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A b s t r a c t

Nanocrystalline materials have attracted extensive interest due to 

their improved mechanical, physical and chemical properties. Al­

though electrodeposition has been one of the methods for synthe­

sizing nanocrystalline materials, properties of nanocrystalline elec­

trodeposits are less evaluated.

In this work, nanocrystalline and microcrystalline copper deposits 

were produced by pulse and direct current electrodeposition pro­

cesses, respectively. Effects of deposition parameters were inves­

tigated for the purpose of controlling the grain size. Mechani­

cal and tribological properties of deposits were investigated us­

ing nanoindentation, nanoscratch and microscratch techniques. It 

was demonstrated tha t the nanocrystalline deposit shows higher 

hardness, lower friction coefficient and lower wear rate. The sur­

face stability and corrosion behavior of the deposits were eval­

uated using Scanning Kelvin Probe, electrochemical polarization 

and impedance techniques. The synergism of corrosion and wear 

was investigated using an electrochemical scratch technique. Re­

sults indicate tha t the nanocrystalline surface is more electrochem- 

ically stable than the microcrystalline one due to the formation of 

a stronger and more protective passive film.
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C h a p t e r  1

I n t r o d u c t i o n  a n d  L i t e r a t u r e  R e v i e w

1.1 Nanocrystalline Materials and Their Synthesis M ethods 

Definition and application

Nanostructures are generally defined based on their geometrical dimensions.

A structure with two dimensions smaller than lOOnm is defined as a nanos­

tructure. An extended definition includes structures with one dimension below 

lOOnm and a second dimension below 1/zm [3, 4],

Nanocrystalline metals and alloys with average grain sizes typically smaller 

than lOOnm, have attracted a lot of interest for their improved mechani­

cal, physical and chemical properties [5]. Nanostructures are metastable and 

could be far away from thermodynamic equilibrium. Relative to their coarse­

grained counterpart (microcrystalline grains), nanocrystalline materials con­

tain a higher fraction of grain-boundary volume, which plays a significant role 

in the increased physical properties of these materials [6 ].

Improvements in physical properties have been documented for several 

metallic based nanocrystalline materials. For instance, thermal sprayed nanocrys­

talline Ni, Inconel 718 and 316 stainless steel have been shown to be approxi­

mately 20%, 60% and 36% harder than the conventional [7]. Nanocrystalline
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1.1 Nanocrystalline Materials and Their Synthesis Methods 2

Ni electrodeposits exhibit drastically reduced wear rate and lower coefficient 

of friction as determined by dry air pin-on-disc tests, compared to conven­

tional polycrystalline Ni. The superior mechanical properties of nanocrys­

talline materials have led to many industrial applications. For example, the 

Electrosleeve™ process for in situ repair of nuclear steam generator tubes by 

electroforming nanocrystalline Ni (lOOnm) on their internal wall [8 ]. The struc­

tural repair can be completed at site remaining the structural integrity. The 

high strength and good ductility of these nano materials can also minimize the 

impact on fluid flow and heat transfer in the steam generator. The nanocrys­

talline coating has been successfully applied in both Canadian CANDU and 

US Pressurized Water Reactors and has been regarded as a standard proce­

dure for pressure tubing repair. The nanocrystalline material can be used in 

various industries and its potential impact is significant. For instance, in a sin­

gle ship, there are approximately 1500 weld overlays, whose service life cycle 

could be considerably extended if a nanocrystalline coating, with higher hard­

ness and wear resistance, could be used [9]. In ships, the valve stem failures 

due to steam erosion is a serious problem. The improved wear properties of 

nanocrystalline materials could be ideally suitable.

Some of the most promising industrial applications of nanocrystalline mate­

rials are use of soft magnets for high-efficiency transformers, motors, etc. The 

anticipated reductions in magnetocrystalline anisotropy and coercivity with 

reducing grain size may generate considerable development in this area [8 ]. 

In addition, nanocrystalline materials with higher density of intercrystalline 

defects present within the bulk [1 0 ] are ideally applied and being developed 

in catalytic and hydrogen applications, such as Nickel Metal Hydride battery 

systems and alkaline fuel cell electrodes [5]. Nanocrystalline materials have
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1.1 Nanocrystalline Materials and Their Synthesis Methods 3

found increasing applications in many industries.

Synthesis methods of nanocrystalline metallic materials

A number of techniques have been developed to synthesize nano-particles, such 

as ball milling [1 1 ], severe plastic deformation [1 2 ], chemical vapor deposition 

[8 ], thermal spraying [13] and electrodeposition [8 , 14, 15], etc. The formation 

of nanocrystalline materials during mechanical alloying of ceramics or metallic 

powders results from intense cold work on the ball milled powders, which are 

continuously fractured to achieve alloying at the atomic level. This leads to a 

dramatic increase in the number of imperfections (e.g., point and lattice de­

fects), which decrease the thermodynamic stability of the starting materials. 

Based on the type of defects introduced, different kinds of nanocrystalline ma­

terials with different physical and mechanical properties can be obtained [1 1 ]. 

Thermal spraying is a coating process used to produce metallic, non-metallic 

and ceramic coatings in which molten or semi-molten solid particles generated 

from a thermal source are deposited onto a substrate by mechanical bonding. 

The formation of the nanostructured coating results from rapid solidification 

of the particulates [3]. The synthesis of nanocrystalline materials by severe 

plastic deformation such as in equal channel pressing is achieved by introduc­

ing defects such as dislocations and point defects. The recovery treatm ent of 

the deformed material leads to finer grains and under certain processing con­

ditions to nanostructured materials [12]. Chemical vapor deposition (CVD) 

can produce deposits with nano-sized structure in a gaseous phase. Precursor 

gases are delivered into the reaction chamber at approximately ambient tem­

peratures. As they pass over or come into contact with a heated substrate, 

they react or decompose to form a solid phase or deposit onto the substrate.
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1.1 Nanocrystalline Materials and Their Synthesis Methods 4

The substrate temperature is critical and can influence what reactions will take 

place. The size of deposits can be controlled easily by changing the pressure, 

the substrate temperature and the flow rate of the precursors [8 ].

Among various techniques, milling and co-precipitation methods are used 

currently to manufacture sufficiently large quantities of micrometer-sized par­

ticles with nanostructured grains. Gas condensation, crystallization of amor­

phous alloys, chemical precipitation, and spray conversion processing are used 

to synthesize three-dimensional equiaxed nanocrystallites [5]. Chemical precip­

itation processes including the sol-gel technique have been widely used to pre­

pare clusters with a narrow grain size distribution. Mechanical alloying/milling 

techniques have been used to produce large quantities of nanocrystalline ma­

terials for possible commercial use [8 ]. However, some commonly used tech­

niques for production of nanocrystalline materials have serious disadvantages. 

For instance, ball milling enables the production of a large amount of sam­

ples but with large lattice strain and appreciable amounts of impure products 

[1 1 ]; for severe plastic deformation, grain sizes smaller than 80nm are hard 

to obtain [16]; inert gas condensation produces nanocrystalline metals of high 

purity, but its production rate is very low and a very expensive apparatus is 

required [13]. Electrodeposition is also an effective method for the production 

of nanocrystalline materials. Compared to many other methods, electrodepo­

sition is an inexpensive process and offers a simple and variable alternative to 

those complicated and expensive high-temperature or high-vacuum deposition 

processes.
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1.2 Fabrication o f nc-materials by pulse-current electrodeposition 5

1.2 Fabrication of nc-materials by pulse-current electrodeposition

Advantages and basic principles of electrodeposition

From the synthesis point of view, electrochemical synthesis is one of the old­

est methods for the formation of thin films [17]. W ith the development of 

nano-technology, it has become a practical and effective way to produce nanos­

tructured materials. Compared with the other methods cited, it offers some 

attractive features, such as simplicity, low cost, high production rate. More­

over, electrodeposition is generally performed near room temperature, so it 

can avoid the deleterious inter-diffusion contamination and dopant redistribu­

tion, which are typical of high-temperature processes. The main advantages 

of electrodeposition are [17, 18, 19]:

1.The possibility of growing uniform films on different substrates and over 

large or irregular areas from cm2  to m2.

2 . The possibility of preparing a large number of pure metals, alloys and 

other composites with great ease, having large grain sizes to very small grain 

sizes such as lOnm.

3. Little limitation to the size and shape of the nano particles formed.

4. A minimum number of technological barriers to the transfer of the 

technique from laboratory to industry.

5. No post processing requirements, while other methods like the sol-gel 

method require subsequent consolidation.

6 . Versatility due to the fact tha t the co-deposition technology can produce 

a variety of novel materials such as nanocomposites.

In addition, there are a variety of electrodeposition techniques, either single 

or in combination with others including direct current, pulse current, reverse
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1.2 Fabrication o f nc-materials by pulse-current electrodeposition 6

pulse current, direct plus pulsed current and electroless deposition, etc. There­

into, direct and pulse current plating have been reported to produce better 

quality nanocrystalline materials [17].

Figure 1.1 illustrates the basic principles of electrodeposition. Two con­

ducting electrodes are placed in an electrolyte containing ions of the metal 

or metals to be deposited. When the external power supply generates a cur­

rent through the cell, the metal ions are reduced to metal atoms at one of 

the electrodes, know as the cathode. For example, if the electrolyte contained 

dissolved Cu2+ ions, the cathode reaction would be

C u (aqueous) yCU(̂ soUd)

The cathode therefore acts as the substrate for the electrodeposited film, 

and is also referred to as the working electrode. To complete the circuit, an 

oxidation reaction takes place at the second electrode, called anode or counter­

electrode [17].

Anode e

Electrolyte

’ r Electron flow

^  Cathode

Figure 1.1: Schematic potential and electrode kinetics.
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1.2 Fabrication o f nc-materials by pulse-current electrodeposition 7

Advantages of pulse-current electrodeposition

Pulse current (PC) electrodeposition, in which current is imposed in a peri­

odic manner with a rectangular waveform, is a powerful means for controlling 

the electrocrystallization process and producing deposits with unique struc­

ture and properties. Many nanocrystalline metals, alloys and composites have 

been produced by pulse electrodeposition successfully [8 ]. Some of them have 

found industrial and/or commercial applications, such as nanocrystalline cop­

per foils for printed circuit boards [8 ], heat exchanger repair technology [2 0 ], 

production of water resistant coatings [14] and electrodes for the catalysis of 

oxidation and evolution reaction [20], etc. Compared with direct current (DC) 

plating, PC electrodeposition can yield ultrafine-grained structures and a more 

homogeneous surface appearance of deposits with improved properties, such as 

the ductility and hardness [18, 19, 2 1 , 1 , 2 2 ], More diversified microstructures 

can be developed, since in PC deposition one can control the microstructure 

and composition of deposited metals or alloys more effectively by varying the 

pulse frequency ( /) ,  the pulse length-current on time (ton), the time between 

two pulses-current off time (f0//) ,  the peak current density (Ip), the average 

current density (/a) and the duty cycle (9). Therein,

J a _   I p t o n  , f =  ---------1 ---------  ̂ e =  t o n  ( 1 1 )

t o n  + t o f f ton +  tQf f t o n  + t 0f f

Fundamental aspects of pulse electrodeposition

Illustration of the pulse waveform is shown in Figure 1.2. It is a typical and 

relatively simple waveform of pulse electrodeposition.

Pulse electrodeposition permits electrolysis with a high current density dur­

ing a short period of time (gs-ms). The deposition of nanostructured coatings
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Figure 1 .2 : Scheme of the pulse waveform

by pulse electrodeposition depends on two fundamental processes, nucleation 

and growth of grains [22]. During the deposition, these two processes are in 

competition with each other and are influenced by many factors. Evidently, 

it is prone to getting ualtra-fine grained deposits when the deposited ions axe 

discharged to form new nuclei rather than incorporated into existing crystals. 

Therefore, factors tha t usually cause a high nucleation rate and slow grain 

growth are responsible for the formation of nano-grained deposits.

A number of factors are used as process parameters to control the electrode­

position process and to affect the mechanism of electro-crystallization, which, 

in turn, control the morphology, composition and mechanical properties of the 

deposits. These parameters can be subdivided into physical parameters and 

chemical parameters as described below.

Physical parameters

The physical parameters are characteristics of the pulse current including 

current on time (ton), current off time (f0// ) ,  peak current density (Ip), average 

current density (Ia) and duty cycle (0). Changing these parameters primarily 

modifies the cathodic overpotential and thus influences the activation energy 

of nucleation (A*,) and the nucleation rate. Ak is related to the cathodic
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overpotential (A</>) by a relation of Glasstone [23],

^  { ( A /A _i_ T/i' m l  (^■•2)(A?>+ [aMe+/aMe+Jj } 

where a'Me+ is the activity of deposited ion in the electrode film and aMe+ is 

their activity in the bulk solution. Prom the equation, one may see tha t a high 

cathodic overpotential can lead to a low , which results in an increase in 

nucleation rate.

The peak current density (Ip) and the current on time (ton) determine 

the number of ions tha t are discharged during a pulse. A high deposition rate 

decreases strongly the ion concentration near the cathode. The current off time 

(t0f f )  controls the repletion rate. During this period, deposited ions migrate 

toward the electrode. Conditions under which the pulse current plating differs 

from the direct one (at same average current density) and their effects on the 

physical phenomena tha t govern the development of the deposit microstructure 

are listed in Table 1.1 [1].

Chemical Parameters

The chemical parameters include the electrolyte composition, ion concen­

tration and addition of complex formers or inhibitors, etc. Among them, inhi­

bition is a key factor in the microstructural development of deposits in terms 

of grain size and shape. It can reduce surface diffusion by adsorbing on the 

metal surface by van der Waals attractions [14].

Several studies have shown tha t smaller grain size can be obtained by 

adding suitable grain refining agents to the bath [5, 14, 21, 24, 25]. More­

over, a series of fine grain sizes can be obtained by adding different amounts of 

additives into the bath. These additives are adsorbed on the surface but not in­

corporated in the deposit. The presence of adsorbed additives can shorten the

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



1.2 Fabrication o f nc-materials by pulse-current electrodeposition 10

Table 1.1: Possible effects of plating parameters tm and tQf f  on the deposit 
structure [1 ].

Time Conditions tha t differ Phenomena
interval from DC plating affected
On-time Double layer charging Nucleation rate
{ton) Overvoltage Growth mechanism (e.g.

Concentration profile near dendrites)
electrode Electrode reaction mechanism
Adsorption (ions, additives, Codeposition rate (H,
hydrogen) alloy element)

Additive reactions
Off-time Double layer discharge Surface diffusion
(toff) Potential relaxation Surface recrystallization

Concentration profile relaxation Corrosion, displacement
Desorption (additives, ions, reactions, passivation
hydrogen) Hydrogen diffusion

mean distance for lateral diffusion of ions, which is equivalent to a decrease 

in the diffusion coefficient of ions. This decrease in the diffusion coefficient 

leads to less metal atoms reaching growth sites and the formation of new nu­

clei is preferred. Consequently, the nucleation rate increases, resulting in the 

formation of fine grains [24],

A large number of grain refiners have been recorded in the literature, for 

example, saccharin, coumarin, thiorea, and HCOOH have all been successfully 

applied to achieve grain refinement in producing nanocrystalline nickel elec­

trodeposits [19, 24], For Cu pulse electrodeposition, study shows tha t the grain 

size is reduced from 50 nm to 11 nm after adding citric acid to the electrolyte 

as shown in Figure 1.3[14]. Their effectiveness depends on surface adsorption, 

compatibility with the electrolyte, and temperature, etc.

Other parameters

Despite the physical and chemical parameters discussed above, the pH 

value, bath temperature and hydrodynamic conditions also have some influ-
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Figure 1.3: X-ray diffraction patterns (111-reflections) of nanocrystalline cop­
per deposits prepared from electrolytes with variable citric acid content.

ences on the morphology of deposits. Studies show tha t increasing the tem­

perature can accelerate the diffusion of metal ions. The consequence is the 

formation of coarse grains. In addition, pH value influences the grain size be­

cause the structure of the metal complex depends on PH value. For example, it 

is observed tha t in copper coatings produced by pulse plating from citric acid 

electrolyte, the smallest grain size of 8 nm can be obtained in the pH range of 

1.5-2.0, whereas the grain size goes up continuously to lOOnm at pH 11.5 [22],

1.3 Characterization of Structure and Property

M ethodologies for grain size calculation and morphology determina­

tion

The nanostructure of nanocrystalline coatings can be characterized using X-ray 

diffraction (XRD), transmission electron microscopy (TEM), scanning electron
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microscopy (SEM) and scanning tunneling microscopy (STM) and atomic force 

microscopy (AFM), etc.

SEM, as a relatively simple and widely used technique for analyzing the 

microstructure of materials, is not suitable to characterize the nanostructure. 

It works well for characterizing the surface morphology of deposits with a rel­

atively large grain size (> lpm ). An improved model field emission scanning 

electron microscopy (FESEM) can be used to examine the grain size and sur­

face morphology of ultrafine-grained and nanocrystalline deposits [21, 26, 27]. 

TEM, with a 300,000 or higher magnification tha t is 100 times higher than 

tha t of SEMs or electron microspcopys, is sufficient for examining the nano­

scale structure and can be used to determine the grain size of nanocrystalline 

materials. Although it is a powerful technique, TEM still has disadvantages 

for routine analysis of particle sizes because: 1 ) the capital investment is high, 

2) the sample preparation (thinning) is difficult and laborious, 3) there is a 

risk tha t the nanostructure of sample could change during the thinning pro­

cess, 4) the statistical evaluation of micrographs is very time consuming[14]. 

Figure 1.4 shows bright field, dark field, diffraction pattern, and grain size 

distribution of a nanocrystaline Ni specimen produced by electrodeposition 

from a modified W atts bath. The average grain size of the specimen is about 

25nm. Recently, the scanning tunneling microscope (STM), which can obtain 

atomic resolution imaging, has attracted wide attention and become popular 

in charactering nanocrystalline materials.

Grain size calculation is im portant in studying the grain size effect on mate­

rial properties. One way of calculating the grain size of deposit’s platelet-like 

morphology is to average the length, width, and thickness of each platelet 

observed in the images taken by SEM, TEM or AFM. However, this statis-
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Figure 1.4: TEM micrographs of electrodeposited nanocrystalline Ni: (a)bright 
field, (b)dark field, (c)electron diffraction pattern, and (d)grain size distribu­
tion .

tical evaluation is time consuming and influenced by many factors. Another 

method, X-ray diffraction, is widely used by many researchers. Grain size 

and microstrain can be evaluated from peak broadening data using Scherrer’s 

equation [28]. Theoretically, each X-ray diffraction line profile obtained in a 

diffractometer is broadened due to instrumental and physical (crystallite size 

and lattice strain) factors. So, after subtracting the instrumental broadening, 

the physical broadening of Bragg reflection peaks induced by small grain size 

and microstrain in a measured sample can be obtained [22, 25, 29]. A simple 

and typical process for calculating the grain size by XRD data is summarized 

in next chapter.
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Principle of AFM  and its application in characterization of nanos­

tructure materials

The atomic force microscopy (AFM, as shown in Figure 1.5) was an early off­

spring of scanning tunneling microscopy (STM) [30]. It operates by measuring 

attractive or repulsive forces between the sample and a probe, which is a tip 

at the end of a cantilever which bends in response to the force. In its repulsive 

contact mode, the instrument lightly touches a tip at the end of a leaf spring 

or cantilever to the sample. As a raster-scan drags the tip over the sample, the 

vertical deflection of the cantilever determine the local sample surface varia­

tion in height. Thus, in the contact mode, image is obtained by monitoring 

the vertical forces on the cantilever, whereas the friction mode image is derived 

from monitoring the lateral motions of the cantilever.

Figure 1.5: A Multi-Atomic Force Microscope (AFM).

The diagram (Figure 1.6) illustrates how AFM works; as the cantilever
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(b)

Figure 1.6: AFM tip and cantilever (a)schematic illustration, and (b)electron 
micrograph of a cantilevered probe

flexes, the light from the laser is reflected onto the split photo-diode. By mea­

suring the difference signal (A-B), changes in the bending of the cantilever can 

be measured [31]. Since the Cantilever obeys Hooke’s Law for small displace­

ments, the interaction force between the tip and the sample can be measured. 

The movement of the tip or sample is tracked by an extremely precise posi­

tioning device made from piezo-electric ceramics.

The image can be obtained in several ways, such as the contact mode, 

tapping mode and non-contact mode [31]. The contact mode is the most 

common one. In this mode, the tip and sample remain in contact as the
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scanning proceeds. Tapping mode is the next most common mode used in 

AFM. When operated in air or other gases, the cantilever is oscillated at a 

resonant frequency and positioned above the surface. More recently, there has 

been much interest in phase imaging. Non-contact mode is another one which 

may be employed when imaging by AFM. The cantilever must be oscillated 

above the surface at such a distance tha t we are no longer in the repulsive 

regime of the inter-molecular force curve. In addition, if the scanner moves 

the sample perpendicular to the long axis of the cantilever, friction between 

the tip and sample causes the cantilever to twist. Through signal separation, 

the AFM can distinguish the resultant left-and-right motion from the up-and- 

down motion of the reflected laser beam. Therefore, it can measure tip-sample 

friction while imaging the sample topography.

The performance of AFM and the quality of AFM images greatly depend 

on the operation mode and the sensor (tip) in use. In contact mode, the 

cantilever acts as a nanometric spring, allowing the scanning tip to measure 

the surface force. The sharpness of the tip is one of the most important factors 

influencing the resolution. Tip broadening arises when the radius of curvature 

of the tip is comparable with, or greater than, the size of an object for imaging.

AFM is ideal for quantitatively visualization of the surface texture for var­

ious material surfaces no m atter in what environment (ambient air, vacuum 

or fluid) [32], as well as for measuring the dimensions of surface features. 

Compared to  other imaging techniques, AFM exhibits appreciable advantages: 

nondestructive and a very high three dimension spatial resolution [33]. Nanos­

tructured materials tha t are measurable using AFM include: nanocrystals, 

nanocomposites, nanograins, nanotubes, nanoceramics and nanopowders.

AFM can also be applied to study nano-scale tribology and measure the
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surface roughness in the nanometer scale. The natural extension of the AFM 

for tribological studies is attributed to the motion of a nanometer-sized stylus 

in the AFM over a surface [31]. A major advantage of AFM for tribological 

studies is tha t the AFM can routinely be used on all types of materials includ­

ing, ceramics [34], metals, polymers, semiconductors, magnetic materials and 

biomaterials [35]. There are a number of traditional tools for characterizing 

friction, wear and lubrication, such as pin-on disc, ball on flat and flat on flat 

in tribometer, etc. Although AFM cannot be used for large-scale tribological 

testing, many new applications particular at nano/micro-scales are possible:

• Surface characterization of morphology, texture and roughness.

•  Measurement of the frictional force at the nanometer scale.

•  Direct three-dimensional visualization of wear tracks, or scars on a sur­

face.

•  Evaluation of mechanical properties such as hardness and elasticity, and 

plastic deformation at the nanometer scale.

Nano-mechanical probe and its application

W ith the increasing need for small-scale metal featuring, miniaturization of 

electronic components, development of nanostructured materials, thin film 

technology, and surface science, the quantitative study of mechanical prop­

erties of materials at nano and micrometer scales becomes more and more 

important. Indentation testing is a simple method tha t consists of touching a 

material of interest whose mechanical properties are unknown with the inden- 

ter whose properties are known. Recent advances in combining the mechanical 

probe and AFM improve the force and spatial resolutions and allow quantita­

tive measurements of local surface mechanical properties at nanoscale contacts
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[31]. The nanoindentation technique is very successful in studying local struc­

ture and mechanical property relationships. The forces involved are usually 

in the millinewton (10- 3 N) range and are measured with a resolution of a few 

nanonewtons (10- 9 N). The penetration depth is in the range from nanometers 

to microns with a resolution of less than a nanometer (10_9 m) [36].

Figure 1.7 schematically illustrates the geometry of an indent and typical 

load-displacement curve of an elastic/plastic material. When an indenter pene­

trates into the surface, a compressively strained zone is created and surrounded 

by an elastically constrained region. As a result, a complex stress-strain state 

is developed around the contact area. The related load-displacement curve of 

indentation, describes both elastic and plastic properties of the sample in the 

vicinity of the indenter.

The mean contact pressure Pm, and hence, indentation hardness H, is given 

by the indentor load P  divided by the contact area A  [36]. The area of contact 

can be calculated from the known geometry of the indenter and value of hp 

(see Figure 1.7).

H  = Pm = j  (1.3)

In practice, the nano-indentation test can be performed on a wide variety 

of substances, such as microelectronic integrated circuits, thin films for disc, 

capacitors, soft polymer and passivation layers, etc. The shape of the load- 

displacement curve is often found to be a rich source of information, not only 

providing a means to calculate modulus and hardness of the specimen, but 

also for the identification of non-linear events such as phase transformation, 

crack propagation, fracture toughness of brittle material and delamination of 

films, etc [36]. The mechanical probe in combination with AFM allows precise
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Figure 1.7: Schematic of indent and compliance curve (load vs displacement) 
for an elastic-plastic specimen, loading and unloading, from a nanoindenta­
tion experiment with maximum load Pt and depth beneath the specimen free 
surface ht. The depth of the contact circle p and slope of the elastic unload­
ing dp/dh  allow specimen modulus and hardness to be calculated. hr is the 
depth of the residual impression, and he is the displacement associated with 
the elastic recovery during unloading.
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Figure 1.8: (a) Electron micrograph of a Berkovich tip and (b)an AFM contact 
mode image of a nano-dent.

micro/nanoindention test and micro/nanoscratch with in situ high resolution 

surface imaging. Figure 1.8 shows the geometry of a Berkovich tip, which is 

widely used as a standard for nanoindentation and an AFM image of a nano 

dent.

Electron work function

The electron work function(EWF) refers to the minimum energy required to 

remove an electron from the interior of a solid. In general, the EW F is ex­

pressed as:

ip — E q — Ep  (1-4)

where E0 is the energy of electron at infinity and Ep  is the Fermi energy. The 

value of <p is approximately the depth of the potential well or the work required 

to move a electron from the highest electron state of a metal to infinity [33, 37].

The EWF depends on surface physical and chemical properties and envi­

ronmental conditions as well [38]. The electron work function is a fundamental 

characteristic of solids in the condensed metallic state and it can be used as
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a parameter for surface characterization [39, 40]. As the electron has to move 

through the surface region, its energy is influenced by the optical, electric and 

mechanical characteristics of the region. Hence, EW F is a sensitive indicator 

of surface condition and is affected by absorbed or evaporated layers, surface 

reconstruction, surface charging, oxide layer imperfections, surface and bulk 

contamination, etc [41, 42, 43].

The electron work function can be determined by direct or indirect tech­

niques. The direct techniques are based on the electron emission from a metal. 

Depending on the external excitations, these techniques are subdivided into 

thermoemission, photoemission and exoelectronic emission [44]. Indirect work 

function measuring techniques are based on the behavior of an electron beam 

(or other charged particles) near the surface and the contact potential differ­

ence (CPD) [45].

As a very sensitive parameter to surface changes, EW F has found increasing 

applications in tribological, corrosion, wear and surface science field [44, 46, 47]. 

Recent studies show tha t EWF can be applied to study the history prior to 

wear and the onset of wear [48] as well as to investigate the electrochemical 

stability of passive films formed on metal surface [49]. EWF has been found 

to have strong relationships with adhesion [50], deformation [51], dislocation 

[47] and surface roughness [52], etc. It is also interesting to study the rela­

tionship between EWF and electrochemical parameters so tha t we may better 

understand the surface property of metals and the effects of microstructure on 

corrosion and wear. Such study can benefit the investigation and prediction 

of the behavior of a particular microstructure, such as a nanostructure.
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1.4 Properties of nanocrystalline Metals and Alloys

The high density of grain boundaries in nanocrystalline materials give rise to 

a variety of properties tha t are different from those of the conventional materi­

als. Enhanced strength or micro-hardness, higher diffusivity, improved ductil­

ity/toughness, reduced density, reduced modulus of elasticity, higher electrical 

resistivity, increased specific heat, higher thermal expansion co-efficient, supe­

rior soft properties, better adhesion properties are commonly cited properties, 

which are strongly dependent on the grain size [5]. Another group of prop­

erties, including bulk density, thermal expansion and Young’s modulus, are 

little affected by grain size [8 ]. In the following sections, some mechanical, tri­

bological and electrochemical and magnetic properties are discussed in more 

detail.

Mechanical properties

1am lOOnm lOnm

grain size I

e
8
55

Figure 1.9: Schematic representation of the variation in yield stress as a func­
tion of grain size in microcrystalline and nanocrystalline metals and alloys 
[2]-

As a powerful tool to modify material properties and performance, grain 

refinement has long been the focus of metallurgical research. It has been found
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that nanocrystalline materials possess some appealing mechanical properties, 

such as high strength, decreased toughness, increased strength, higher ductility 

at high strain rate, and the potential for enhanced superplastic deformation at 

lower temperatures and higher strain rates [2]. For example, the variation in 

stress as a function of grain size from micro-scale to nano-scale is schematically 

shown in Figure 1.9. In many microcrystalline and ultra-fine-crystalline metals 

and alloys, strengthening with grain refinement can be represented by the well- 

known Hall-Petch mechanism, which describes the relationship between yield 

strength oy, and grain size d.

(Jy = cro + K d~1/2 (1.5)

where, o0 and K  are material constants. Dining plastic deformation, grain 

boundaries block the motion of dislocations. Large-angle grain boundaries can 

block the movement of dislocations more effectively. As a result, the grain 

refinement can lead to an enhanced resistance to  plastic flow, thus increasing 

the material’s strength. As the microstructure is refined from the micro regime 

to the nano regime, the stress versus grain size relationship departs from tha t 

described by the Hall-Petch equation [2]. The decrease in the efficiency of 

strengthening can be attributed to the grain boundary sliding associating with 

stress relief when the grain size is reduced to the nanoscale. Therefore, the 

grain boundary can strengthen a material by impeding dislocation but may 

also soften a material with the grain size is reduced to the nanoscale when 

grain boundary sliding occurs. When grains are extremely small, the balance 

between hardening and sliding could lean to the latter [53]. W ith further 

decreasing of grain size below the order of lOnm or so, grain refinement can 

cause weakening of the metal [54].
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However, there are still some properties tha t are not as expected. For 

example, with high diffusivity and nanometer grain size, nanocrystalline ma­

terial are expected to  creep at room temperature. But experimental results 

have shown tha t this is not the case. The creep rate of nanocrystalline Cu is of 

the same order of magnitude as tha t of microcrystalline one, and three orders 

of magnitude lower than tha t predicted by the Coble creep model [55]. Some 

researchers attribute these to the low-angle grain boundaries and the presence 

of twinning structure, which do not promote vacancy diffusion and resist grain 

boundary sliding [55].

Additionally, the following phenomena have been observed with nanocrys­

talline materials produced by pulse electrodeposition: 1 ) the deposits pro­

duced by pulse-current electrodeposition are found to be significantly harder 

than those made by direct-current electrodeposition, which is related to the 

changes in grain size, internal stress and porosity; 2 ) for nanocrystalline de­

posits produced by pulse plating, the hardness increases with an decrease in 

the grain size. However, for very small grains (<20nm), with a further de­

crease in grain size, a reduction in hardness is observed, known as the Inverse 

Hall-Petch Relationship [19]; 3) annealing (recovery) a sample yields higher 

hardness values than as-deposited samples [19]. The annealing treatm ent may 

minimize the interfacial strain energy by adjusting the crystallographic orien­

tation. The resultant sharper grain boundaries with a high density can block 

dislocations more effectively [53]. As a result, higher hardness is obtained by 

annealing (recovery).
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Tribological properties

Nanocrystalline materials are expected to exhibit increased resistance to tri­

bological and environmental-assisted damage due to the improved strength. 

Studies have shown tha t the coefficient of friction (COF) of nanocrystalline 

nickel produced by pulse plating was almost half tha t of polycrystalline nickel. 

Higher hardness and smoother surface of nanocrystalline Ni could be the main 

reason for their lower value of COF [24]. Recent study has also demonstrated 

tha t the wear resistance of surface nanocrystallized aluminum layer produced 

by sandblasting and annealing is considerably higher than tha t of coarse­

grained aluminium and exhibits lower friction coefficient and adhesion force 

[53]. In general, research in this field is still scarce, and how the nanostructure 

influences the adhesion force and contact area is not well clarified.

Corrosion behavior

The corrosion resistance of nanocrystalline materials in aqueous solution is 

of great importance to the assessment of nanocrystalline structures for po­

tential applications. It is well known tha t corrosion is strongly influenced by 

microstructure [56]. Nanocrystalline materials with a higher density of grain 

boundaries, which render electrons more active, should exhibit different elec­

trochemical properties, compared to microcrystalline ones. However, to date, 

research on corrosion and corrosive wear of nanocrystalline materials is in­

sufficient and reported experimental results are not always consistent: both 

beneficial and detrimental effects of nanostructure on corrosion were observed 

[5],

Rofagha.R [57] observed tha t the passive current density of nanocrystalline 

Ni was higher than polycrystalline nickel in acidic, alkaline and neutral solu­
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tions. He concluded tha t this was attributed to the high surface fraction of 

grain boundaries and triple junctions in nanocrystalline nickel. There was no 

difference in corrosion current density at high anodic overpotential but conven­

tional polycrystalline Ni was more susceptible to localized corrosion. Reduced 

corrosion resistance was also observed for nanostructured Cu9 oNi1 0  alloy [58]. 

However, P.S. Fedkiw [2 1 ] compared the corrosion behavior of nanocrystalline 

Zn deposits with tha t of Engineering-Galvanized (EG) steel samples and sug­

gested tha t although the corrosion potential of EG steel was more positive 

than tha t of nc Zn, the Zn sample had a more protective film than tha t of 

EG steel. As a result, the nanocrystalline Zn deposits showed lower corrosion 

rate than EG steel. Enhanced corrosion resistance of nc-Fe8 Al in Na2 S0 4  so­

lution was also reported, which may be attributed to fast diffusion of A1 along 

grain boundaries, leading to a protective oxide film [59]. It has been demon­

strated tha t electrodeposited nanostructured Ni with a grain size of lOOnm 

is intrinsically resistant to intergranular attack and intergranular stress cor­

rosion cracking. Excellent resistance of the nanocrystalline nickel to alkaline 

environments and reducing acidic environments has also been reported [8 ].

Due to the discrepancy among the reported experimental observations, 

how a nanocrystalline structure really influences the electrochemical properties 

need to be clarified.

Electrical and magnetic properties

A comparison of results from electrical property measurements for nanostruc­

tured materials produced by different synthesis routes (e.g., gas condensation, 

electrodeposition) has shown similar trends. In most cases, the electrical re­

sistivity increases with decreasing grain size, similar to the situation of elec­
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trodeposited Ni [5]. This can be attributed to electron scattering at defects, 

such as grain boundaries and triple junctions. For electrodeposited Cu, it has 

been reported tha t no effect of grain size on electrical transport properties was 

observed [8 ].

1.5 Objectives of This Study

Although pulse current electrodeposition is one of the most effective methods to 

produce nanocrystalline materials, the properties of such fabricated nanocrys­

talline electrodeposits have not been well understood compared to those made 

by CVP or condensation method [8 ]. Especially, the corrosion resistance and 

tribological properties of nanocrystalline electrodeposits need to be systemat­

ically evaluated, since this is of great importance to a wide range of potential 

industrial applications of nano-deposits. Previously reported studies are not 

always consistent.

The objective of the present study is to investigate the tribological, electro­

chemical and mechanical properties of nanocrystalline Cu deposits produced 

by pulse current electrodeposition in comparison with the microcrystalline one 

produced by direct current electrodeposition. Another task is to  correlate 

changes in the properties to the nano grain size. This study also includes 

investigating how the nanocrystalline structure influences the electrochemical 

behavior and the synergism of electrochemical and mechanical attack during 

corrosive wear.

Copper is one of metals most extensively used in industry. In view of its 

applications as an interconnect material in microelectronic devices as well as 

its wide applications in the integrated circuit industry, copper was chosen as 

a sample material for this study. Copper is also the most important coating
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material for interior drinking water systems [60]. In addition, copper deposits 

have found applications in nickel and chromium plating as an undercoat [61]. 

Electrodeposited copper has been widely investigated regarding their morpho­

logical characteristics, electrical properties and corrosion resistance. W ith the 

rapid development of nano-technology, nano-tribology becomes more and more 

important to devices on nanoscale such as Micro-Electro-Mechanical-System 

(MEMS), Nano-Electron-Mechanical-System (NEMS) and magnetic storage 

peripherals [36, 31]. However, research in properties of nanocrystalline Cu 

deposits is still scarce. In particular, few studies have addressed the tribologi­

cal and electrochemical issues, which are therefore the important tasks of this 

study.
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C h a p t e r  2

P r o c e s s i n g  S t u d y  a n d  M e c h a n i c a l  P r o p e r t y

2 .1  Introduction

It has been found tha t nanocrystalline materials exhibit superior mechani­

cal properties due to their ultrafine-grains and high volume fraction of grain 

boundaries. Following the pioneer work of Hall and Petch [62, 63], the rela­

tionship between the grain size and mechanical properties has been a subject 

of continuous investigation. Copper is a widely used metal in industry. Due 

to its attractive mechanical and physical properties, copper coated rolls have 

been used in the printing industry and copper coatings are extensively used 

as an interconnect material in microelectronic devices. Recently, the study 

of nanocrystalline copper has attracted increasing attention. Bandyopadhyay 

and Chakravoty [64] produced copper particles of sizes in the range from 3.1nm 

to 11.4nm using an electrodeposition process. Qian et al.[65] studied a series 

of nanocrystalline Cu samples with different microstrains but the same grain 

size, which were obtained by annealing a magnetron-sputtered Cu specimens, 

and demonstrated tha t the thermal expansion coefficient of crystalline lat­

tice increases with increasing microstrain. Lu et al. [6 6 ] investigated the grain 

growth and strain releasing processes in electrodeposited nanocrystalline Cu
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specimens and found tha t the grain growth started at about 75°C at which the 

microstrain in the (1 1 1 ) plane began to be released, while the mean micros­

train in (1 0 0 ) plane began to be released at a higher temperature of 150°C. 

Chang and co-workers [67] investigated the deformation behavior of electro- 

lessly deposited nanocrystalline copper films with a grain size of about lOnm 

using instrumented nanoindentation and observed tha t their hardness, shear 

stress for yielding, and energy release rate were lower than those of electro­

plated copper films with a larger grain size. They attributed these to the 

dominant deformation mechanism of grain-boundary sliding and grain rota­

tion instead of dislocation movement. Youssef and co-workers [6 8 ] reported a 

unique way of producing artifact-free nanocrystalline Cu (23nm) with a nar­

row grain size distribution using mechanical milling/ in situ consolidation at 

both liquid-nitrogen and room temperature; their nanocrystalline Cu showed 

an extraordinarily high yield strength (770 MPa), along with good ductility 

(equivalent to % EL=30%).

The study reported in this chapter is focused on the synthesis of nanocrys­

talline copper in a sulphate solution and evaluation of its mechanical proper­

ties. Nanocrystalline and microcrystalline copper deposits were produced by 

pulse and direct current electrodeposition processes, respectively. The grain 

size of nanocrystalline deposits was determined using both X-ray Diffraction 

technique and Atomic Force Microscopy (AFM). PC-electrodeposition is a 

powerful means for producing ultrafine-grained structures because a higher 

instantaneous current density can be obtained. It is essential to explore influ­

ences of pulse electrodeposition parameters, such as the peak current density 

(Ip, frequency( /) ,  current-on time (ton) and current-off time (to//) on the grain 

size and mechanical properties of the deposits. Therefore, the goal of the study
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reported in this chapter is to produce nanocrystalline copper, to investigate 

the effects of pulse electrodeposition parameters on the grain size and sur­

face morphology and the effect of the grain sizes on mechanical properties of 

nanocrystalline copper, including nano-hardness and the ratio of the recover­

able energy to the to tal energy during deformation. The deviation from the 

Hall-Petch relation caused by nanostructure is also investigated.

2.2 Specimen Preparation

Nanocrystalline (nc-) and microcrystalline (me-) copper deposits were pro­

duced by pulse current and direct current electrodeposition processes, respec­

tively, in a copper sulfate electrolyte with thiourea as additive. The chemical 

composition of two electrolytes and corresponding deposition parameters are 

listed in Table2.1. Brass was used as the substrate after polishing, followed 

by weak and strong pickling in 3% and 25% H2 SO4  solutions, respectively. 

Pickling was necessary to activate the substrate and enhance the adhesion of 

deposits. The counter electrode was pure copper, which helped to maintain the 

copper ion concentration in the electrolyte. After electrodeposition, the copper 

deposits were rinsed in de-ionized water and dried immediately. The deposits 

were slightly polished with 0.05/xm alumina power and lightly etched using 

dilute FeCl3 +HCl solution before evaluating their properties. The thickness of 

the deposits was about 15/xm estimated based on the weight gain of the brass 

electrode as well as cross-sectional microscopic observation. The roughness of 

the deposits was 15±3nm.

Grain size of the nanocrystalline deposits was determined by both the X-ray 

diffraction peak broadening analysis and atomic force microscopic examination 

(AFM, manufactured by Digital Instrument, Santa Barbara, CA, USA). X-ray
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Table 2.1: Electrolytes and deposition parameters for Cu deposition.

Constituents PC-plating bath DC-plating bath

CuS0 4 -5H20 0.15M 0.6M

h 2 s o 4 0.184M 0.46M

Thiourea o .o sg r 1 o .o sg r 1

Deposition parameters 7P=1A cm - 2  

fon= 0 .1 ms 

to ff=9.9ms 

f=100Hz 

7a=10mA cm - 2

7=10mA cm - 2

diffraction analysis was carried out using a Rigaku Geigerflex Power Diffrac­

tometer with a Co tube and a graphite monochromator. Each diffraction peak 

profile was obtained at a slow scan rate of 0.002°/sec. The full-width at half­

maximum intensity (FWHM) of the XRD peaks was analyzed using a software 

package, JADE 6.0, installed in the diffractometer. Pearson VII function, a 

combination of Cauchy and Gaussian functions, was used to separate K ai and 

K a2 . The surface morphology of deposits was characterized by AFM technique 

in both friction and contact modes of scanning. A 200-pm-long narrow silicon 

nitride probe with a spring constant of 0.06 N /m  was used. The probe con­

sisted of a cantilever with an ultra sharp tip at the end. The height of the tip 

was about 1 0 pm.

2.3 Surface Morphology

Figure 2.1 shows AFM images of as-deposited Cu deposits produced by PC 

and DC electrodeposition processes, respectively. Surface smoothness of the 

deposits was determined by measuring their root-mean-square (RMS) rough-
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D i g i t a l  i n s t r u m e n t s  N anoScope 
S c a n  s i z e  1 0 .0 0  pm
s c a n  r a t e  
N umber o f  s a m p le s  
Im ag e D a ta  
D a ta  s c a le :

x  2 .0 0 0  p m /d iv  
Z 6 0 0 .0 0 0  n m /d iv

(a)
O i g i t a l  I n s t r u m e n t s  N anoScope 
S c a n  s i z e  1 0 .0 0  pm
S c a n  r a t e  1 .9 6 9  Hz
Number o f  s a m p le s  
Im ag e O a ta  
D a ta  s c a l e

x  2 .0 0 0  p m /d iv  
2  6 0 0 .0 0 0  n m /d iv

(b)

Figure 2.1: AFM images of as-deposited Cu deposits produced using different 
electrodeposition methods: (a) DC, and (b) PC (scanned area =  10x10 pm 2).
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ness derived from the AFM images of a scanning area (10xl0/zm2). RMS 

roughness represents the standard deviation of the profile heights [69]. For

where, Z  is the average profile height and Z, is the profile height at position i.

As shown in Figure 2.1, RMS roughness value of the as-deposited DC- 

plated Cu thin film was 98±10nm, much higher than that of the PC-plated 

one tha t was 26±5nm.

The pulse current electrodeposit was more uniform and smoother than the 

direct current plated one due to the higher instantaneous current density by 

pulse control. How the surface roughness changes with current is schematically 

shown in Figure 2.2. As shown in Figure 2.2, at a low current density, the 

number of metal ion discharge event per unit area was shown to be small. 

Because the metal discharge occurs preferentially at protrusions, deposits are 

produced with a high-density surface of irregularities at low current densities. 

At high current densities, there is a high density of metals ions and electrons 

on the cathode surface. Similarly charged particles repel each other if they 

are brought closer than a critical distance from each other. A high density of 

metal ions and electrons generated at high current densities will be distributed 

over the surface according to the magnitude of their repulsive force [70]. As a 

result, the discharge sites are more uniformly distributed making the surface 

smoother. The distribution of current densities over the cathode surface is 

one important cause of surface roughness in electrodeposited films. It can be 

concluded tha t surface roughness becomes smaller at higher current density.

example, the RMS roughness for two-dimensional profile can be expressed by

R M S  =  , -  Y k Z i - Z f
\ W* .‘— I

(2 .1)
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plating solution
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plated film
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Figure 2.2: A schematic illustration illustrating how a change in current density 
affects the surface irregularity of plated films.

Taking into account tha t the performance of a material is affected by its surface 

roughness, the as-deposited coatings were therefore slightly polished and lightly 

etched to minimize the roughness influence on property measurement. The 

final surfaces for testing had similar RMS roughness of 15±3nm.

2.4 Grain Size Determination

In the present study, both the XRD technique and AFM were used to de­

termine the grain size and to validate each other. Figure 2.3 shows an X-ray
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Cu deposit produced 
by PC plating

annealed poly cry satlline 
pore Cu

1
50 55 60 65 70

2 8

75 80 85 90

(a)

 reference Cu
specimen

 nanocrystalline
Cu deposit

experimental
datasaaaU

50.0 50.5 51.0 51.5

(b)

Figure 2.3: X-ray diffraction patterns of a PC-plated Cu deposit and an an­
nealed sample of pure Cu:(a) (111), (200) and (220) peaks, and (b) magnified 
(1 1 1 ) peaks for grain-size analysis.
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diffraction pattern of PC-plated Cu thin film. Theoretically, each X-ray diffrac­

tion peak profile obtained is broadened by instrumental and physical factors. 

So after subtracting the instrumental broadening, the physical broadening of 

each Bragg reflection peak caused by small grain size or microstrain can be 

obtained. The grain sizes of nanocrystalline Cu deposits were estimated by 

applying well-known Scherrer Formula [28] for the (111) peak. The peak posi­

tion, full-width at half-maximum intensity(FWHM) and integral width of the 

XRD peaks were analyzed using a software package JADE 6.0, installed in the 

Rigaku Geigerflex2173 diffractometer. An annealed pure copper sample was 

used as a reference sample to get rid of the instrumental broadening and to 

determine the broadening caused by nanocrystallization.

D=m^e ( 2 ' 2 )

Where, D  is the mean dimension of the crystallites and A is the X-ray wave­

length. The instrumental broadening-corrected pure line profile breadth 6(29):

S(26) =  B( 1 -  ]1 )  (2.3)

B  and b are the full width at half maximum (FWHM) of the same Bragg 

peaks from the experimental and reference samples, respectively, obtained after 

CoK a 2  stripping and CoK a\ fitting. The separation of the two reflections was 

carried out by a computerized XRD analysis system.

The (111) peak profiles are magnified and shown in Figure 2.3(b). The grain 

size calculated using (111) diffraction was 58nm. It dose not take into account 

the additional line broadening caused by microstrain, which is acceptable if 

the broadening caused by reduction of grain size is large. In order to verify
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the XRD result, the grain size of the nanocrystalline deposit was also directly 

examined using AFM. Figure 2.4 shows an AFM image (friction mode) of a Cu 

deposit produced by PC electrodeposition. The scanning area was lx l/xm 2. 

The friction-mode image is obtained from monitoring the lateral motions of the 

cantilever [31]. It appears tha t the friction mode provided higher resolution 

then the contact mode in determination of the nano-grain size. From Figure 

2.4, the average size is about 56nm, which is in good agreement with the XRD 

result. XRD tests is based on the theory tha t when X-ray radiation passes 

through matter, the radiation interacts with the electrons in atoms, result 

in scattering of the radiation [28]. If the atoms are organized in planes and 

distances between the atoms are of the same magnitude as the wavelength of 

the X-rays, constructive and destructive interference will occur. This result 

in diffraction where X-ray are emitted at characteristic angles based on the 

spaces between planes, indicating the grain size calculated from XRD technique 

represents the vertical dimension of the grain. However, AFM is applied to 

determine the size of the grains in the nanocrystalline surface layer (cross- 

section), so the grain size obtained from AFM observation denotes the lateral 

dimension of the grain. Therefore, grains in nc-Cu deposits produced by PC- 

electrodeposition exhibited sphere shape.

The XRD peak broadening method for calculating grain size using Scherrer 

Formula is acceptable for nanocrystalline materials with grain size smaller than 

lOOnm [29]. For comparison, the average grain size of microcrystalline Cu 

deposits produced by DC electrodeposition was determined using an optical 

microscope, which was about 2 /zm as shown in Figure 2.5.

Comparing the PC and DC electrodeposition methods, the pulse plating 

is effective for the refinement of grains. It is well known tha t overpotential
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D i g i t a l  i n s t r u m e n ts  N anoscope 
S can  s i z e  1 .0 0 0  pm
S can  r a t e  2 .0 3 5  Hz
Number o f  s am p les  512
Im age D a ta  F r i c t i o n
O a ta  s c a l e  1 .0 0 0 0  V

Figure 2.4: AFM image of a nanocrystalline Cu deposit produced by PC elec- 
trodepsotion (friction mode).

increases linearly with logarithmic current following the Tafel relation [71],

A</> = a +  blogi (2.4)

where, a and b are constants and i is the current density. The larger the 

current density, the higher is the overpotential. According to  electrocrystal­

lization theory [23], the high cathodic overpotential decreases the activation 

energy of nucleation, resulting in an increased nucleation rate as Equation 

(1.2). According to the classical theories on electrochemical phase formation 

and growth, the two dimensional (2D) nucleation rate, rn is given by [23]

rn = Kiexp-
-bse2

(2.5)
ZekTA<j)

where, K\ is the rate constant, b is the geometric factor depending on the 

shape of the 2D grains, s is the area occupied by one atom on the surface of 

the grain, e is the specific edge energy, Z  is the electron charge of the ion,
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Figure 2.5: Optical microscopic image of a microcrystalline Cu deposit pro­
duced by DC electrodeposition.

e is the charge of the electron, k is the Boltzmann constant and A 0 is the 

overpotential. The overpotential is determined as expressed in Equation (2.4). 

Thus, the nucleation rate increased (see Equation (2.5)), leading to a more 

homogeneous structure and finer crystal grains.

Moreover, when the nucleation dominates the deposition process with a 

large number of nuclei generated on the substrate, the growth of nuclei and 

crystallites is strongly impeded. As a result, the electrodeposition of nanocrys­

talline deposits could be realized by the use of high current densities. Such 

high currents corresponding to high voltages are not conceivable in DC-plating 

because of limitation in the material transport and the massive evolution of 

hydrogen. In pulsed electrodeposition the peak current density can be very 

high during a very short on-time although the average current density is the 

same as tha t for a DC-plating process. Ip and ton determine the number of 

atoms tha t are deposited on the substrate during a pulse, including atoms for 

generating nuclei and those incorporated into the existing crystals. The high
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deposition rate largely decreases the ion concentration near the cathode. In 

addition, during tQf f ,  Cu ions migrate into the depleted vicinity of the cathode. 

Longer t0f f  can stabilize the existing fine grains and replenish sufficient ions 

to deplete at the cathode in the next pulse period. However, there is a risk 

that the grains may grow during the relaxation time. More discussions on this 

issue are given in the following sections.

2.5 Mechanical Property

Mechanical properties of the deposits were evaluated using a Triboscope (made 

by Hysitron, Minneapolis, MN, USA), a combination of a nano-mechanical 

probe and AFM. The probe was a three-sided pyramidal Berkovich indenter 

made of diamond. The angle between two faces of the tip is 142.3 degrees. 

Force-displacement curves of the indentation are recorded during the test. In­

dentation loads of 50 and 100 /xN were used. Hardness and elastic behavior of 

the deposit were evaluated from the force-displacement curves and the results 

presented in this thesis are values averaged over more than ten indentation 

tests.

Table 2.2: Mechanical properties of nc- and mc-Cu deposits determined by 
nano-indentation under 50 and 100 /xN.

Materials Grain Force Maximum Hardness v = wr/wt
size(nm) (/xN) depth(nm) (GPa) (%)

nc-Cu 56 50 6.6±0.3 4.86±0.24 45.0±4.2

1 0 0 11.6±0.4 4.96±0.21 35.5±3.8

mc-Cu 2 0 0 0 50 25.6±0.4 1.22±0.13 24.0±3.3

1 0 0 48.2±0.4 1.11±0.14 18.7±4.0
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100

mc-Cu[nc-Cu
l o a d i n g  ^

u n l o a d i n g

Displacement (nm)

Figure 2.6: Nano-indentation force-displacement curves of nc-Cu deposits 
(grain size: 56nm) and mc-Cu deposits (grain size: 2pm).

Nano-indentation tests were performed to evaluate mechanical properties 

of the deposits. Figure 2.6 shows force-displacement curves of the nanocrys­

talline and microcrystalline Cu deposits. The applied loads of 50 and 100/xN 

were low enough to make penetration depths much less than the required 1 0 % 

of the film thickness so as to avoid influence of the substrate on the hardness 

measurement [36]. The penetration depth, nano-hardness and the ratio of re­

coverable deformation energy to total deformation energy (77) were determined 

and are listed in Table 2.2. In principle, under a given load, the smaller the 

penetration depth, the harder is the material. The r) value reflects the elastic 

behavior of a material, indicating the contribution of elastic work to the total 

work during deformation. The area under the loading curve represents the 

total deformation energy (Wt), which includes the total energy consumed dur-
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Figure 2.7: Schematic illustration of the area enclosed by the load displacement 
curve representing the energy due to plastic deformation and elastic strains.

ing the indentation process, and the area under the unloading curve denotes 

the recoverable energy (Wr ), namely the energy associated with the elastic 

deformation (see Figure 2.7). Defined as the contact pressure, the indentation 

hardness is equal to the applied load divided by the contact area, which can be 

estimated from the depth of penetration with the known geometry of the in- 

denter [36]. The nano-indentation tests demonstrated tha t the nanocrystalline 

deposit had smaller penetration depth, higher hardness and 77 value. The grain 

size is a major parameter affecting the grain boundary hardening. Based on 

the Hall-Petch relationship, nanocrystalline materials are expected to exhibit 

higher strength than their microcrystalline counterpart. In this case, the de­

crease of grain size from 2pm to 56nm lead to an increase in hardness almost 

by a factor of 4 (see Table 2.2). According to the strengthening mechanism, 

the increase in hardness can be attributed to an increased density of grain 

boundaries in nanocrystalline materials, which helps to block the dislocation

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



2.6 Grain Size Control and Processing Parameters 44

motion, thus enhancing the resistance to plastic deformation. Palumbo [10] 

showed tha t the volume fraction of grain boundary could be as high as 50% 

for grains smaller than 5nm in diameter, 10% for grains around 50nm, and 

lower than 1% when the grain size is 1/rm. In addition, the increased strength 

extends the elastic deformation range, leading to higher rj values. It should be 

noted tha t when the grain size is smaller than lOnm or so, the grain refinement 

may cause softening of nanocrystalline metals [2]. In the present study, the 

nano-grain size did not get into tha t range.

2.6 Grain Size Control and Processing Parameters

Effect of frequency and peak current density on grain size and hard­

ness

Nano-indentation tests were used to evaluate the effect of deposition param­

eters on hardness of deposits, associated with AFM observation. Most of 

the current research is devoted to the adjustment of electrolytes and addi­

tives [20, 18, 19, 21], while this study is more focused on the effect of pulse 

control parameters on the grain size of the deposit. Figure 2.8 shows the force- 

displacement curves of Cu deposits produced by pulse plating using different 

frequencies and peak current densities of 0 .2 A /cm 2  and lA /cm 2, respectively. 

At the same peak current density, the frequency was changed from 25Hz to 

100Hz through changing current-on time (ton) and current-off time (t0/ / )  si­

multaneously but fixing the duty cycle 9, which is defined as the ratio of the 

pulse time (ton) to the total period (ton + tDff).  The deposition parameters 

are listed in Table 2.3. The average current density was 10mA/cm 2  for all con­

ditions. Results indicated tha t at low Iv of 0.2A/cm2, the hardness increased 

with increasing frequency obviously (in Figure 2.8(a)), but the situation be­
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came more complicated at higher Ip of lA /cm 2, at which the film produced by 

50Hz showed highest hardness followed by those produced at 25Hz and 100Hz 

(in Figure 2.8(b)). The effect of frequency on hardness of deposits produced 

at low and high Ip is concluded in Figure 2.9. It is obvious tha t at the same 

frequency, an increase in Ip from 0.2 to 1  A /cm 2  dramatically decreased the 

maximum penetration depths or increased hardness, because the higher ca- 

thodic overpotential, caused by a higher instantaneous current density during 

pulsed-current can accelerate the nucleation process and thus results in the 

formation of finer grains [23].

Table 2.3: Deposition parameters for Cu deposits, whose force-displacement 
curves are illustrated in Figure 2.8

ip (A/cm2) 0.2 0.2 0.2 1 1  1

ton (ms) 2 1 0.5 0.4 0.2 0.1

toff  (ms) 38 19 9.5 39.6 19.8 9.9

/(H z) 25 50 100 25 50 100

The effect of frequency on hardness at low Ip and high Ip was attributed to 

the formation of grains with different sizes. As mentioned earlier, the nanos­

tructure produced by pulse electrodeposition depends on two basic processes, 

nucleation and grain growth. At low Ip corresponding to low nucleation rate, 

during ton Cu2+ ions were deposited more likely for growth of non-stable grains 

rather than formation of nuclei. At low Ip, tQf f  is less important because it 

is usually long enough to supply sufficient ions diffusing to the cathode sur­

face for depletion at low deposition rate. Therefore, increasing the frequency 

reduces the time interval for continuous deposition and thus accelerates the 

formation of finer grains by inhibiting grain growth. Shorter ton results in 

higher frequency if f0 „ /f0/ /  is fixed, so the grain size decreases with increasing
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Figure 2.8: Nano-indentation force-penetration displacement curves of Cu de­
posits produced with different pulse frequencies for different peak current den­
sities: (a) Ip—0.2A/cm2, and (b)/p=lA /cm 2.
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Figure 2.9: The effect of frequency on hardness of films produced at two dif­
ferent current densities.

the frequency. However, at higher 7P, tm  and t0/ /  both influence the elec- 

trocrystallinzation process effectively [22], probably in the opposite ways in 

terms of grain refinement, so that controlling the structure of deposits by only 

changing the frequency does not always work. As a conclusion, the frequency 

is not a fundamental parameter for grain size control. As a matter of fact, the 

frequency is a function of t ^  and £0/ /  as Equation (1.1) expresses, which does 

not reflect individual effects of t m  and t„//. It is reported that the grain size 

of Zn deposits decreases with increasing tm  time and increases with increasing 

the t0ff ,  respectively [21]. Inconsistent results are also reported for electrode­

posited Cu [22], in which experiments are set by increasing tm  or t0f f  with 

increasing 7p simultaneously in order to fix average current density (7a). It 

cannot be explained clearly that the decrease in grain size with increasing tQff  

is only attributed to the grain stabilization since grains also become smaller
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with increasing current density. In this study, effort was made to study the 

individual effects of £on and t0f f  on grain size and hardness with keeping Ip 

constant.

Effect of pulse-on tim e and pulse-off tim e on grain size and hardness

Table 2.4: Effect of t0f f  on the grain size and nano-hardness of deposits pro­
duced at low and high Ip.

Ip( A /cm 2) to„ (ms) toff  (ms) Grain size(nm) Nanohardness(GPa)

DC 0 . 0 1 2 0 0 0 1.17±0.18

PC 0 . 2 0.5 9.5 78 4.48±0.21

0 . 2 0.5 14.5 1 0 2 3.53±0.16

0 . 2 0.5 19.5 167 2.80±0.16

1 0 . 1 4.9 69 4.61±0.23

1 0 . 1 9.9 56 4.92±0.16

1 0 . 1 14.9 34 5.27±0.16

The experimental results indicate tha t ton and t0f f  have pronounced effects 

on the grain size of Cu deposits. Figure 2 . 1 0  demonstrates how t0f f  influences 

the hardness and grain size of Cu deposits produced at a low peak current of 

Ip = 0.2A/cm 2  when ton was kept constant (0.5ms) but tQf f  changed from 9.5 

throughl4.5 to 19.5ms. The measured nano-hardness from nano-indentation 

tests and average grain size determined from AFM images are given in Table 

2.4. Results indicate tha t at low Ip, the shorter the t0f f ,  the smaller the grain 

size and the harder the materials, but the situation was reversed at high Ip. 

Figure 2.11 and Table 2.4 show the effect of t0f f  on hardness and grain size of 

the deposits produced at a higher Ip =  lA /cm 2, with a fixed fon=0.1ms but 

changing t0f f  from 4.9 through 9.9 to 14.9ms. In this case, increases in t0j f
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(c) (d)

Figure 2.10: Effect of tG/ /  on the nano-hardness and grain size of Cu deposits 
produced at Ip= 0 .2A/cm2 and to„=0.5ms: (a) Nano-indentation curve, (b) 
AMF image, t0//=9.5ms, (c) AMF image, t0//=14.5ms, and (d) AMF image, 
t Qf f = 19.5ms (scanned area =  1 /xm2).
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(c) (d)

Figure 2.11: Effect of t 0/ f  on the nano-hardness and grain size of Cu de­
posits produced at 7p=lA /cm 2 and ton=0. lms: (a) Nano-indentation curve, 
(b) AMF image, t0//=4.9ms, (c) AMF image, t0//=9.9ms, and (d) AMF image, 
t 0f f —14.9ms (scanned area =  1 j/m2).
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enhanced the deposit’s hardness due to the formation of finer grains. T0f f  is an 

ambivalent parameter in a deposition process. Toff should be as long as nec­

essary to enable Cu2+ ions transport into the depleted vicinity of the cathode, 

which is more important when deposited at high nucleation rates; otherwise 

the diffusion layer nearby the cathode may become thicker, thus leading to a 

decrease in the limiting current density (The maximum current density that 

can be achieved for an electrode reaction at a given concentration of the reac­

tant in the presence of a large excess of supporting electrolyte [56]). Moreover, 

longer t0f f  can make the existing nano-grains stable and not continuously grow 

in the next pulsed time. The decrease in grain size of deposits with increasing 

t0f f  can also be attributed to the fact th a t during a long t0f f  period, an in­

creased number of inhibitor thiourea molecules reach the active sites and are 

adsorbed on the freshly deposited layer, which may block the continued grain 

growth during the next pulse. Usually, metals migrate faster than the big or­

ganic molecules. For short tQf f ,  only a small fraction of the inhibitor molecules 

reach the growth sites, which is not desirable for grain refinement. However, 

on the other hand, t0f f  has to be as short as possible in order to minimize 

grain growth due to the exchange current density (i0) coming from a couple 

of balanceable reactions during which the smaller grains dissolve and larger 

grains grow preferentially, driven by the minimization of grain boundary en­

ergy. Although unavoidable, grain growth during the relaxation time proceeds 

only at a low rate. At low Ip, the deposit’s grains are less uniform because of 

the uneven charge distribution caused by low overpotential; in this situation, 

the grain growth during t0f f  due to the existence of exchange current density 

cannot be ignored. Therefore, as the results show, at a high /p, corresponding 

to a high nucleation rate, longer t0f f  favored the formation of fine grains. The
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blockage of grain growth in pulse time is important. However, at a lower Ip 

corresponding to lower nucleation rate (Ip), it is not necessary to use long t0f f  

for the replenishment of Cu ions and inhibitors, and the inhibition of grain 

growth through decreasing t0f f  is favourable.

Table 2.5: Effect of ton on the grain size of deposits produced at low and high
IP.

ip(A/cm2) ôn (ms) toff  (ms) Grain size(nm)

0 . 2 0.5 14.5 1 0 2

0 . 2 0 . 8 14.5 142

0 . 2 1 . 0 14.5 180

1 0 . 1 14.9 34

1 0.4 14.9 85

1 0 . 6 14.9 96

Ton is another basic parameter affecting the grain size of deposits. Figures 

2.12, 2.13 and Table 2.5 demonstrate the effect of ton on the grain size of Cu 

deposits produced at high Ip =  lA /cm 2  and low Ip — 0 .2 A /cm 2, respectively, 

while keeping tDf f  constant. As shown, no m atter at high or low Ip, the grain 

size of Cu deposits increased with increasing ton- This happened because a 

shorter ton reduced the number of ions discharged to deposit and thus limited 

the growth of nuclei. By analyzing the above experimental results, one may see 

tha t the effect of ton on grain size is basically consistent with tha t of frequency. 

However, tQf f  also plays a crucial role, largely depending on the peak current 

density, Ip.
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(b) (c)

Figure 2.12: Effect of t on on the grain size, AFM images of Cu deposits pro­
duced at Ip= lA /cm 2  and f0//=14.9m s with different ton: (a) 0.1ms, (b) 0.4ms, 
and (c) 0 .6 ms.
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Figure 2.13: Effect of ton on the grain size, AFM images of Cu deposits pro­
duced at Ip=0.2A/cm 2  and t0yy=14.5ms with different ton: (a) 0.5ms, (b) 
0 .8 ms, and (c) 1 .0 ms.
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Discussion on effects of the process parameters on nanocrystalliza­

tion

According to the electrocrystallization theory, the crystallization process usu­

ally takes place in two steps. The first step is the discharge of copper ions 

and the generation of copper atoms. There are two possibilities for the second 

step: i) the incorporation of copper atoms into crystal, namely grain growth, 

and ii) the formation of new nuclei when the rate of crystal growth may not 

be sufficient to cater for faster generation of the atoms. If the generation of 

new nuclei is dominant in the second step, fine-grained deposits are obtained.

The cathodic overpotential and the exchange current nucleation rate are the 

crucial electrochemical quantities. A large cathodic overpotential favors a high 

nucleation rate resulting in the formation of crystallite nuclei in large quantities 

but small size. The necessary large current density can not be achieved for 

DC-electrodeposition because of ionic transport limitation. But large current 

densities are feasible as peak current density in short current pulse because 

in this way sufficient ionic transport takes place during tQf f .  Moreover, the 

higher the peak current density, the faster is the nucleation rate. To some 

extent, a small ton means a high Ip for a fixed average current density. A short 

current on time and relatively long pulse relaxation time limits the growth 

of nuclei during deposition. The exchange current is the main reason for the 

grain growth in the relaxation time, which occurs during the t0f f  in such a 

way larger tha t grains grow at the expense of smaller ones. Since the grain 

growth is hardly avoidable, tDf f  should therefore be optimized to limit the time 

of grain growth. Toff should be as low as possible and as large as necessary 

for the stabilization of the nano-grains and recovery of the ion concentration 

in the solution around the cathode.
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Figure 2.14: Effect of the grain size on nano-hardness (d, the average diameter 
of grains).

How to control the grain size of deposits and refine grains are extremely 

important in studying the nanostructure materials and effects of grain size and 

grain boundary on materials properties. The first way for grain size reduction 

is an electrodeposition process with short ton combined with high Ip. The 

second way is the use of an electrolyte for deposition, which contains organic 

additives (e.g. carboxylic acids). A third but less-recommendable way for 

grain size control is the variation of the bath  temperature.

2.7 T h e  R e la tio n  B etw een  H ard n ess  an d  G ra in  Size a t  N ano-scale

The formation of nanocrystalline deposits by pulse electrodeposition can be 

achieved if abundant nuclei are generated on the substrate at a high rate 

and the grain growth is effectively impeded. Generally, nanocrystalline de­

posits can be realized by controlling three basic parameters, Ip, ton and iQ//-
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A nanocrystalline deposit has higher hardness as demonstrated in Table 2.4. 

According to Hall-Petch relation (Equation (1.5)), for many microcrystalline 

metals and alloys, the hardness increases inversely with the square root of 

the average grain diameter. The hardness of Cu coatings with different grain 

sizes is illustrated in Figure 2.14, demonstrating the linear relation between 

H and d-1/2. The key mechanism for grain refinement strengthening is tha t 

dislocations are blocked by grain boundaries, which enhances the resistance 

to plastic deformation. However, as the grain size is further refined and is 

smaller than lOOnm, the strengthening effect decreases (see Figure 2.14) and 

may eventually become negative as the grain size is below 1 0  nm, i.e. the 

so-called inverse Hall-Petch relation occurs [2], In this case, sliding of a large 

number of grain boundaries in nanocrystalline deposits could be responsible for 

weakened strengthening effect as well as the inverse Hall-Petch relation [26]. 

Grain-boundary sliding becomes a dominant deformation mechanism when the 

grain size reaches ultra-fine scale, like lOnm.

2.8 Conclusions

The main conclusions drawn from studies reported in this chapter are:

•  Nanocrystalline and microcrystalline copper deposits were successfully 

produced by PC and DC electrodeposition processes, respectively. The 

grain size of the nanocrystalline deposit was about 56nm determined by 

XRD and AFM.

• Changing the electrodeposition parameters, e.g., ton, toff and Ip, is an 

effective way to control the grain size and corresponding properties of 

the deposit. At high Ip, the longer the G // or the shorter the ton, the
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finer is the grain. However, grain size decreases with decreases in both 

t0f f  and ton at low Ip .

•  Mechanical properties of the nanocrystalline copper film are markedly 

superior to those of the DC-plated film with higher hardness and r] value. 

Hardness increases with grain refinement, but the strengthening effect is 

weakened when the grain size gets into the nano-scale below lOOnm.
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C h a p t e r  3

E l e c t r o c h e m i c a l  B e h a v i o r  a n d  S t a b i l i t y

3.1 Introduction

Metals are generally polycrystalline consisting of many randomly oriened crys­

tallites or grains. Reducing the size of grains can lead to a great impact on 

materials properties. As the grain size in a metal is reduced to the nanoscale, 

a large portion of atoms are located at grain boundaries, where they behave 

differently from those within the crystallites, which may dramatically alter the 

overall properties of the metal. It has been demonstrated tha t nanocrystalline 

metals exhibit considerably higher strength, improved magnetic properties, 

higher diffusion coefficient, and improved thermal expansion properties [5]. 

Electrochemical stability should also be affected by nanocrystallization. It is 

known tha t corrosion is strongly influenced by microstructure [56]. Nanocrys­

talline materials have a higher density of grain boundaries, which render elec­

trons more active, thus varying the corrosion behavior. However, we cannot 

simply determine corrosion properties of a nanocrystalline material only based 

on the increased surface reactivity due to its high grain boundary density, 

because the high grain boundary density affects the formation of the surface 

oxide film tha t influences the surface reactivity as well. As a m atter of fact,
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previously reported studies are not always consistent (see Section 1.4). There­

fore, how a nanocrystalline structure influences the electrochemical properties 

and why discrepancies exist in literature need clarification.

The main objective of this part of the study is to investigate how the 

nanocrystalline structure influences the electrochemical behavior when a t­

tacked by different corrosive media. The electron stability and chemical re­

activity of the film surfaces were evaluated by measuring their electron work 

function (EWF). Corrosion behavior of the Cu electrodeposits was studied in 

various solutions, including NaOH, NaCl and H2 SO4 , using potentiodynamic 

polarization and electrochemical impedance measurements. The contributions 

of mechanical and electrochemical actions during corrosive wear were investi­

gated using an electrochemical scratch technique.

3.2 Experimental Procedure 

Dynamic polarization

Electrochemical polarization measurements were carried out in a 0.1M NaOH 

solution, 3.5wt% NaCl solution and 1M H2 SO4  solutions, respectively, using 

a commercial electrochemical system (Gamry Instruments Inc., Warminster, 

PA, USA). All as-deposited coatings were polished using a slurry paste con­

taining 0.05/im aluminum particles and then rinsed with de-ionized water and 

degreased with acetone thoroughly before the electrochemical tests. The pas­

sivation behaviors of the deposits in the different solutions were evaluated 

using dynamic polarization tests at a scan rate of 5mVs- 1  from -200mV to 

lOOOmV about the corrosion potential (Ecorr). Anodic and cathodic Tafel 

slopes were determined in the range of lOOmv about the Ecorr at a scanning 

rate of 0.5mVs-1. The linear polarization resistance was determined by per­

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



3.2 Experimental Procedure 61

forming polarization test in the range of 5mV about the Ecarr at a scanning 

rate of O.lmVs-1 . Before the tests, the deposits were mounted with epoxy and 

had their surface area of 100mm2 exposed to the corrosive medium for 30 min. 

A saturated calomel electrode (SCE) was used as the reference electrode and 

a platinum plate was used as the counter electrode. All electrochemical tests 

were performed at room temperature.

Electron work function measurement

The electrochemical stability of deposit surfaces after immersion in different 

solutions, respectively, for 2 hours was evaluated using a scanning Kelvin probe 

(SKP, made by KP Technology Ltd., Wick, UK) by measuring their electron 

work function under the ambient conditions. A gold tip of 1mm in diameter 

was used to scan the surface within an area of 2 x2mm2 covering 10x10 mea­

surement points. The EWF was represented using an average value over the 

scan area. The oscillation frequency of the SKP tip was 173Hz.

Contact electrical resistance

The failure resistance of the passive films formed on the deposits was evaluated 

by scratch tests using a universal micro-tribometer (UMT, provided by CETR, 

Mountain View, California, USA). Before tests, the passive films on the PC- 

and DC-plated deposits were formed by immersion in 0.1M NaOH under an 

imposed potential of 0.1V (vs. SCE) for lm in at room temperature. Figure 

3.1 is a schematic illustration of the scratch test performed on the passive film 

on a Cu coating surface. During the scratch test, the surface was scratched 

under a normal load, which was increased linearly from 0 to lOg. The scratch 

probe was made of tungsten carbide. The information on the probe geometry
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can be found in [18]. During scratching, the tip scratched the surface under 

the applied load at a velocity of 0.05mm/s. At the same time, changes in the 

contact electrical resistance (CER) between the tip and specimen surface with 

respect to the load were recorded. When the passive film failed under a critical 

load, the CER value dropped steeply. The critical load is therefore a measure 

of the resistance of a passive film to failure.

h->  P am lw  film I 
■̂ Cu coating /S«nsor~— .. 

Blade toldar

CER I
’^ f 7 7 ' 7 T
, Subttrai*

Moving stage Spadm an

Figure 3.1: Schematic of the scratch test for the passive films on Cu coatings 
with in situ monitoring the contact electrical resistance (CER).

Electrochemical impedance

Electrochemical impedance (El) measurements were carried out using a Gamry 

electrochemical system. The frequency range was chosen from 0.01 Hz to 

100000 Hz with 5-mV peak amplitude about the corrosion potential. Before 

performing the experiments, the cell electrodes were kept in a solution under 

study for 30 min in order to stabilize the corrosion potential. To evaluate the 

protective efficiency of a passive film, the El measurement were employed on 

the sample as a function of immersion time. An equivalent-circuit simulation
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program was used for data fitting and analysis.

3.3 Polarization Behaviors of nc-Cu Deposits in Different Corrosive 

Media

The electrochemical behavior of nanocrystalline Cu deposits in different solu­

tions was investigated using potentiodynamic polarization experiments. Fig­

ure 3.2 illustrates polarization curves of both nanocrystalline and microcrys­

talline Cu deposits in 1M H2 SO4 , 3.5wt% NaCl and 0.1M NaOH solutions, 

respectively. In the H2SO4 solution, there is no appreciable difference between 

nanocrystalline and microcrystalline Cu deposits. No active-passive polariza­

tion behavior was observed for both the deposits because the current densities 

were very high in the anodic region. In the NaCl solution, the polarization 

curves of nc- and mc-Cu deposits are also similar to each other. The active- 

passive polarization behavior was noticed for either of the nc-Cu and mc-Cu 

deposits, but there was no obvious stable passive region. The corrosion po­

tential of nc-Cu was lower than tha t of the mc-Cu. Above the breakdown 

potential, where the current starts to increase with increasing potential due to 

the breakdown of passive film, the nanocrystalline Cu exhibited higher disso­

lution rate or higher current density. In the NaOH solution, both the deposits 

were passive (see Figure 3.2(c)). Electrochemical polarization curves of two 

additional nanocrystalline Cu deposits with grain sizes of 34nm and 69nm, re­

spectively, are also presented in Figure 3.2(c). The morphology of the deposits 

and corresponding deposition parameters are illustrated in Figure 3.3. Com­

pared with the microcrystalline one, all nanocrystalline Cu deposits exhibited 

improved passivation behavior with lower current densities in the passive re­

gion, although the corrosion potential was slightly more negative. Moreover,
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the passive current density decreased with decreasing grain size. At high po­

tentials greater than the breakdown potential, the polarization curves of nc- 

and mc-Cu deposits overlap each other, indicating tha t in NaOH solution, the 

dissolution rate at high potential is not controlled by the structure as it was 

at relatively lower potentials in the passive region.

The passivation behavior of a metal depends on its microstructure and the 

electrolyte. In the NaOH solution, the deposits are passive and more stable and 

protective than those formed in the NaCl and H2SO4 solutions. These may be 

seen from some parameters tha t can be estimated from the polarization curves 

(see Figure 3.4), including passive current density ip, critical current density 

ic, at which the current starts to decrease with increasing potential before 

getting into the passive region, passivation potential Ep, the lowest potential 

of metal in passive region, and the breakdown potential Eb- These parameters 

of the nc-Cu and mc-Cu deposits are presented in Table 3.1. ic and Ep reflect 

the degree of ease for passivation. The lower the ic and Ep, the easier is the 

system to be passivated. ip and Eb are related to the stability of the passive 

state. As shown, the passive film formed in NaOH is more protective than 

that formed in NaCl associated with lower ip, or a smaller dissolution rate of 

the passive film, and a higher Eb, th a t reflects higher resistance of the passive 

film to damage. The higher the Eb, the larger the pitting corrosion resistance. 

In NaCl, the passive film is not stable and easily damaged because the pitting 

corrosion caused by Cl-  is more severe than tha t caused by other ions. In 

the H2 SO4  solution, passivation parameters cannot be obtained directly from 

polarization curves because there is no stable passive film formed on deposits.

Furthermore, in NaOH solution the grain size has a noticeable effect on 

the passivation behavior. As shown in Figure 3.2(c), when the grains become
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Figure 3.2: Dynamic polarization curves of nanocrystalline and microcrys- 
talline Cu deposits in 1M H2S04 (a), 3.5wt% NaCl (b) and 0.1M NaOH (c).
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(a) (b) (c)

Figure 3.3: AFM images of nanocrystalline Cu deposits produced at a peak 
current density of lA /cm 2  and a current-on time of 0.1ms: (a) t 0 //=4.9m s, 
grain diameter £)=69nm; (b) f0//=9.9m s, D=56nm and (c) t0//=14.9m s, 
D =34nm.

t f  (passive Current)

c
lt (critical current)

active

(corrutioD poirntiaJ)

tog  (Current density)

Figure 3.4: A schematic polarization curve illustrating a few electrochemical 
parameters tha t can be determined from the polarization curve.
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Table 3.1: Passivation parameters obtained from polarization curves of
nanocrystalline (56nm) and microcrystalline (2pm) copper deposits in different 
solutions.

Solution Materials E Corr  (  mV ) Ep( mV) Eb( mV) ?c(mA) ip(mA)
h 2s o 4 nano -48 - - 63.0 -

micro -52 - - 58.8 -
NaCl nano -215 64 208 1 2 . 6 1.78

micro -270 58 2 0 2 12.4 1.58
NaOH nano -230 35 563 3.6 6 .3 x l0 - 3

micro -248 24 573 3.8 2 .2 x l 0 ~ 3

smaller, both passive current and passive potential decrease. The refinement of 

grains improved the passivation behavior. A geometric calculation shows that 

the volume fraction of grain boundary could be as high as 50% in a solid having 

its grains smaller than 5nm in diameter, and lower than 1% when the grain 

size is 1 pm [10]. Atoms in the vicinity of a grain boundary have higher energy 

and are therefore less stable than atoms within grains. As a result, a solid 

having finer grains is more active to participate in electrochemical reactions. 

So the nanocrystalline Cu deposits was less inert with a more negative cor­

rosion potential before getting into the passive region. In the NaCl solution, 

the nc-Cu deposits corroded faster than mc-Cu when the relatively weaker 

passive film was damaged at high potentials. However, on the other hand, a 

high reactivity accelerates passivation. Since the formation of passive films 

on the corroded surface is controlled by diffusion [8 ], with a higher density 

of grain boundaries, nanocrystalline materials usually exhibit anomalously en­

hanced diffusion because the mass transport along grain boundaries is much 

faster than tha t within grains. Consequently, the nanocrystalline deposit ex­

hibited improved passivation behavior than the microcrystalline one evidenced 

by its lower current density in the passive region. The passive current den­

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



3.4 Corrosion S tudy o f Nanocrystalline and Microcrystalline Cu deposits 68

sity decreased with decreasing the grain size, although the critical current of 

passivation for all the deposits were similar.

3.4 Corrosion Study of Nanocrystalline and Microcrystalline Cu

The corrosion rates of the nanocrystalline and microcrystalline deposits in 

different solutions were determined using the Stern-Geary relation [72] and 

the polarization experimental results.

where, icorr is the corrosion current density or corrosion rate, Rp  the polariza­

tion resistance, and f3a, and f3c the anodic and cathodic Tafel slopes, respec­

tively. The polarization resistance was determined from the slope of the linear 

potential vs. current density plot in the range of 5mV about the corrosion 

potential.

The calculated corrosion rates are illustrated in Figure 3.5. As shown, in 

the NaOH solution, the nc-Cu exhibited a lower corrosion rate than tha t of 

the mc-one. In the NaCl, nc-Cu showed a slightly higher corrosion resistance. 

However, in the H2 SO4  solution, the result was reversed. The different corro­

sion resistances of the deposits in different solutions may result from different 

films formed on the deposits. A stable oxide of copper with properties close to 

those of a p-type semiconductor [73] could form in solution in high pH ranges, 

e.g., NaOH. The oxide films retarded the migration of copper ions or elec­

deposits

P a P c (3.1)
2.303R P((3a + (3C)

(3.2)
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trons to the surface, thus suppressing further electrochemical reactions. The 

high-density of grain boundaries in the nc-deposits could promote the atomic 

migration and thus enhance its passivation capability. Besides, the high den­

sity of grain boundaries in the nc-deposit could also enhance the adhesion 

between the passive film and the deposit due to  the increase in the electron 

activity at grain boundaries and possible pegging of the passive film into the 

GB. As a result, a more protective passive film could form on the nc-deposit 

in the NaOH solution, leading to improved corrosion resistance. However, in 

acidic solutions with low pH values, copper does not form a stable passive 

film [74]. Therefore, the nc-Cu corroded faster due to the higher reactivity of 

its nanostructure. It is known tha t grain boundaries are usually preferential 

attack sites when exposed to a corrosive environment [56]. They act as an­

odes due to their interfacial mismatch and possible segregation of impurities. 

Consequently, the nc-deposit performed poorly when in the H2 SO4  solution 

without passivation. As for the NaCl solution, the performance of nc-deposit 

depends on the stability of the passive film. If the passive film was damaged, 

the nc-Cu deposit could suffer more from corrosion attack than the mc-one.

3.5 Surface Stability of nc- and me- Cu Deposits

Table 3.2: EWFs of nanocrystalline (56nm) and microcrystalline (2/xm) Cu 
deposits after immersion in different solutions.

Materials NaOH NaCl h 2 s o 4

nc-Cu
mc-Cu

4.62±0.04
4.33±0.05

4.39±0.04
4.30±0.03

4.15±0.05
4.19±0.04

In order to better understand the electrochemical properties of nc- and mc- 

deposits, the chemical stability of deposit surfaces was investigated by measur-
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ac-C a deposit (Siam ) 
■K-Ca deposit (2 |in )

H2S 0 4 N aO  NaOH

Figure 3.5: Corrosion rates of nanocrystalline and microcrystalline Cu deposits 
in different solutions.

Figure 3.6: EWFs (eV) of nanocrystalline (56nm) and microcrystalline (2pm)  
Cu deposits after immersion in different solutions for 2 hours (X and Y are 
coordinate axes for the scanned area).

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



3.5 Surface Stability o f nc- and me- Cu Deposits 71

ing their electron work function, which refers to the minimum energy required 

to move an electron from the interior of a solid to its surface [37]. As a highly 

sensitive indicator of surface condition, EWF is influenced by adsorbed layers, 

surface reconstruction, surface charging, oxide films, surface imperfections and 

contamination, etc [43, 49, 52]. The EWF reflects the inertness of a surface 

to environmental attack. An increase in EWF may correspond to an increase 

in the stability of surface and its resistance to electrochemical attack. In the 

present study, the nanocrystalline (grain size of 56nm) and microcrystalline 

(2 /im) Cu deposits were immersed in NaOH, NaCl and H2 SO4  solutions for 

2  hours, respectively, then rinsed thoroughly with de-ionized water and dried 

immediately before the EWF measurement. EWF tests were performed us­

ing a scanning Kelvin probe in the ambient condition. Average EWF values 

of different deposits after immersion in the different solutions were measured, 

which together with typical EWF diagrams are shown in Table 3.2 and Figure 

3.6, respectively. It was demonstrated tha t the nanocrystalline surface had a 

higher EWF in the NaOH and NaCl solutions so tha t it was more electrochem- 

ically stable than the microcrystalline one in these two solutions. However, the 

nanocrystalline Cu deposit was less noble than the microcrystalline one in the 

H2SO4 solution. These phenomena may be explained when the formation of 

a passive film on the deposit is taken into account. It is known tha t stable 

oxides of copper could form in the range of pH8-pH12. When the pH value is 

below 7, the dissolution of copper becomes significant, especially when pH<5, 

the formation of stable surface oxides becomes impossible [74]. A protective 

passive film could increase EWF or the surface electron chemical stability [49]. 

Therefore, the higher EW F of nc-Cu deposit in NaOH can be attributed to the 

formation of a more protective passive film. However, in the acidic solution,

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



3.5 Surface Stability o f nc- and me- Cu Deposits 72

without the formation of a stable passive film, the EW F of the nc-deposit was 

lower due to its high-density of grain boundaries tha t made the surface more 

reactive. The situation changed in the NaOH solution; the high-density of 

grain boundaries could render electrons more active and thus accelerate the 

formation of a protective passive film. The EW F results are consistent with 

the electrochemical behavior of the deposits determined during the polariza­

tion tests in different solutions. The nanostructure enhanced both the kinetic 

process of passivation and the stability of the passive film. It should be men­

tioned there is strong correlation between EW F and corrosion rate. As shown 

in this study, the higher EWFs corresponded to lower corrosion rates.

In order to further evaluate the effect of nanocrystallization on the passi­

vation behaviour and properties of the passive film, micro-scratch experiments 

were carried out to  evaluate the resistance of the passive film to scratch failure. 

Since the natural passive film formed on Cu deposits could be too thin to be 

detected, the deposits were passivated by anodic polarization in 0.1 M NaOH 

before the scratch test. The formation of passive films on Cu in aqueous so­

lution is in agreement with the Pourbaix diagram [75]. W ith an increasingly 

important role in electric chips, the knowledge about the passivation behavior 

of Cu and the properties of its anodic layer is of great importance. During 

the scratch tests, the specimen surface was scratched by a tungsten carbide 

tip under an applied load tha t was increased gradually. The contact electri­

cal resistance (CER) was monitored in situ with respect to the load. When 

the passive film failed under a critical load, the tip contacted the substrate 

metal, leading to a drop in CER as shown in Figure 3.7. This critical load 

corresponding to the drop in CER is a measure of the resistance of the pas­

sive film to scratch or its protection capability. In Figure 3.7, the passive film
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Figure 3.7: Micro-scratch tests with in situ monitoring changes in the contact 
electrical resistance (CER) with respect to the applied load: (a) nc-Cu deposit 
(56nm), and (b) mc-Cu deposit (2^m).
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of nanocrystalline Cu failed under a critical load of 3.4g, higher than tha t of 

passive film on the microcrystalline one, which is 2g. This further confirms 

tha t the passive film formed on nanocrystalline surface is stronger and more 

adhesive and protective.

3.6 E lectrochem ical Im pedance Spectroscopy Analysis

The passive films formed on metal surfaces can be protective or non-protective. 

If a passive film can protect a metal from corrosion, its stability and resistance 

could increase with time when exposed to the electrolyte. If the metal sur­

face has a porous hydroxide layer tha t only slows down corrosion but does 

not protect the metal from further corrosion, its stability and resistance may 

decrease. Electrochemical impedance technique is a useful technique to charac­

terize passive films, which was employed in this study to investigate the surface 

degradation of the nc- and mc-deposits with time in different solutions. The 

surfaces can be tested in relatively equilibrium condition, compared to the 

potential sweep techniques that may generate relatively large errors because 

of changes in surface properties under a large electrode over-potential. The 

Nyquist plots for nanocrystalline and microcrystalline Cu deposits after im­

mersion in different solutions for different periods of time are presented in 

Figure 3.8. The diameter of the semicircular curves in Figure 3.8 is a mea­

sure of the polarization resistance [56]. As shown, in NaOH the diameters 

of the semicircles increase with the immersion time and the nc-Cu deposits 

have greater diameters than the mc-deposits. The increase in the diameter of 

a Z"~Z' curve with time indicates an increase in the corrosion resistance, so 

the corrosion products, i.e., the passive film can protect the surface from fur­

ther corrosion, especially for nanocrystalline copper. However, in the H2 SO4
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solution, the diameter of the Z"~Z' curves decreases with the immersion time 

and the nc-Cu deposits have smaller diameters, indicating tha t the corrosion 

products at the surface can not protect the surface. Or, without the formation 

of a protective passive film in the solution, nanocrystalline copper corroded 

faster because of its high-density of grain boundaries. In the NaCl solution, 

there was no significant difference in the curves’ diameter of nc- and mc-Cu 

deposits.

A model circuit shown in Figure 3.9 was used to simulate the passive film 

and Cu-electrolyte interface in an aqueous solution. In this model circuit, 

there is a solution resistance (Rn) between the working electrode and the 

reference electrode. Both Qpf,  a constant phase element for the passive film, 

and Rpf, the passive film resistance, characterize properties of the passive 

film formed on Cu deposits. These parameters were analyzed as a function 

of time. Qdi is a constant phase element for the electrical double layer, and 

the charge transfer resistance (i2ct) represents electrochemical properties of 

metal-electrolyte interface. Capacitors in EIS experiments often do not behave 

ideally. Instead, for a non-uniform surface, the ideal capacitive element would 

be replaced by the constant-phase element C P E ,  which fits the El results 

better. For example, the double layer capacitor on real cells often behaves like 

a C P E  instead of like a capacitor. The impedance of constant phase element 

has the form [56]:

Z c p e  = { Q i j w r } - 1 (3-3)

where Q is a constant which has the numerical value of the admittance, and n is 

a fitting parameter, which takes into account the degree of surface inhomogene­

ity as a function of the immersion time. Q and n are frequency-independent
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Figure 3.8: Nyquist plane plots of the nanocrystalline (56nm) and microcrys- 
talline (2 /xm) Cu deposits after different periods of immersion time in 1M 
H2S 0 4 (a), 3.5wt%NaCl (b), and 0.1M NaOH (c).
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Figure 3.9: A proposed equivalent circuit used to fit experimental EIS data 
for the Cu deposits-passive film impedance system.

parameters. For an ideal capacitor, n —1 (Q is equal to the capacitance C), and 

for an ideal resistor, n=0. For 0.5< n <1, the C P E  describes a distribution 

of dielectric relaxation times in the frequency space. The presence of a C P E  

is attributed to the non-ideal capacitive behavior of the barrier film caused 

by the inhomogeneities of the electrode material. A simulation program was 

used to build a model circuit and fit it with experimental data using a complex 

non-linear least-square procedure with minimum error. The variations in some 

circuit parameters with the immersion time are analyzed as follows.

Variations in the solution resistance as a function of the immersion time 

are shown in Figure 3.10. There are no noticeable changes in the solution 

resistance during the immersion time for all cases. Usually, this resistance is 

small for a given electrolyte. The nc-Cu deposit in the NaOH solution had a 

relatively high value of solution resistance about 20ohmxcm2.

Variations in the constant phase element of the passive film as a function of 

the immersion time are illustrated in Figure 3.11. Surface films formed in the 

solutions had sufficiently high npf  values (approximate 1), so tha t C P E  could 

be regarded as the capacitance of the surface films formed in these solutions. 

The capacity C  of a generated oxide passive film can be examined using the
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Figure 3.10: Variations in the solution resistance (Rn) with the immersion 
time for nanocrystalline (56nm) and microcrystalline (2 /zm) Cu deposits in 
different solutions, respectively.

equation for a parallel plate capacitor:

1 d (3.4)
C  eeo A o

where d is the thickness of the oxide passive film, a is a surface roughness- 

related factor, A  is the effective surface area of the passive film, Co is the 

dielectric constant of vacuum, and e is the dielectric constant of the passive 

film. Dielectric constant is a number related to the ability of a material to carry 

an alternating current, which represents the relative permittivity of a dielectric 

material. Factors that influence the capacitive behavior of electrochemical 

surfaces are the reaction rate, surface roughness and thickness of the film on the 

surface. According to Equation (3.4), a lower capacity corresponds to a thicker 

passive film, smaller surface roughness and dielectric constant, all of which may 

render a passive film more protective and noble. As shown in Figure 3.11, the
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Figure 3.11: Variations in the constant phase element of surface passive film 
(QPf)  with immersion time for nanocrystalline (56nm) and microcrystalline 
(2pm) Cu deposits in different solutions, respectively.

nc-Cu deposit in NaOH had the lowest C P E ,  which decreased gradually with 

the immersion time. However, in the H2SO4 , the nano-one showed the highest 

C P E ,  which increased with time and the mc-Cu deposit performed better in 

this solution. The variation trend of Qpf  in the NaCl solution with time was 

less stable because the chloride ions can penetrate into the metal and damage 

the surface oxide layer. However, this accelerated dissolution is associated with 

the repassivation process.

Variations in the charge transfer resistance R d, which reflects the resistance 

of electrons to pass through the double layer during the discharge process, with 

the immersion time is plotted in Figure 3.12. The discharge process occurred 

on the electrode surface. Ret is generally related to a kinetically controlled 

electrochemical reaction. Usually, a diffusion-controlled impedance, Warburg 

impedance should be observed in series with the resistance to kinetically con­

trolled reaction, especially at low frequencies where the reactant can diffuse

—• — nc-Cu inNaOH 
— =»—  mc-Cu in NaOH 
—A— nc-Cu in NaCl 
— mc-Cu in NaCl 
— nc-Cu in HjS04 

mc-Cu in H5S04
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Figure 3.12: Variations in the charge transfer resistance (Ret) with the immer­
sion time for nanocrystalline (56nm) rind microcrystalline (2pm) Cu deposits 
in different solutions, respectively.

farther. The charge transfer resistance was obtained by fitting the exper­

imental EIS data at a high frequency at which the Warburg impedance was 

small since the diffusing reactants did not move very far. It has been reported 

that the polarization resistance should include the charge transfer resistance 

and the diffusive layer impedance in series [76]. If the Warburg impedance can 

be ignored, Ret would approximate the polarization resistance. The average 

Ret value followed the same order of magnitude as that of polarization resis­

tance Rp (see Section 3.4) obtained from linear polarization, which is inversely 

proportional to the corrosion rate. Therefore, comparison of Ret with the im­

mersion time among different deposits in different solution is meaningful. The 

nanocrystalline Cu exhibited the highest Ret, which increased with time be­

fore going to a stable state. The increase of Ret is related to a decrease in the 

corrosion current density. However, the situation was reversed in the acidic 

solution, and the performance of the deposits in NaCl was between those in
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the H2SO4 and NaOH solutions in terms of the charge transfer resistance.

Variations in the fitting parameter of the capacitance for double layer, nji, 

as a function of time are shown in Figure 3.13. Surface inhomogeneity is 

the main factor that causes deviation from the ideal capacitive behavior of 

electrochemical surfaces. Therefore, the value of can describe the surface 

roughness caused by corrosion of the electrode. The lower the value of the 

rougher is the electrode surface. The results indicate that the nc-Cu deposit 

surface was the smoothest after immersion in NaOH, but the roughest after 

immersion in H2SO4 . The observation was confirmed by morphology anal­

ysis from AFM images of nanocrystalline Cu deposits immersed in different 

solutions for 15 hours, as shown in Figure 3.14.
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Figure 3.13: Variations in n<a of the electrochemical double layer with emersion 
time for nanocrystalline (56nm) and microcrystalline (2 /zm) Cu deposits in 
different solutions, respectively.
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Figure 3.14: AFM morphologies of the nanocrystalline Cu deposit (56nm) in
(a) 0.1M NaOH, (b) 3.5wt% NaCl and (c) 1 M H2 SO4  after immersion for 15 
hours.
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Figure 3.15: Cyclic voltammetries of nanocrystalline (56nm), microcrystalline 
(2/rm) Cu deposits and polycrystalline pure Cu in 0.1M NaOH solution.

3.7 D iscussion

Based on the above analysis and discussion, the electrochemical reaction be­

tween Cu deposits and the NaOH solution may result in the formation of a 

compact passive film with high coverage that can protect the metal from cor­

rosion. This may be attributed to the formation of stable cuprite (CU2O) when 

the pH value of the electrolyte is higher than 5. This oxide has been proven to 

be the best naturally protective layer for Cu, since it is the most stable type of 

copper (I) oxide [77, 78, 79]. It is reported that the cuprous oxide (CU2O) plays 

a role in protection of copper in aqueous media. Kruger [79] has observed that 

CU2O is the only corrosion product for a short immersion time while CuO may 

form over underlying CU2O film after a longer immersion period. Hydrated 

oxides of copper have also been found to form on underlying CU2O film as 

a second component of the oxide film forming in aqueous environments [76].
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The cyclic voltammetries (CVs) of the nanocrystalline and microcrystalline Cu 

deposits in 0.1M NaOH solution are shown in Figure 3.15. Two peaks can be 

seen in the anodic region of copper CV curves. The current peak Ai is related 

to the formation of a CU2 O layer, whereas the current peak A2  is associated 

with the anodic formation of a complex hydrous CuO film. CVs can be used to 

qualitatively diagnose electrode reactions [56]. As shown, the area under peak 

Ai of nc-Cu is much greater than tha t of mc-one, but there is no difference in 

the area associated with peak A2. Therefore, the nanostructure enhanced the 

formation of CU2 O, the strongest oxide among copper oxides. As a result, the 

passive film formed on nanocrystalline copper was more complete and protec­

tive, which is consistent with the lower capacitance value and higher resistance 

of the nc-Cu deposit. Mechanical properties of the deposits were determined 

as well (see Chapter 2 and 4). Nano-indentation and nano-wear tests indicated 

that nc-Cu exhibited much higher hardness and wear resistance, which may 

be attributed to its stronger passive films to some extent. Scratch experiments 

(Section 3.5) performed on passive films on nc- and me- Cu deposits in a NaOH 

solution showed tha t the passive film formed on the nanocrystalline deposit 

had a larger critical load at failure, indicating tha t its passive film was more 

adhesive and stronger. Regarding the case of NaCl solution, although a pas­

sive film can form in the solution, the high penetration capability of chloride 

ion makes the situation complicated. It was reported by North and Pryor [78] 

that the oxide film on copper exposed to 3.4% NaCl consisted of CU2 O with 

traces of Cu2(OH)3C1 on the top of CU2 O after a longer immersion time. By 

incorporation of less stable copper chloride products in relatively stable oxide 

passive film CU2 O, defects axe created, which are believed to be the cause for 

earlier initiation of pitting. As a result, the charge transfer resistance of nc-
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Cu increased initially when exposed to the NaCl solution, and then decreased 

slightly as Figure 3.12 illustrates. This result is also consistent with the pitting 

morphology of nc-Cu, which shows the formation of a less protective film with 

pitting sites when in NaCl solution in comparison with that formed in NaOH 

(see Figure 3.14).

3.8 Conclusions

The main conclusions drawn from studies reported in this chapter are:

•  Nanostructure with a high density of grain boundaries can make the sur­

face more active, corresponding to poor corrosion resistance. However, 

if passivation exists, nanostructure accelerates the formation of passive 

film, thus resulting in a more protective film formed to diminish further 

corrosion.

• The grain refinement considerably improved passivation of copper de­

posits in a NaOH solution. The passive film formed on the nanocrys­

talline copper was stronger and more protective with higher surface elec­

tron work function and lower corrosion rate than tha t formed on mi­

crocrystalline copper deposits. However, in the H2 SO4  solution without 

passivation involved, the nanocrystalline copper showed a lower EWF 

and was less resistant to corrosion.

• There is close correlation between corrosion rate and EWF. The higher 

the corrosion rate, the lower is the EWF. EW F is a promising param­

eter to investigate the surface stability and resistance of a material to 

electrochemical attack.
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•  The stability of surface films formed on copper deposits with the im­

mersion time in different solutions was studied using EIS analysis. The 

surface film became thin, relatively rough and less protective on exposure 

to NaCl and H2 SO4  solutions. The polarization resistance increased in 

the NaOH solution with immersion time, while it decreased in H2 SO4 . In 

the NaCl solution, its variation was not stable. The passive film formed 

on the nanocrystalline copper deposit in the NaOH solution, which ex­

hibited lower capacitance value and higher resistance, was stronger and 

more protective than tha t formed on the microcrystalline deposit.
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C h a p t e r  4

T r i b o l o g i c a l  P r o p e r t i e s

4.1 Introduction

Tribology, which includes the methodical study of friction, lubrication, and 

wear, plays a critical role in diverse technological areas. In traditional indus­

tries such as automotive and aerospace, tribological studies help increase the 

lifespan of mechanical components. In the advanced technological industries 

of semiconductor and data storage, tribological studies become more and more 

important. In MEMS devices, with the device scale down to ultra-small size, 

the influence of friction, viscous drag and surface tension markedly increases. 

Consequently, tribological issues become crucial, because friction and wear af­

fect the device’s performance and in some cases, may even prevent devices from 

working [31]. Many studies have been conducted to develop solid and liquid 

lubricants and hard films to minimize friction and wear. For example, hard 

diamond-like carbon (DLC) coatings are used as an overcoat to diminish corro­

sion and wear of silicon planar head sliders for magnetic disc drives, where wear 

and friction are an issue because of the close proximity and contact between 

the slider and disc surfaces during operation [80]. A better understanding of 

friction and wear could save enormous amounts of energy and money. On the
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other hand, friction is not only negative, since it is essential to some mechan­

ical components such as brakes and screws. An important application of wear 

is nanofabrication using mechanical scratching, when use of chemicals is pro­

hibited. Scanning tunneling microscopes (STMs) and AFMs have been used 

for nanofabrication by scratching a target surface with a diamond tip [31].

Since copper is widely used in electrical devices, the study of Cu’s tribolog­

ical behaviour is of great importance. In addition, many industrial processes 

require detailed understanding of tribological processes at the nanometer scale. 

Assembly of components may depends critically on the adhesion of materials at 

the nanometer length scale. The investigation of nano-tribology has attracted 

increasing interest. However, how the nanostructure influences the friction and 

wear behavior has seldom been studied. This chapter reports our studies on the 

tribological properties of nanocrystalline copper evaluated using micro-scratch 

and nano-scratch techniques. Because the nanocrystalline deposit is thin and 

usually used under light loads, adhesion forces may play an important role in 

its tribological behavior, which could behave very differently when performed 

under high loads. The natural passive film on the surface may also influence 

the friction and wear behavior.

4.2 Experim ental details

Friction coefficients of the PC- or DC- plated deposits under different loads 

from lmN to lOOmN were measured using a sharp conical tip (30° cone angle) 

and a ball tip (diameter 4mm) made of stainless steel, respectively, attached 

to a universal micro-tribometer. Sliding tests were carried out under a series 

of normal constant loads at a sliding velocity of 0.05mm/s over a distance of 

6mm. During each sliding test, normal force (Fn ) and lateral force (Fl ) were
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monitored in situ. Each coefficient of friction (fi or COF=FN/ FL) was obtained 

by averaging 5 measurements under the same sliding condition. Micro-scratch 

track profiles were analyzed using AFM. Volume losses of PC- and DC-plated 

deposits were determined from the scratch profiles.

Nano-scratch experiments under light loads were also performed using the 

Triboscope over a travel distance of 6/xm under constant loads of 100, 300 

and 500/zN. A conical diamond tip with radius of about 450nm was used. 

Normal force and lateral force were recorded during the scratch tests. Nano­

wear experiments were performed using the Triboscope as well by repeatedly 

scratching a region of 500x500nm2 for 5 trace-retrace circles under constant 

loads of 50 and lOOmuN, respectively. The wear rate was derived from the 

wear scar profile.

4.3 Friction Behavior

Micro-scratch experiments were performed to evaluate friction properties of 

nanocrystalline and microcrystalline Cu deposits under relatively large loads 

from lm N  to lOOmN. The coefficients of friction (COF) tested using a sharp 

tip and a ball tip, respectively, under different loads are shown in Figure 4.1. 

It was demonstrated tha t the nanocrystalline Cu (grain size: 56nm) deposit 

exhibited much lower COFs than the microcrystalline one (grain size: 2/xm) 

under all applied loads except the lowest load of lmN with the ball tip. The 

COF of the nanocrystalline Cu deposit was almost 30% lower than tha t of 

the microcrystalline one under the sharp tip. As mentioned earlier, the as- 

deposited PC- and DC-plated deposit surfaces were slightly polished to have 

similar roughness. The lower COFs of the nanocrystalline Cu deposit can be 

mainly attributed to the higher hardness due to its smaller grain size. Such
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Figure 4.1: Coefficients of friction of nc-Cu (56mn) and mc-Cu (2 /xm) deposits 
with different loads, determined during micro-scratch experiments using: (a) 
a ball tip, and (b) a sharp tip.
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relation is in agreement with conventional friction law [31]. The tribological 

performance of materials is dependent on the adhesion and mechanical inter­

action of asperities between surfaces in contact. W ith higher resistance to 

deformation, a harder metal exhibits a smaller penetration depth against me­

chanical attack and thus reduces both the plowing effect and the contact area, 

resulting in less friction. However the reduction of the COF by nanocrystal­

lization was less marked when the applied load was small, e.g., lmN under ball 

tip. In this case, the contact stress could be too small to lead to significant 

difference in COF between the nanocrystalline and microcrystalline deposits. 

This could also explain the smaller difference in COF between these two types 

of deposits and their lower COFs under the ball tip. The friction behavior 

under light loads was further evaluated using nano-scratch experiments using 

a nano-mechanical probe (Triboscope) under applied loads of 100, 300 and 

500/iN, respectively. The measured COFs are shown in Figure 4.2, which also 

illustrates typical profiles of the scratched surfaces. It is interesting to notice 

tha t under 300 and 500/iN, the COFs of nanocrystalline Cu coating are a little 

higher than that of the microcrystalline one, whereas under 100/xN, the COFs 

are similar.

According to the tribological mechanism [81], friction is caused by two main 

factors, adhesion and mechanical interlock and thus friction coefficient can be 

separated into two components, adhesion and deformation correspondingly. 

The adhesive force comes from the chemical interaction and the mechanical 

force involves asperity-plowing and deformation. Under light loads the adhe­

sion plays a main role in generating frictional force, while under high loads the 

mechanical action is predominant.

Considering tha t under ultra light loads adhesion becomes predominant in
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Figure 4.2: Plots of the lateral force vs. normal force during nano-scratch as 
the tip was moved across the specimen surface under different applied loads, 
respectively: (a) nc-Cu (56nm) deposit, and (b) mc-Cu (2/rm) deposit. (The 
insets show typical AFM images of scratch tracks; the scratch length is 6/zm.)
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Figure 4.3: EWFs of nanocrystalline (56nm) and microcrystalline (2mm) Cu 
deposits with natural passive film.

friction [50], a higher adhesive force may occur between nanocrystalline Cu and 

the probe when the natural passive film is damaged. In the above-mentioned 

scratch tests, the passive film could be damaged, since the scratch penetration 

was about 25nm at 500/xN, larger than the thickness of natural passive film 

on Cu deposit. The high-density of grain boundaries on the nanocrystalline 

deposit made surface electrons more reactive, thus leading to larger adhesion 

and friction. However, the scratch penetration under 100 /xN is about several 

nanometers, so the friction could be mainly affected by the passive film, which 

minimizes the difference in COF between the nc- and mc-deposits. When the 

contact stress was largely increased such as in the case of micro-scratch test, 

the hardness became predominant, the nanocrystalline coating showed lower 

COFs than the microcrystalline one as shown in Figure 4.1.

The EWF of nanocrystalline copper deposit with natural passive film was 

higher than that of microcrystalline one, which was schematically shown in 

Figure 4.3. Under light load, the intrinsic adhesion depends on atomic inter­
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action, which is largely determined by the surface electronic behavior. Recent 

studies have demonstrated tha t lower EWF reflects higher activity of electrons 

tha t can make the adhesive force larger [53]. Therefore, the adhesion force of 

the nc-Cu deposit with passive film should be lower than mc-Cu, but when 

the passive film is damaged under large loads, it should be higher. Under 

ultra-light loads, the presence of the passive films cannot be ignored when 

considering the adhesion force.

4.4 Wear Behavior

Figure 4.4 shows the micro-wear test results of me- and nc-deposits scratched 

by a tungsten sharp tip  (UMT) respectively under a series of normal constant 

loads from 1 to lOmN at a velocity of 0.05mm/s over a total sliding distance 

of 6mm. The wear volume loss was calculated from the cross-sectional profiles 

determined using AFM. Apparently, the wear volume loss of the nc-Cu deposit 

was approximately half tha t of the mc-Cu deposit. According to the classical 

theory of wear, the volume loss, Vm, is given by Archard’s Law [82]:

Vm = K w^  (4.1)

where, K w is the wear coefficient, Fjv is the applied normal force, L  is the 

sliding distance and H  is the hardness of the material. The numerical value 

of wear coefficient K w depends on the material removal mechanism [83]. From 

Equation (4.1), the wear volume loss rate should be inversely proportional to 

the hardness of the material. Therefore, the enhancement of the wear resis­

tance of nanocrystalline deposits is mainly attributed to its increased hardness. 

The higher hardness decreased the contact area and asperity penetration. As
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a result, the mechanical ploughing effect and total adhesive force could be re­

duced, thus diminishing the wear damage. In practice, the hardness criterion 

is often used for selecting wear resistance materials.

1mN 5mN 10mN

Figure 4.4: Wear volume losses of nc-Cu (56nm) and mc-Cu (2/zm) deposits 
determined during micro-scratch tests.

The nano-wear test, which reflects the resistance of a material to local wear, 

was also carried out using the Triboscope, in which a reciprocating tip scratch­

ing a small area of 500x 500nm2 region under constant loads of 50 and 100/zN, 

respectively. A typical image of wear track is shown in Figure 4.5(a). Experi­

mental results under these ultra light loads are presented in Figure 4.5(b). It 

is demonstrated that the nc-Cu deposits exhibited a much higher resistance 

to local wear than mc-Cu. Although the grain size had been found to cause a 

little difference in COFs between nc- and mc-Cu deposits under light loads, a 

much more pronounced effect on nano-wear resistance was observed, since the 

wear resistance is mainly dependent on the mechanical behaviour. The local 

wear on very fine scales is sensitive to many factors, such as surface roughness, 

local structure, thickness and adhesion of natural oxide film [31]. Therefore,
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(b)

Figure 4.5: Local wear tests of nc-Cu (56nm) and mc-Cu (2/xm) deposits under 
light loads determined during nano-scratch tests: (a) a typical image of a nano­
wear track; (b) local wear volume losses.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



4.5 Conclusions 97

the higher grain boundary density and the resultant stronger and more ad­

herent passive film on nanocrystalline Cu coatings are also responsible for the 

enhancement in the resistance to local wear.

4.5 Conclusions

The main conclusions drawn from studies reported in this chapter are:

• Under large loads, the friction coefficient of the nc-Cu deposit was much 

lower than tha t of the mc-one due to its higher hardness caused by the 

nano grain size.

•  Under light loads, the adhesive force plays a main role in friction. The 

increased friction coefficient of the nc-Cu deposit should result from its 

higher surface electronic activity caused by its increased grain boundary 

density.

•  Under ultra-low loads, the difference in the friction coefficient between 

the nc-Cu deposit and mc-one was minimized due to the presence of 

passive film.

• The nc-Cu deposit exhibited higher resistance to wear and a more pro­

nounced enhancement in the resistance to local wear.
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C h a p t e r  5

S y n e r g i s m  o f  C o r r o s i o n  a n d  W e a r

5.1 Introduction to  Synergism  of Corrosion and Wear

Corrosion and wear often occur simultaneously in industry. The corrosion-wear 

interaction plays an important role in many industrial processes, during which 

industrial facilities suffer from wear in a corrosive environment. Typical ex­

amples are slurry pumps used in the oil sands industry, orthopedic implants, 

food processing and mining equipment [84, 85, 86]. During corrosive wear, 

plastic deformation makes the target surface more anodic and thus accelerates 

material dissolution [41]. On the other hand, corrosion degrades the surface 

with formation of pitting sites, brittle oxides or porous layers. The changes 

of surface structure in corrosive media decrease the resistance to mechani­

cal attack and as a result, wear is accelerated by corrosion. Such synergistic 

attack of corrosion and wear can result in a high rate of material removal. 

The interaction between corrosion and wear has, however, found beneficial 

application in the semiconductor industry. Corrosive wear is needed for the 

chemical-mechanical planarization (CMP) of interconnects for multilever met­

allization in advanced integrated circuits [87, 88]. This process uses the action 

of chemical dissolution coupled with mechanical polishing materials to remove
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extensive deposited material to make interconnects on electronic chips.

The mutual effects of mechanical and electrochemical actions in corrosive 

wear have attracted increasing interest recently. Many efforts have been made 

to develop experimental techniques to investigate the interaction between cor­

rosion and wear. Jiang [89] investigated the effect of wear on corrosion of 

austenitic stainless steels in sulfuric acid solution using a pin-on disc appa­

ratus. Schmutz and Frankel [90] used AFM as scratching devices to locally 

remove passive film of aluminum alloys. Noel [91] evaluated the synergistic 

effect of abrasion and corrosion on wear of low alloy steel using a pin-on abra­

sive belt machine. Mishler et al. [92] investigated the effect of sulfuric acid 

concentration on the tribocorrosion rate of iron using a reciprocating motion 

tribometer. A number of authors have investigated the effect of electrochemi­

cal action on the wear behavior by imposing a fixed potential on the rubbing 

surface. Abd-el-kader and El-Raghby [93, 94] studied wear behavior of stain­

less steel in chloride medium under different applied potentials and found tha t 

wear was merely mechanical with cathodic protection; at anodic potentials, 

chemical reactions lead to a wear rate almost as twice tha t under cathodic 

protection. However, corrosive wear is a complex process. It was observed 

tha t cathodic polarization of titanium  led to increased wear due to hydrogen 

embrittlement so tha t the mechanical wear rate is not necessarily equal to 

that observed under cathodic polarization [95]. How the mechanical and elec­

trochemical actions contribute to the material removal during corrosive wear, 

especially how nanocrystallization influences these contributions, are not well 

clarified. In this work, an electrochemical scratch method was used to in­

vestigate the synergistic attack of corrosion and wear on nanocrystalline and 

microcrystalline Cu deposits in different solutions.
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5.2 Fundam entals o f the A nalysis M ethod

During corrosive wear, the total volume loss rate (rtotai) includes three compo­

nents, which are the rates of volume losses caused by pure wear (rw), by pure 

corrosion (rCOTT) and by their synergistic attack (rsyn), respectively [41, 42], 

The total wear volume loss rate is expressed as:

The synergism caused by corrosion and wear consists of two parts, the 

increase in wear rate due to corrosion (rc_w) and the increase in corrosion rate 

due to wear (rw- c):

For a mechanistic interpretation of corrosive wear, one must distinguish 

material loss caused by corrosion from tha t caused by mechanical wear. The 

electrochemical scratch method used is very suitable for study the synergism 

of corrosion and wear in sliding contact to distinguish mechanical and elec­

trochemical contributions. Using this method, one may determine in situ the 

amount of metal turned into oxide or dissolved based on changes in electro­

chemical current during scratch. The electrochemical scratch technique has 

been widely used to study the kinetics of passivation of metal surfaces acti­

vated by scratching [96, 97]. When a metal surface is scratched in a corrosive 

medium, there is a significant increase in current due to the increased dissolu­

tion of the target metal. During the scratch, fresh and deformed (thus more 

anodic) surface is generated, which is exposed to the corrosive environment 

and accelerates the corrosion rate by making the surface more anodic. This

corr (5.1)

Tsyn Tc—w “t” ^w—c (5.2)
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is also very destructive if the metal can form a thin protective passive film 

in solution. Once the passive film is damaged, the enhancement of corrosion 

by wear will be more obvious. When the scratch is completed, the current 

decreases gradually due to the repassivation of the damaged area. Schematic 

changes in current with time during the electrochemical scratch are illustrated 

in Figure 5.1.

Current

time

Figure 5.1: A schematic illustration of the changes in current with time during 
electrochemical scratch.

The increased quantity of electrical charge Q can be determined by inte­

grating the measured current I  over the time interval of the experiment, which 

is equal to the area under the current-time curve:

Q =  f \ l - h ) d t  (5.3)
Jto

where, to and t f  are the starting time and finishing time of scratch, respectively; 

I  is the current and Iq is the current prior to scratch.

The volume loss caused by wear-accelerated corrosion could be determined 

from the measured current using Faraday’s law:
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< 5 ' 4 >

where, Vw- C is the increment of dissolved volume of metal caused by wear- 

assisted corrosion; n is the number of valence electrons of a metal under study; 

p is the density of metal, M  is the atomic mass of the metal and F  is the 

Faraday constant. The average additional corrosion rate due to wear, r w_c, is 

equal to the ratio of Vw_c to the scratch time interval, t f -t0.

The total volume loss rate (rtota;) can be determined by measuring the 

volume of the wear scar or scratch groove after the scratch experiment. Pro- 

filemeter and AFM, can be used to measure the dimensions of the wear track.

The volume loss rate caused by static corrosion (rcorr) can be determined 

from the corrosion rate without wear involved [42]. The pure corrosion rate 

may be calculated using Equation (3.1). More discussion about corrosion rate 

has been given in Chapter 3. The pure volume corrosion rate is expressed as:

_  icorrSM . .
corr ~  npF [ )

where, S  is the area of a sample exposed to a corrosive solution. For the 

purpose of separating the extra-corrosion due to scratch from the total volume 

loss, S can be thought of as the fresh surface area generated by scratch. If the 

length of scratching groove I, and the cross-sectional profile a are determined, 

the S  can be approximately calculated from the scratch dimensions.

The volume loss rate measured under cathodic protection is generally re­

garded as the rate of pure mechanical wear loss (rw) [98, 99]. Under cathodic 

protection, the corrosion component rcorr during the scratching process would 

be inhibited. However, this is only true for some alloy systems. Problems may
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arise when the material is sensitive to hydrogen. In this case, the wear loss may 

increase with increasing magnitude of applied cathodic potential due to hy­

drogen embrittlement. Some researchers have been seeking suitable inhibitors 

to inhibit the corrosion component [100]. Since pure water is not a corrosive 

media, the wear loss measured in water may be adopted approximately as pure 

mechanical wear loss for some alloy system.

Prom the rate of total volume loss (rtotai), the volume loss rates caused by 

pure wear (rw) and pure corrosion (rcorr), the volume loss rate caused by the 

corrosion-wear synergism (rsyn) can be calculated:

T sy n  — T  to ta l corr  ( ■  6 )

If the wear accelerated corrosion volume loss rate rw_c is determined using 

the electrochemical scratch method, the material volume loss rate caused by 

corrosion-assisted wear can thus be determined.

*̂c—w  ^ sy n  ^w —c (^*^)

It should be noted tha t the response time of the electrochemical reaction 

is larger than the scratch time as shown in Figure 5.1.It is therefore important 

to accurately determine the finishing time (t j ).

5.3 Experim ental D etails

The contributions of mechanical and electrochemical actions during corrosive 

wear in different solutions, 0.1M NaOH, 3.5wt%NaCl and 1 M H2 SO4 , were 

investigated using the electrochemical scratch method. As schematically il­

lustrated in Figure 5.2, the electrochemical scratch system included two com-
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Figure 5.2: Schematic illustration of electrochemical scratch system.

ponents, a mechanical sub-system used to scratch a target surface and an 

electrochemical sub-system used to control the applied potential and moni­

tor the changes in current. In the mechanical sub-system, a diamond probe 

was employed to scratch the sample surface immersed in a solution under a 

constant load. The shape of the diamond tip is shown in Figure 5.3. Dur­

ing scratching, the variations in current caused by the scratch were monitored 

in situ. Three-electrode cell was used with the copper deposit surface as the 

working electrode. The wear volume loss caused by wear-accelerated corrosion 

was calculated from the area under the current-time curve (Q ) as illustrated 

in Figure 5.1. Two different loads, 20g and 40g were applied. The scratch 

was carried out at velocity of 5mm/s for a period of one second. The electro­

chemical scratch tests were performed under two applied potentials, corrosion 

potential (Ecorr) and a cathodic potential, respectively. The wear volume loss 

determined under cathodic protection was regarded as pure wear. A potential 

of -0.2V (see next section) relative to Ecorr was used as the cathodic poten­

tial. After scratching, the specimen was dried immediately. The topographic
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Figure 5.3: The shape of the diamond tip used in the electrochemical scratch 
experiment.

profile of the scratch grooves was characterized using AFM, which is ideal for 

three-dimension imaging. The wear volume losses caused by pure wear were 

obtained from cross-sectional profiles of the grooves. Figure 5.4 illustrates a 

typical cross-sectional profile of a few scratch grooves on the copper deposit.

5.4 R esults

Electrochemical scratch tests under the free corrosion potential were performed 

in different solutions. The variation of current was monitored and recorded 

during the scratch process. Figure 5.5 illustrates the variation in current with 

scratching time for nanocrystalline and microcrystalline Cu deposits. The 

scratch was carried out under a load of 20g in 0.1 M NaOH solution. It was 

observed tha t the current increased rapidly when the scratch was started. The 

increases in current arise from the additional corrosion caused by wear. As has 

been mentioned, the scratch groove can make the surface more anodic due to 

associated dislocations/plastic deformation and generate larger area exposed
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Section Analysis

Figure 5.4: Typical cross-sectional profiles of scratched grooves on the Cu 
deposits and corresponding AFM image.

to the corrosive medium. Therefore, the increased quantity of electrical charge 

Q, which is equal to the area under the current-time curve between the starting 

time and finishing one, can be used to determine the volume loss of corrosion 

accelerated by wear using Faraday Law. Similar changes of current were ob­

served in different solutions when scratched under loads of 20g and 40g. The 

calculated volume loss rates (/xm3 /.s) of wear-assisted corrosion rw_c are listed 

in Table 5.1 and Table 5.2.

The total volume loss rate (rtota/), was determined from the cross-sectional 

profile of the scratch groove obtained from the AFM images. The volume 

loss rate caused by pure corrosion (rcorr) was determined from the corrosion
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Table 5.1: Volume loss rates (jum3 /s) of nanocrystalline (56nm) and micro­
crystalline (2 /im) Cu determined by electrochemical scratch technique under 
a load of 20g, at a scratch velocity of 5mm/s in different solutions.

f to ta l r* w T  cxwr F syn T"c—W f  w —c

NaOH nano 3215 2410 0.0043 805.00 804.74 0.258

micro 5004 3842 0.0105 1161.99 1161.10 0.89

NaCl nano 3850 2509 0.0082 1340.99 1335.84 5.15

micro 5580 3859 0 . 0 1 2 1 1720.99 1714.87 6 . 1 2

h 2 s o 4 nano 3948 2486 0.0309 1461.97 1455.55 6.42

micro 5632 3796 0.0132 1835.99 1833.41 2.58

Table 5.2: Volume loss rates (/im3 /s) of nanocrystalline (56nm) and micro­
crystalline (2/xm) Cu determined by electrochemical scratch technique under 
a load of 40g, at a scratch velocity of 5mm/s in different solutions.

^ to ta l T  w rCOTT T sy n T c—w 'f'w—C

NaOH nano 5768 4508 0.0043 1260.00 1257.77 2.23

micro 9441 7153 0.0105 2287.99 2286.22 1.77

NaCl nano 6123 4692 0.0082 1430.99 1395.58 35.41

micro 9848 7383 0 . 0 1 2 1 2464.99 2446.21 18.78

H2 S 0 4 nano 6357 4655 0.0309 1701.97 1655.83 46.14

micro 9459 7298 0.0132 2160.99 2136.77 24.22
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Figure 5.5: Variation in current during the electrochemical scratch (load=20g) 
of nanocrystalline (56nm) and microcrystalline (2pm) Cu deposits in 0.1 M 
NaOH solution.

rate obtained from the polarization test. All results are shown in Table 5.1 

and Table 5.2. More about the calculation process can be found in previous 

section.

The wear removal rate of a metal scratched at a cathodic potential in the 

same solution may be approximately regarded as pure wear without corro­

sion involved, because the corrosion is inhibited under cathodic protection. 

Since mechanical material removal can be enhanced by corrosion in corrosive 

medium, it is better to use sufficient cathodic potential to inhibit corrosion. 

However, large cathodic potential may attract more hydrogen, leading to hy­

drogen embrittlement, which, in turn, decreases the wear resistance of the 

metal. As a result, the wear loss may increase with an increasing magnitude 

of cathodic potential. Therefore, it is necessary to select a proper cathodic 

potential to determine the pure wear volume loss rate. In this study, the elec-

■— mc-Cu 
• — nc-Cu
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Figure 5.6: The volume loss rates of the nanocrystalline (56nm) and microcrys­
talline (2/im) Cu deposits scratched at different cathodic potentials in 0.1M 
NaOH (a), 3.5wt% NaCl (b) and 1M H2S 04 (c).
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trochemical scratch experiments were carried out using a series of cathodic 

potentials from 0 to -0.5V relative to Ecorr. The nanocrystalline and micro­

crystalline copper deposits were scratched under a load of 20g in NaOH, NaCl 

and H2 SO4 . The volume loss rates were determined from the scratch grooves 

and the results are illustrated in Figure 5.6. From the curves of volume loss 

rates versus potential, one may see tha t the wear volume loss rates were highest 

at free corrosion potential, indicating tha t the synergism of corrosion and wear 

was significant. The material removal rate showed a minimum when tested for 

all three solutions. In the region around -0.2V relative to £'corr, the volume 

loss rates were lower for all the three solutions, which was used in this study to 

evaluate the pure wear in different solutions. It should be noticed from Figure 

5.6 tha t under the cathodic potential of -0.2V, the material loss rates of the 

nano-one or micro-one showed similar trend in the different solutions. This 

implies tha t under cathodic protection, the observed mechanical wear should 

be relatively independent of the electrolyte used. Here, we assume tha t the 

dilute solutions, 0.1M NaOH, 3.5wt% NaCl and 1M H2 SO4  had comparable 

viscosity.

Using the Equations (5.1) to (5.7) and scratched groove dimensions, all 

defined volume loss rates (/im3 /s), rtotai, rw, r ^ r ,  rsyn, rw_c, rc_w of nanocrys­

talline and microcrystalline copper deposits in different corrosive media, were 

determined. Results obtained under a load of 20g are given in Table 5.1 and 

those under a load of 40g are shown in Table 5.2.

5.5 Synergistic Effect o f Corrosion and Wear

According to Table 5.1 and Table 5.2, the total volume losses and pure wear 

volume losses of nanocrystalline copper were much lower than those of mi-
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Table 5.3: The ratios of volume loss rates caused by corrosion, wear and syn­
ergism.

Load(g) 2 0

ratio T 'sy n /f 'to ta l r c—w  /  ̂ w '^'w—c /^ 'c o r r

NaOH nano 0.25 0.33 60.00

micro 0.23 0.30 84.76

NaCl nano 0.35 0.53 628.05

micro 0.31 0.44 505.79

h 2 s o 4 nano 0.37 0.59 207.77

micro 0.33 0.48 195.45

Load(g) 40

ratio T  sy n  /  V total T  C—w 1 T  w f w —c /f 'c o r r

NaOH nano 0 . 2 2 0.28 518.60

micro 0.24 0.32 168.57

NaCl nano 0.23 0.30 4318.29

micro 0.25 0.33 1552.07

h 2 s o 4 nano 0.27 0.36 1493.20

micro 0.23 0.29 1834.85

crocrystalline one under both of the applied loads. The increased hardness 

of nanocrystalline copper caused by finer grains is the cause of higher wear 

resistance. Moreover, rtotai and rw were on the same order of magnitude, while 

rcorr was much lower, implying tha t the mechanical attack made a predominant 

contribution to the total corrosive wear. However, although the volume loss 

rates caused by corrosion were about five orders of magnitude lower than those 

caused by mechanical wear, the synergistic interaction between corrosion and 

wear greatly increased the material loss by more than 2 0 % relative to the total 

volume loss. The ratios of rsyn/r totai, rc_w/r w and rU!_c/ r corr of nanocrystalline
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and microcrystalline Cu deposits scratched under 20g and 40g, respectively, 

are given in Table 5.3. The contribution of corrosion-wear synergy to the total 

material loss shows appreciable difference in different corrosive media under 

the load of 20g. It was shown tha t the ratio, rsyn/r totai is the lowest in the 

NaOH solution and the highest in the H2 SO4  solution, indicating tha t the con­

tribution of corrosion-wear synergism to the total volume loss increased when 

scratched in the solution with higher corrosivity. As discussed in Chapter 3, 

the copper deposits corroded fast in H2SO4 and NaCl solutions, compared to 

tha t in NaOH solution, in which a protective passive film can form on the 

deposit surface. However, the situation changed under the higher load of 40g. 

As shown in Table 5.3, under 20g, rsyn was in the range of 25%-33% of rtotai 

and the ratio increased as the corrosivity increased. Under the higher load of 

40g, the ratio decreased. This happened because under high loads, the me­

chanical action usually dominates corrosive wear processes. In addition, in the 

same environment, there was no large difference between the nanocrystalline 

and microcrystalline copper deposits in terms of the contribution of the syn­

ergistic effect to the total volume loss. Although the synergistic volume loss 

rate, rsyn of nc-Cu was much lower than those of mc-Cu due to its higher 

hardness of nanostructure, the rayn/ totai appeared not to depend greatly on 

the microstructure of materials.

M echanical effect on corrosion during corrosive wear

The synergism of corrosion and wear played an important role in corrosive 

wear. As shown, the material loss rate caused by wear-accelerated corro­

sion r\o_c was two or three orders of magnitude lower than the material loss 

rate caused by corrosion-accelerated wear rc_w. However, rw- c is significantly
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greater than the static corrosion rate rcorr. The ratio of Tv-c/Toon. was much 

greater than 1 as shown in Table 5.3, indicating tha t corrosion is significantly 

enhanced by wear and this enhancement of corrosion by wear increased with 

increasing load. (It should be mentioned th a t during the scratch process, fresh 

surface is generated in the groove when the tip has just passed by. There­

fore, the volume loss rate caused by wear-accelerated corrosion may include 

part of pure corrosion. Since the whole duration of the scratch process was 

only Is and the rw_c was much greater than r C07.r , the contribution of the pure 

corrosion caused by the fresh groove exposed to the corrosive medium during 

corrosive wear was neglected in the present study.) One may see in Table 5.3 

tha t the ratio of r^c/rcorr of nc-Cu deposit under 20g was lower than that 

of mc-one in NaOH, but higher in NaCl and H2 SO4 . However, the situation 

changed when scratched under the high load of 40g. As shown, the ratio of 

rw-c/rayrr of nc-Cu was higher in NaOH and NaCl but lower in H2 SO4  under 

40g. It has been discussed in Chapter 4 tha t the nanocrystalline Cu deposit 

exhibited better corrosion resistance in NaOH solution than the microcrys­

talline one because of its more protective passive film. However, when there 

was no effective passive films formed in H2 SO4 , nanocrystalline Cu deposits 

corroded faster due to its high density of grain boundaries. Therefore, under 

relatively low loads, the mechanical attack may not make a large contribution 

to the corrosion, especially for the nanocrystalline Cu surface which had higher 

hardness and a stronger passive film in NaOH solution. However, when the 

load increased, mechanical attack began to dominate the whole process and 

damaged the passive films, leading to acceleration of the corrosion process. 

As a result, the nanocrystalline surface may have a larger rw- Ci/ r ^ r  ratio, in 

which passivation existed, in NaOH and NaCl solutions at the higher load.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



5.5 Synergistic Effect of Corrosion and Wear 114

But in H2 SO4 , its ratio rw_c/ r mrr was lower, because in this solution the r ^ r  

of nc-Cu is already very high and then Cu cannot form a protective passive 

film, which reduced the rw-.c/rcorT not as high as those observed in NaOH and 

NaCl solutions.

Wear significantly accelerated the corrosion dissolution mainly due to the 

following reasons. l)W ear generated surface irregularities, such as wear scar 

with asperities tha t make the surface electrons more active [48]; 2)wear in­

creased plastic deformation and the density of dislocations which can decrease 

the electrochemical stability of a metal and thus accelerate corrosion [52]; 

3)wear damaged the protective passive or adsorptive film and consequently 

accelerated surface electrochemical reactions, thus resulting in an increased 

corrosion rate.

Electrochem ical effect on wear during corrosive wear

When a material is subjected to wear in a corrosive environment, the degra­

dation of surface caused by corrosion can significantly accelerate the material 

removal by wear. Generally, corrosion occurs preferentially at surface irreg­

ularities, or occurs inhomegeneously on the surface at a microscopic level. 

The resultant surface pits, asperities and other surface defects could act as 

stress raisers to surface failure. Non-stable or porous corrosion products also 

facilitate the material removal. The volume loss rate caused by corrosion- 

accelerated wear (rc- w) made a great contribution to the to tal volume loss 

rate as shown in Table 5.1 and Table 5.2. r c_w was much larger than the vol­

ume loss rate caused by corrosion-accelerated wear (rw- c) and was therefore 

the predominant factor in the synergism of corrosion and wear, which increased 

with increasing load. The nanocrystalline Cu deposit showed lower rc- w value.
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The rank of rc_w was in good agreement with tha t of rw, indicating tha t the 

mechanical behavior of the target material played a main role in resisting cor­

rosive wear. As shown in Table 5.3, the ratio (rc_lu/ r tu)was influenced by the 

corrosivity of the environment. Under a load of 20g, nanocrystalline deposit 

exhibited higher rc- w/r w and this ratio increased with the aggressiveness of so­

lutions. But under the higher load of 40g, no appreciable difference was found 

in rc- w/r w between nc-Cu and mc-one in different solutions, indicating tha t the 

electrochemical action played a relatively minor role in the present situation. 

The enhancement of electrochemical action to wear is more pronounced at the 

low load than tha t at the high load where the mechanical action dominates. 

Therefore, at the low load, harder nc-Cu had lower wear volume loss leading 

to higher ratio of rc- w/r w than mc-Cu, but this difference is diminished at the 

high load.

5.6 Conclusions

Corrosive wear, which involves mechanical and electrochemical attack and syn­

ergy can cause significant material loss. In this work, the synergistic effect of 

corrosion and wear on nanocrystalline and microcrystalline copper deposits 

was investigated using an electrochemical scratch technique:

•  An experimental method was proposed to determine the mechanical and 

electrochemical contributions to the total material loss during corrosive 

wear. The contribution of wear-accelerated corrosion to the total mate­

rial removal can be determined by a simple current measurement during 

scratch process. The pure mechanical contribution can be determined 

by performing a wear test under cathodic polarization. It should be 

noticed tha t excessive cathodic potential may lead to hydrogen embrit-
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tlement and increase the material removal. According to the model, 

the volume loss rate caused by static corrosion, mechanical wear and 

the corrosive wear synergism, including corrosion-accelerated wear and 

wear-accelerated corrosion can be determined.

•  The synergism of corrosion and wear leads to considerable material degra­

dation. In the absence of corrosion, an inverse relation between wear rate 

and hardness has been observed. In the presence of corrosion, the hard­

ness is no longer the only crucial governing factor. The present study 

indicated tha t the mechanical action still dominated the total material 

loss during corrosive wear. The synergistic effect of corrosion and wear 

depended on the material structure, the corrosivity of environment, the 

electrode potential and applied load. Corrosion can be enhanced signif­

icantly by mechanical attack. Under high loads, the ratio of rw- c/rcorr 

of nc-Cu was higher in NaOH with passivation involved but lower in 

H2 SO4  without passivation. However, the situation was reversed under 

lower loads.

•  The wear-accelerated corrosion was strongly affected by a passive film 

or an adsorbed layer, which formed a barrier between the metal and 

solution, thus protecting the metal from further corrosion. However, 

during corrosive wear, the damage to the passive film in combination 

with generation of fresh surface can lead to rapid removal of material. 

The failure of the passive film is responsible for a higher rw- c/ r ^ , .  ratio 

of nanocrystalline Cu deposits, observed in the present studies.
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G e n e r a l  c o n c l u s i o n s

In the present study, nanocrystalline and microcrystalline copper deposits were 

made using PC and DC electrodeposition processes, respectively. Their me­

chanical, electrochemical and tribological properties were investigated using 

a number of techniques, including nano-indentaion, nano-scratch, nano-wear, 

electron work function, electrochemical scratch and etc. Efforts were also made 

to study the nanocrystallization effect on material properties. Based on ex­

tensive experimental studies, the following main conclusions were drawn:

•  The grain size of the nanocrytsalline deposit, determined by XRD and 

AFM, was mainly governed by the electrodeposition parameters: ton, 

t0f f  and Ip.  Changing these parameters is an effective way to control 

the grain size and corresponding properties of the deposit.

• Mechanical and tribological properties of the nanocrystalline copper de­

posit were markedly superior to those of the DC-plated deposit; the 

nanocrystalline deposit showed higher hardness, lower wear rate, and 

lower friction coefficient under high loads. Under light loads where the 

adhesive force plays a main role in friction, nc-Cu showed increased fric­

tion coefficient.
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•  Grain refinement improved passivation of Cu in NaOH and resulted in 

a more protective passive film. The passive film formed on nc-Cu was 

stronger and more protective than tha t formed on mc-Cu, with higher 

EWF and lower corrosion rate; however, in the H2SO4 solution without 

passivation involved, the nc-Cu was less resistant to corrosion. There 

exits close correlation between EWF and corrosion rate.

•  Corrosion can be enhanced significantly by mechanical attack. Under 

high loads, the ratio of rw_c/ r corr of nc-Cu was higher in NaOH with 

passivation involved but lower in H2SO4 without passivation. However, 

the situation was reversed under lower loads. Wear can also be enhanced 

by electrochemical attack. Under lower loads nc-deposit exhibited higher 

fc-w/fw and this ratio increased with the aggressiveness of solutions, but 

under higher loads no appreciable difference was found in rc- w/ r w be­

tween nc-Cu and mc-one in different solutions. The synergism of corro­

sion and wear plays an im portant role during corrosive wear.
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