Orowan looping in particles, tubes/fibers and graphene 

The grain growth inhibition  and maintaining the mechanical properties even after annealing 

could be due to the presence of graphene at the grain boundaries of composites which arrests 

the dislocation motion and grain growth. It is probable that a mechanism similar to Orowan 

mechanism might be operative in these novel composites. However, to fully understand this in 

greater detail, HRTEM and in-situ straining experiments in TEM have to be performed. 
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