
ABSTRACT 

 

YOUSSEF, KHALED MOHAMED SABER ABDEL-HAMID. Synthesis, Structure, and 

Properties of Nanocrystalline Zinc by Pulsed-Current Electrodeposition. (Under the 

supervision of Prof. Carl C. Koch and Prof. Peter S. Fedkiw) 

 

Square-wave cathodic current electrodeposition was used to produce for the first 

time nanocrystalline zinc electrodeposits from both zinc chloride and zinc sulfate-based 

electrolytes. The influence of pulse electrodeposition parameters, namely, pulse on-time, 

pulse off-time, and peak current density on the grain size, surface morphology, and 

preferred orientation of zinc deposits was determined. Furthermore, the effect of 

polyacrylamide (PAA) and thiourea additions was also investigated. The microstructure 

and surface morphology of the zinc electrodeposits were studied by scanning electron 

microscopy (SEM), field emission scanning electron microscopy (FESEM), and atomic 

force microscopy (AFM). X-ray diffraction was used to determine the preferred 

orientation of these deposits. 

 In zinc chloride-based bath, nanocrystalline zinc deposits with average grain sizes 

ranging from 50 to 95 nm were produced. The optimized concentrations of PAA and 

thiourea in the bath that yield the finest grain sizes were 0.7 and 0.05 g/L, respectively. 

Increasing current on-time in the range of 0.1 to 7 ms resulted in grain refinement which 

was attributed to increased overpotential. Increasing the current off-time in the range of 9 

to 50 ms was found to yield grain growth which was explained by the decrease of the 

overpotential and by the fact that longer off-times allow zinc adatoms to migrate over the 

crystal surface and enhance the grain-growth process. Grain refinement was also 



observed by increasing peak current density, as expected, and 50-nm zinc grains were 

obtained at a peak current density of 1000 mA/cm2.  

In zinc sulfate-based electrolyte, the grain size of zinc deposits decreased 

gradually with increasing current on-time at constant current off-time and peak current 

density. An increase in the current off-time at constant current on-time and peak current 

density resulted in grain growth. A progressive decrease of the grain size was observed 

with increasing peak current density at constant current on-time and off-time. 

Nanocrystalline zinc with an average grain size of 38 nm was obtained at current on-time 

of 7 ms, current off-time of 9 ms, and at peak current density of 1200 mA/cm2. The 

crystallographic orientations developed were correlated to the change in the cathodic 

overpotential, the angle between the preferred oriented plane and basal (0002) plane, and 

the pulse electrodeposition parameters.  

The hardness of nanocrystalline zinc deposits increases from 5 to 8 times higher 

than that of pure polycrystalline zinc (0.29 GPa). This high hardness was correlated with 

the presence of additives, strong prismatic texture  (11 2 0) , and the internal lattice strain. 

Calorimetric investigations of the as-electrodeposited samples using DSC show two 

exothermic peaks. The first peak, with an onset temperature of 377 K and peak 

temperature of 429 K, was attributed to the release of internal lattice strain. Abnormal 

grain growth was observed by the AFM and the second peak from the DSC scan, which 

begins at 576 K with a peak temperature of 608 K. The abnormal grain growth may be 

linked with the segregated sulfur at grain boundaries and interfaces. 

Potentiodynamic and alternating current impedance testing of nanocrystalline zinc 

deposits show that the corrosion current density of nanocrystalline zinc was about 60% 



lower than that of electrogalvanized (EG) steel, 90 µA/cm2 and 229 µA/cm2, 

respectively. The surface morphology of corroded nanocrystalline zinc was characterized 

by discrete etch pits; however, uniform corrosion was obtained after potentiodynamic 

polarization of EG steel. The passive film formed on the nanocrystalline zinc surface 

seems to be a dominating factor for the corrosion behavior observed.  
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CHAPTER ONE 

 

1.0 INTRODUCTION 

  

Electrodeposited zinc coating is widely used in many applications, ranging from 

decorative purposes to engineering uses such as corrosion protection for steel. Although 

zinc coatings have been extensively used for over a century now [1], considerable interest 

remains in improving (1) the properties of the plating baths such as the throwing power, 

(2) the surface finish of the deposit [2], and (3) the mechanical and corrosion properties 

of the deposit [3]. 

The corrosion resistance, strength, hardness, ductility, and other properties of zinc 

coatings are influenced by the preferred orientation and grain size of the coatings (e.g., 

[3,4,5,6]). However, little research on decreasing the grain size into the nanocrystalline 

range (< 100 nm) as a means for improving the properties of electrodeposited zinc 

coatings has been carried out to date. 

Pulse electrodeposition, with its several pulse parameters and higher instantaneous 

current density in comparison to direct current plating, has received significant attention 

recently [7] and has proven to be a viable materials processing technique [8]. Ibl et al. [9] 

as well as Hosokawa et al. [10] have reported a decrease in porosity of pulse-

electrodeposited gold. Smoother and finer-grained palladium deposits with decreased 

hydrogen content have been reported by Yoshimura et al. [11]. Crack-free rhodium [12] 

and chromium [13] electrodeposits have been produced by pulse electrolysis. Devaraj and 

Seshadri [14] as well as Puippe and Ibl [15] produced denser and fine-grained copper 

electrodeposits than that produced by direct current plating. Using pulse 
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electrodeposition, Kim and Weil [16] produced 10-µm thick ultrafine-grained nickel with 

an average grain size of 150nm. Decreasing the grain size to 150nm resulted in an 

increase in yield and tensile strengths to double of that obtained for conventional 

polycrystalline nickel electrodeposits. Recently, El-Sherik and Erb [17] synthesized a 

bulk nanocrystalline nickel with grain size down to 10 nm by pulse plating. Paatsch [3] 

found that a finer-grained zinc deposit (size is not reported) was obtained by a relatively 

high-pulse current density (Jp = 0.44 A/cm2) and the resulting high overpotential in 

comparison to zinc produced by direct current plating. Pattsch also reported that the 

formation of dendrites in zinc is retarded by pulse electrodeposition. 

Grain refinement of materials into the nanometer range has been shown to result in 

unique and, in many cases, improved properties as compared to their conventional 

polycrystalline materials [18]. Inturi et al. [19] reported that the corrosion resistance of 

sputtered nanocrystalline 304 stainless steel to localized attack was enhanced as 

compared to its conventional polycrystalline counterpart. The hardness of nanocrystalline 

electroplated nickel-phosphorus [20], nickel [21], gas-condensed palladium, copper [22], 

and zinc [23], mechanically milled zinc [24] has been shown to be several times higher in 

comparison to their coarse-grained counterparts. 

Pulse current electrodeposition has been used to synthesize nanocrystalline alloys. 

Grimmett [25] used pulse plating to deposit nanocrystalline iron-nickel alloys. More 

recently, Alfantazi and Erb [26] also produced nanocrystalline zinc-nickel alloy by pulse 

plating technique. However, there are presently no studies dealing with the pulse 

deposition of pure zinc with grain sizes less than 100 nm. In view of the reported 
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improved properties of nanocrystalline materials as well as the potential of pulse plating 

to synthesize nanocrystalline metals, the objectives of this study are as follows; 

 

1) Synthesis of nanocrystalline zinc from both chloride- and sulfate-based 

electrolytes by pulse current electrodeposition technique. 

2) Study of the effect of pulse electrodeposition parameters, namely, pulse on-time, 

pulse off-time, and peak current density on the surface morphology, grain size, 

and preferred orientation of zinc deposits. 

3) Examination of the effect of polyacrylamide and thiourea additions on deposit 

surface morphology, grain size, and preferred orientation. 

4) Study of hardness, thermal stability, as well as corrosion properties of the 

nanocrystalline zinc produced in this work.  

 

Chapter five is based on a published paper: Kh. M. Saber, P. S. Fedkiw, and C. C. Koch 

Materials Science and Engineering, A341 (2003), 174. 

Chapter six is based on a submitted paper: Kh. M. S. Youssef, C. C. Koch, and P. S. 

Fedkiw, submitted to Corrosion Science. 

Chapter seven is based on a submitted paper: Kh. M. S. Youssef, P. S. Fedkiw, C. C. 

Koch, submitted to Journal of the Electrochemical Society. 

Chapter eight is based on a paper in preparation, Kh. M. S. Youssef, P. S. Fedkiw, C. C. 

Koch. 

Chapter nine is based on a paper in preparation, Kh. M. S. Youssef, P. S. Fedkiw, C. C. 

Koch. 
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Chapter ten is based on a paper in preparation, Kh. M. S. Youssef, C. C. Koch, and P. S. 

Fedkiw. 
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CHAPTER TWO 

 

2.0 NANOCRYSTALLINE MATERIALS 

 

2.1 Introduction 

Nanocrystalline materials are a new class of materials which have been 

synthesized for a variety of metals, alloys, and ceramics over the past two decades. 

Gleiter and co-workers [1] were the first to synthesize and study these types of materials. 

A grain size of 100 nm is considered to be the critical size below which a material can be 

classified as nanocrystalline.  

From the structural point of view, the uniqueness of nanocrystalline materials is a 

result of the presence of a large volume fraction of intercrystalline components (grain 

boundaries and triple junctions). In nanocrystalline materials, the intercrystalline volume 

fraction is found to comprise as much as 50% of the total crystal volume [2]. Therefore, 

the structure and properties of this intercrystalline component can have a significant 

effect (in addition to those resulting from reduced grain size of nanocrystalline materials) 

upon the properties of these materials. Figure 2.1 shows the effect of grain size on the 

calculated volume fractions of the various microstructural constituents of nanocrystalline 

materials [3]. 

The main interest in nanocrystalline materials stems from the fact that these 

materials exhibit (1) a unique atomic structure which differs from commonly known 

polycrystalline and amorphous structures and (2) enhanced and, in many cases, special 

properties compared with their glassy and/or crystalline materials with the same chemical 
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composition. Therefore, the resulting metals and alloys could be candidates for new and 

technologically attractive properties. 

Nanocrystalline materials have also been referred to as nanophase materials [4], 

or nanometer-sized crystalline materials [5]. These materials can basically be (1) 

equiaxed in nature (three-dimensional nanostructure), (2) multi-layered nanostructure 

(one-dimensional nanostructure), and (3) filamentary in nature (two-dimensional 

nanostructure). Throughout this thesis the term nanocrystalline materials will be used and 

the discussion will be limited to equiaxed nanocrystalline metals. 

 

2.2 Structure of Nanocrystalline Materials 

A survey of the available literature reveals that the microstructure as well as the 

atomistic structure of nanocrystalline materials were investigated using conventional and 

high-resolution electron microscopy (HREM) [6,7], X-ray diffraction [5,8], as well as 

spectroscopic methods [9,10]. In addition, investigation methods based on the 

measurement of structure-sensitive properties (e.g., hydrogen absorption) were also 

utilized to obtain structural information about the atomic arrangement in these materials 

[11]. The atomistic structure of grain boundaries in nanocrystalline materials was further 

studied using Extended X-ray Absorption Fine Structure (EXAFS) [12], Small angle X-

ray [13] as well as a number of spectroscopic techniques such as Mössbauer [9], and 

positron lifetime [10] spectroscopy. 

On the basis of these techniques and the information obtained from measurement 

of structure-sensitive properties such as hydrogen solubility [11], self diffusivity [14,15],  
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Figure 2.1: The effect of grain size on calculated volume fractions for intercrystalline 

regions, grain boundaries, and triple junctions, assuming a grain-boundary thickness (∆) 

of 1nm [From reference 3]. 
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and specific heat [16] conducted on gas condensed and consolidated bulk nanocrystalline 

materials, Gleiter [2] postulated that the grain boundaries in nanocrystalline materials are 

more disordered than those of coarse-grained conventional polycrystalline materials. 

Figure 2.2 represents a schematic cross section through a hard-sphere model of a 

nanocrystalline material, where the black circles represent atoms at perfect crystal sites 

and the white circles are atoms of the interfacial component (grain boundaries and triple 

junctions). Birringer [17] reported the formation of nanocrystalline iron with an average 

grain size of 10 nm (Figure 2.3) by the gas condensation technique. The results obtained 

from the high resolution electron microscopy (HREM) in that work indicated that 

nanocrystalline materials consist of small crystals surrounded by a network of grain 

boundaries [17]. This is in agreement with the hard sphere model first proposed by 

Gleiter [2].  However, recent investigations using direct observations of grain boundaries 

in nanocrystalline materials by HREM presented conflicting results [7,18,19]. 

Wunderlich et al. [18] reported that the grain boundaries in nanocrystalline palladium 

produced by the gas condensation technique show an “extended” structure that is absent 

in conventional polycrystals. However, Thomas et al. [7] observed that the grain 

interfaces in nanocrystalline palladium prepared by the same technique showed grain 

boundary structure similar to what is typically observed in coarse-grained polycrystalline 

materials. Ganapathi and Rigney [19] conducted HREM investigations on nanocrystalline 

(4-5nm) copper produced by sliding wear. Their results were consistent with that reported 

by Thomas et al. [7]. Gleiter [2] argued that investigations of the atomistic structure of 

grain boundaries in nanocrystalline materials using HREM may lead to ambiguous results 

because of possible structural relaxation in the thin foil. 
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Figure 2.2: Schematic representation of cross section through a hard-sphere model of a 

nanocrystalline material [From reference 2]. 

 
 
 

 
 
Figure 2.3: Darkfield electron image of nanocrystalline iron [From reference 17]. 
 
 
 
 

 10 



Investigations of grain boundary density using small-angle neutron diffraction [2] 

conducted on nanocrystalline palladium prepared by the gas condensation technique 

indicate a boundary density of about 60 to 70% of the lattice density. It was suggested 

that such remarkable low boundary density may indicate a somewhat “open” atomic 

structure. Moreover, Gleiter [2] argued that the calculated low-interfacial density is 

consistent with the very limited rigid body relaxation characteristics of nanocrystalline 

materials. However, it is not clear whether this latter observation is an intrinsic property 

of nanocrystalline materials in general or specific to gas-condensed materials. 

There is a lack of information in the literature dealing with the atomistic structure 

of nanocrystalline materials synthesized by methods other than the gas condensation 

technique. In addition to the work of Ganapathi and Rigney [19], Gleiter [20] reported a 

discrepancy in the Mössbauer spectroscopy data of nanocrystalline iron synthesized to 

the same grain size and residual porosity using ball milling and gas-condensation 

techniques. This discrepancy in spectroscopic response was attributed to differences in 

atomic arrangement of the intercrystalline component of the nanocrystalline iron. This is 

the first evidence that atomic structure in nanocrystalline materials is dependent on the 

synthesis technique. 

Another feature that exists in nanocrystalline materials is the triple junction 

formed at the intersection of three-grain boundaries. Using the 14-sided tetrakaidecahedra 

grain shape as a model and a boundary thickness of 1nm, Palumbo et al. [3] were able to 

calculate the volume fractions corresponding to interfacial regions, grain boundaries, and 

triple junctions in the grain size range of 2 to 1000nm (see Figure 2.1). The results by 

Palumbo et al. [3] showed that the triple junction volume fraction shows a greater grain- 
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size dependence than that of grain boundaries. For nanocrystalline materials with grain 

size less than 10nm, the grain boundary volume fraction increases from ~ 27% at 10nm to 

a maximum volume of 44% at 3nm, while the triple junction boundary fraction increases 

from 3 to 50% over the same range of grain sizes. These results are consistent with that 

previously suggested by Schaefer et al. [10] of a 20-50% intercrystalline volume fraction 

for materials having a grain size of 10nm. 

Several studies were carried out to elucidate the microstructure nature of triple 

junctions. Palumbo et al. [21] investigated the microstructural dependence of localized 

corrosion in conventional polycrystalline high purity nickel. It was observed that the 

electrochemical (corrosion) characteristics of the triple junctions were quite distinct as 

compared to that of the adjoining grain boundaries and crystal lattices. On the other hand, 

using positron lifetime spectroscopy to study the structure of nanocrystalline iron 

produced by the gas condensation technique, Schaefer et al. [10] reported a distinct 

positron lifetime which was associated with triple junctions. Moreover, Rabukhin and 

Panikarskii [22] reported accelerated diffusion of copper along the triple junctions in 

aluminum. They conclude that diffusion along triple junctions can be considered as a 

unique form of diffusion in polycrystalline materials. 

 

2.3 Synthesis Techniques of Nanocrystalline Materials 

A survey of the literature indicates that there are a fairly large number of 

techniques available for the synthesis of nanocrystalline materials. Basically any 

technique that is capable of producing fine crystals is potentially suitable to synthesis 

nanocrystalline materials [2]. These include reactive sputtering [23], electron beam vapor 
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deposition [24], rapid solidification [25], sol-gel [26], gas condensation [1], high-energy 

ball milling [27,28], and electrochemical deposition processes [29,30].  

It is beyond the scope of this work to discuss all of the above mentioned synthesis 

techniques, however, discussion will be limited to the three most common production 

techniques. 

 

2.3.1 Inert gas condensation technique 

 It is one of the most widely used techniques which was first pioneered for the 

synthesis of bulk nanocrystalline materials by Gleiter [1]. A schematic representation of 

an ultra-high vacuum (UHV) apparatus developed for this purpose is shown in Figure 

2.4. This process is described elsewhere in detail [2], however, a brief description is 

presented here to help elucidate the nature of nanocrystalline materials produced by this 

technique. The UHV chamber shown in Figure 2.4 is first evacuated to ultra-high 

vacuum, typically lower than 10-6 Pa and then backfilled with an inert gas (e.g., helium or 

argon). The substance of interest is then evaporated from a refractory metal boat, 

typically tungsten, using Joule heating. The evaporated atoms lose their thermal energy 

through collisions with the inert gas molecules and condense from the supersaturated 

metal vapor near the source in the form of small crystals. These condensed small crystals 

are then transported by convective flow to a liquid-nitrogen cooled coldfinger where they 

adhere. The chamber is then rapidly evacuated from the inert gas and the particles are 

scraped from the coldfinger and collected in a compaction device where they are 

compacted using pressures in the order of 1-5GPa. The crystal size can be controlled by  
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Figure 2.4: Schematic representation of a gas-condensation apparatus for the synthesis of 

nanocrystalline materials [From reference 2].  
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the evaporation rate and condensation gas pressure. The as-consolidated samples are disc-

shaped with a diameter of about 8mm and a thickness up to a few millimeters [17]. The 

density of these penny-shaped nanocrystalline samples is typically 70-90% of the density 

of its crystalline counterparts [17]. 

 The main advantages of this technique are (1) its great versatility for producing 

pure metals, alloys, ceramics, and composites and (2) it yields relatively clean samples, 

whereby metallic impurities resulting from the evaporation boat and the compaction 

device are typically in the order of 10-4 at.% [2]. However, this technique suffers from 

several major drawbacks: (1) production is limited to small quantities, (2) expensive, (3) 

labor intensive, and above all (4) difficult to scale up for large-scale industrial 

production. 

 

2.3.2 High-energy ball milling 

 High-energy milling and mechanical alloying have been studied by several 

researchers for the synthesis of nanocrystalline materials [27,28,31]. The basic concept 

behind this technique is the reduction of the grain size in coarse-grained powder samples 

to a few nanometers by heavy mechanical deformation followed by powder compaction 

[27]. Initially the deformation is localized in shear bands with a thickness of about 1µm. 

These shear bands act as nucleation sites for nanometer-sized grains. However, with 

increasing milling times, an extremely fine-grain microstructure in the nanometer range 

with randomly oriented grains separated by high-angle grain boundaries is produced [27]. 

 Metals with body centered cubic (e.g., Fe, Cr, Nb, W) and hexagonal close-

packed (e.g., Zn, Zr, Hf, Co) lattice structures as well as intermetallic compounds (e.g., 
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NiTi, TiAl, Ni3Al, AlRu) and immiscible systems (e.g., Cu-W) have been milled to 

nanometer sizes [2,27,28,32]. Gleiter [2] and also Fecht [27] report that high-energy ball 

milling does not seem to be suitable for metals with face-centered cubic (FCC) crystal 

structure. It was argued that metals with FCC structure are too soft for effective high-

energy storage which is a prerequisite to the applicability of this technique. When 

subjected to high-energy milling, FCC metals were found to sinter to larger particles up 

to 1mm in size [2]. However, Eckret et al. [31] have been able to synthesis 

nanocrystalline FCC metals by ball milling in a hydrogen atmosphere. The use of 

hydrogen during milling seems to embrittle these materials and prevent the problem of 

softening.  

 In addition to its suitability to a wide range of metals, alloys, and intermetallics, 

high-energy ball milling has been reported to be a convenient method to produce large 

quantities (several kilograms of nanocrystalline materials per day) [2]. However, the 

major drawback of this technique is possibly the high level of impurities arising from the 

containment vessel and the milling balls [33]. 

 

2.3.3 Electrochemical methods 

 Electrochemical production methods such as conventional direct current plating 

[29] or pulse plating [30], have been used to produce nanocrystalline materials. Brenner 

[34] was the first to recognize the possibility of producing Ni-P deposits with grain sizes 

of about 100nm using conventional direct current plating. McMahon and Erb [29] 

synthesized nanocrystalline Ni-P alloys with grain sizes down to 5nm using direct current 

plating. It was found that the grain size is controlled by adjusting the phosphorous acid 
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concentration in the plating bath. Natter et al. used pulse plating to deposit 

nanocrystalline copper [35] and palladium [36]. They observed that the formation of 

nanocrystalline copper and palladium was affected by the physical and chemical 

parameters of the electrolysis (e.g., additives concentration, bath temperature, pH) as well 

as by the plating parameters. El-Sherik [30] also used pulse-plating technique to produce 

nanocrystalline nickel deposits. It was observed that the grain size and surface 

morphology of nickel deposits are greatly influenced by the pulse plating parameters 

(current on-time, current off-time, and peak current density). The influence of pulse 

electrodeposition on the deposition of bright zinc layers on a steel substrate using 

commercial high-cyanide concentration (100g/l NaCN) as well as ammonium chloride-

containing solutions was investigated by Paatsch [35]. Paatsch found that a finer grain 

size (grain size is not reported) zinc deposit was obtained by a high-pulse current density 

(Jp = 0.44A/cm2) and the resulting high overpotential in comparison to zinc produced by 

direct current plating. Alfantazi and Erb [36] reported the deposition of nanocrystalline 

Zn-Ni alloys having grain sizes in the range of 20 to 100nm. It was reported that the 

finest grain size (20nm) was obtained when the nickel content in the deposit reaches 

about 50 wt.%.  

 Although the electrochemical methods require low initial capital investment and 

they are well suited for large scale industrial production, the number of plating variables, 

particularly in pulse plating, to be considered in identifying the process of nanocrystalline 

materials production is quite large. However, the main advantages of the electrochemical 

methods are (1) they have few shape and size limitations, (2) non-labor intensive, and (3) 

the process can run automatically for long period of time [36]. 
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2.4 Properties of Nanocrystalline Materials 

 

2.4.1 Hardness 

 There is still a major controversy as to whether or not the Hall-Petch relationship 

continues into the nanocrystalline range [37]. The empirical Hall-Petch equation [38,39] 

predicts that the hardness of a material increases with decreasing grain size as follows: 

 

Hv = Ho + Κ/√d         (2.1)  

 

Where Hv is the measured hardness, Ho and Κ are constants and d is the average grain 

size.  

 Hardness measurements as a function of grain size have been reported for several 

nanocrystalline materials. Chokshi et al. [40] conducted hardness measurements on 

nanocrystalline palladium and copper prepared by the gas condensation technique. 

Following an initial linear increase in hardness with decreasing the grain size (regular 

Hall-Petch relationship), softening with decreasing grain size (inverse Hall-Petch 

relationship) for both materials was observed below a critical grain size. Erb [41] studied 

the variation of hardness with grain size of electrodeposited nanocrystalline nickel. 

Similarly, a negative Hall-Petch behavior was observed in the grain size range of 25 

down to 5 nm. Also, Lu et al. [42] evaluated the microhardness of nanocrystallized (by 

annealing) amorphous Ni-20%P alloy. Their results showed a similar trend as reported by 

Chokshi et al. [40] and others [43]. Figure 2.5 shows the variation of hardness with grain 

size for nanocrystalline copper, palladium [40] and Ni-P [43]. 

 18 



 

 

 

Figure 2.5: Room temperature Vicker’s hardness measurements as a function of grain 

size [From reference 43]. 
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In contrast to these results, other researchers [8,44,45] report a continuous 

increase in hardness with decreasing grain size (regular Hall-Petch relationship) down to 

the smallest grain size tested. Nieman et al. [8] observed that for their gas condensed 

nanocrystalline palladium and copper, regular Hall-Petch relationship persisted to the 

finest grain size. Jang and Koch [44] investigated the Hall-Petch behavior of 

nanocrystalline iron prepared by the high-energy ball milling technique. Their results 

showed a continuous increase in hardness with decreasing grain size down to 6nm. 

Hughes et al. [45] obtained hardness values as a function of grain size (12500nm down to 

12nm) of as-plated nickel. They also observed regular Hall Petch dependence to the 

smallest grain size tested. Their data is reproduced in Figure 2.6. 

 Fougere et al. [46] claimed that whether nanocrystalline materials show regular or 

inverse Hall-Petch relationship below a critical grain size is dependent upon the method 

used to vary the grain size. They noted that a regular Hall-Petch behavior is observed 

when hardness measurements are obtained on a series of as-prepared samples. On the 

contrary to this observation, Palumbo et al. [43] realized an inverse Hall-Petch relation 

for a series of as-plated nanocrystalline Ni-P alloys with grain sizes in the range of 20 to 

3nm. A number of models have been proposed by several researchers and illustrated by 

Weertman in reference [37]. For instance, one of these models stated that the hardness of 

the materials would likely remain constant or even drop with decreasing grain size below 

a critical value. The authors explained this negative Hall-Petch behavior by the onset of 

fracture at triple points, approach to the amorphous state (which is likely to be weaker 

than the crystalline material), and the increased importance of grain boundary sliding. 
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Figure 2.6: Room temperature Vicker’s hardness measurements as a function of grain 

size of electrodeposited nickel [From reference 45]. 
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2.4.2 Thermal stability 

 Thermal stability of nanocrystalline materials was investigated by transmission 

electron microscopy [47], Mössbauer [9], and positron annihilation [10]. These studies 

show basically that nanocrystalline metals exhibit grain growth at relatively low 

annealing temperatures. This is to be expected because of the large energy stored in the 

material as a result of the large volume fraction of grain boundaries. The general 

observation emerging from these studies is that for metals with an equilibrium melting 

temperature (Tm) less than approximately 873K and with starting grain size of 10nm or 

less, doubling of the grain size takes place in approximately 24 hours at about ambient 

temperature [2]. However, for metals with high Tm, the stability against grain growth 

seems to be improved. Gleiter [2] reported that nanocrystalline iron, with a starting grain 

size of about 10nm, is thermally stable up to 473K. The grain size increased by a factor 

of 5 after annealing for 10 hours at 673K. Annealing at 773K for 1 hour transformed the 

material into the conventional polycrystalline state. Boylan et al. [47] studied the thermal 

stability of electroplated nanocrystalline Ni-1.2 wt. %P at temperatures from 473 to 673K 

by in-situ annealing in the transmission electron microscope. Figure 2.7 shows the grain 

size as a function of the annealing time for nanocrystalline Ni-P at various temperatures. 

The results indicate no grain growth for up to 10 hours at the lowest annealing 

temperature (473K). However, at the intermediate temperature, 573 and 623K, the grain 

size initially increased rapidly by a factor of about 2 to 3 before stabilizing at 15 and 

22nm, respectively. It was also observed that the commencement of stabilization  
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Figure 2.7: Grain size as a function of the annealing time for nanocrystalline Ni-P at 

various temperatures [From reference 47]. 
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coincided with the formation of Ni3P precipitates. This led the authors to suggest that the 

observed decrease in the mobility of grain boundaries is, in part, due to Zener and solute 

drag mechanisms. However, in the presence of the extremely large driving force for grain 

growth in these materials, even after they reach their stabilized grain size, it was argued 

that the observed stability cannot solely attributed to the conventional Zener and solute 

drag mechanisms. Accordingly, partial grain-growth inhibition by triple junctions “triple 

junction drag” was suggested to play a major role in this class of materials [47]. 

Annealing the material for few minutes at 673K resulted in rapid grain growth with a 

final two-phase (Ni + Ni3P) structure where the Ni matrix is of microcrystalline nature.  

 Microalloying was found to have a beneficial effect on the thermal stability of 

nanocrystalline materials. Erb et al. [48] assessed the thermal stability of pure 

nanocrystalline nickel and nanocrystalline Ni-P (<3000 ppm P) by measuring their 

hardnesses (after annealing at 616K) as a function of annealing time. Within the first 100 

minutes of annealing, the hardness of pure nanocrystalline nickel decreased rapidly from 

about 420 to 150VHN. However, the hardness for nanocrystalline Ni-P remained 

constant at 420VHN up to 106 minutes annealing time. The authors mainly attributed the 

thermal stability of microalloyed nickel to solute drag and possible Zener drag by micro-

precipitates. 

  

2.4.3 Ductility  

 Most nanocrystalline metals have strengths exceeding those of coarse-grained and 

even alloyed metals. However, nanocrystalline materials often exhibit low tensile 

ductility at room temperature, which limits their practical applications [49]. Recently, 
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several studies have been carried out on nanocrystalline, ultrafine, and a mixture of them 

and most of these studies realized improvement of ductility. Lu et al. [50,51] used direct 

current plating technique to produce nanocrystalline copper deposits having internal 

strains an order of magnitude smaller than those usually measured in nanocrystalline 

metals produced by inert gas condensation and compaction or by ball milling. During 

cold rolling, these copper deposits exhibit deformation greater than 5000%. The authors 

also observed an appreciable creep strain at room temperature which depends linearly on 

stress. The tensile test results of these deposits showed a strain to failure of about 30%, 

which is very high for nanocrystalline materials but far short for superplastic behavior 

which, by definition, must be seen in tension [37]. This unusual behavior of this 

electrodeposited copper was attributed to its microstructure that consists of large grains or 

domains of a few micrometer in extent that are subdivided into grains ranging from a few 

nanometer in size to about 80nm. These nanocrystalline grains are separated from one 

another by boundaries with misorientation angles of 1-10°. During rolling, it was noticed 

that these low-misorientation angles increase with deformation and that dislocation 

density builds up at the grain boundaries [37, 51]. More recently, Wang et al. [52] were 

able to use a thermomechanical treatment of coarse-grained copper which results in a 

bimodal grain size distribution, with micrometer-sized grains embedded in a matrix of 

nanocrystalline and ultrafine (<300 nm) grains. The tensile strength of the treated copper 

was found to be six times higher than that of the conventional polycrystalline copper, 

with no significant loss of ductility (see Figure 2.8). The authors explained this behavior 

in terms of abnormal grain growth of about 20-25% of the copper’s crystals during  
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Figure 2.8: Engineering stress-strain curve for pure Cu. A) annealed, coarse-grained Cu; 

B) room temperature rolling to 95% cold rolling (CW); C) Liquid-nitrogen temperature 

rolling to 93% CW; D) 93% CW + 180°C, 3 min.; and E) 93% CW + 200°C, 3 min. Note 

the coexisting high strength and large uniform plastic strain as well as large overall 

percentage elongation to failure for curve E [From reference 52]. 
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baking at 392K for three minutes. According to the researchers, this final mixture of 

ultrafine grains and larger ones, described as a "bimodal distribution," is what gave the 

copper its coexisting high strength and ductility [52]. Zhang et al. [53] observed 110% 

elongation of ultrafine-grained zinc (240nm) produced by ball milling during a tensile 

test. The ductility of this ultrafine-grain zinc was found to decrease with decreasing grain 

size and about 20% elongation was attained for nanocrystalline zinc with an average 

grain size of 23nm. This high ductility in the ultrafine-grain zinc was attributed to grain 

boundary sliding of small nanograins and intra-grain dislocation creep within the large 

grains. 

 The degree of ductility of both amorphous and nanocrystalline Ni-W alloys 

produced by electrodeposition technique was determined by measuring the radius of 

curvature at which the fracture occurred in a simple bending test [54]. The fracture strain 

on the outer surface of the specimen, εf, is estimated by the following equation [55]: 

 

f
1=

(2R/T)+1
ε           (2.2) 

 

where R is the radius of curvature on the outer surface of the bend sample at the fracture 

and T is the thickness of the sample. By applying this simple bending test, Yamasaki et 

al. [54] found that amorphous electrodeposited Ni-22.5 at.% W alloy exhibited higher 

ductility than nanocrystalline Ni-W alloys and amorphous Ni-W alloys with lower W 

content. They attributed this result to the lower amount of hydrogen co-deposited in the 

Ni-22.5 at.% W alloy than that co-deposited in the other samples, which causes their 

brittleness. 
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2.4.4 Corrosion behavior 

There is limited published research on the corrosion behavior of nanocrystalline 

materials. Nanocrystalline materials have a very high defect density compared to their 

polycrystalline counterparts. Thus, it might be expected that the corrosion resistance of nc 

materials is inferior to that of polycrystalline materials.  Some reports agree and others 

disagree with this expectation. Rofagha et al. [56] investigated the corrosion behavior of 

as-plated nanocrystalline and amorphous Ni-P alloys in 0.1M H2SO4. For comparison 

purposes, coarse-grained high purity nickel was also tested. They found that the coarse-

grained nickel, as expected, showed the standard active-passive-transpassive behavior. 

However, neither the nanocrystalline (grain sizes 22.6 and 8.4nm) nickel nor the 

amorphous Ni-P showed any passivation trend, as shown in Figure 2.9. This was 

attributed to the accumulation of P on the surface and its non-passivating nature.  Also, it 

was noticed that nanocrystalline nickel has lower kinetics of passivation, which 

compromises passive film stability. On the contrary, Zeiger et al. [57] reported enhanced 

corrosion resistance of nanocrystalline FeAl in Na2SO4 solution (pH = 6). Thorpe et al. 

[58] studied the room temperature potentiodynamic anodic polarization behavior of 

nanocrystalline Ni36Fe32Cr14P12B6 alloy in acidic chloride-sulfate environment. It was 

noted that the nanocrystalline Ni36Fe32Cr14P12B6 alloy showed an enhanced corrosion 

resistance as compared to its melt spun amorphous precursor. This was explained in 

terms of greater Cr-enrichment of the electrode surface as a result of more rapid Cr 

diffusion via intercrystalline diffusion paths. Similarly, Inturi et al. [59] conducted anodic 

polarization studies on sputtered nanocrystalline 304 stainless steel (25nm grain size) in 

0.3wt.% NaCl solution at 23°C. They concluded that the sputtered nanocrystalline films   
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Figure 2.9: Anodic polarization curves for Ni and Ni-P electrodeposits in 0.1M H2SO4 

[From reference 56]. 
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exhibited superior localized corrosion resistance compared to the conventional 304-type 

stainless steel. This behavior was explained in terms of the large number of lattice defects 

characteristic of nanocrystalline materials. The authors argued that the increased number 

of lattice defects in nanocrystalline materials in comparison to its coarse-grained 

counterparts leads to greatly reduced chloride ion concentration at each of the defects. As 

a result, a lower susceptibility to pitting attack is observed. 
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CHAPTER THREE 

 

3.0 ASPECTS OF ZINC ELECTRODEPOSITION 

 

3.1 Introduction 

 In order to assess and understand the processes involved in zinc electrodeposition, 

a basic knowledge of the effects of electrodeposition parameters and bath composition on 

the electrochemistry of zinc deposition is essential. In addition to understanding the 

electrochemistry of zinc deposition the knowledge of the potential-pH diagram for Zn-

H2O system is required. 

 Since the objectives of this thesis are the synthesis of nanocrystalline zinc by 

pulse electrodeposition and the associated microstructural and textural investigations, 

only the most relevant aspects of plating will be briefly discussed in the following 

sections to help elucidate the observed surface morphology, microstructure, and preferred 

orientation. 

 

3.2 The Electrochemistry of Zinc Deposition 

 Zinc can be plated from several kinds of solutions such as cyanide baths [1], 

alkaline non-cyanide baths [2,3], and acid solutions [4,5]. The majority of commercial 

zinc plating, from the year of 1935 to 1975, was done in standard cyanide zinc baths [6]. 

These cyanide baths offered the cheapest system for producing smooth and bright zinc 

deposits and they also have good throwing and covering power. However, the toxicity of 

these electrolytes, their poor conductivity, and lack of their leveling characteristics 

greatly limit their use in producing zinc deposits. The alkaline non-cyanide zinc baths, 
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which consist solely of zinc ions and caustic soda, without the use of addition agents, 

produce deep-black and powdery zinc deposits over almost the entire acceptable range of 

operating current density [6]. 

 Therefore, the need towards the production of bright zinc deposits having good 

throwing and covering power and improved properties from non-toxic electrolytes, has 

led to the use of acid zinc plating electrolytes.  The most widely used zinc acid plating 

baths are based on zinc sulfate and zinc chloride salts [7]. In the following section the 

typical zinc sulfate and zinc chloride-based electrolytes are discussed in terms of the 

effect of their major constituents and operating conditions on the electrodeposition of 

zinc and deposit properties.  

 

3.2.1 Zinc sulfate-based electrolytes 

Typical zinc sulfate-based electrolytes are formulated as shown in Table 3.1. The 

principle chemical constituent of zinc sulfate-based electrolytes is the zinc sulfate 

(ZnSO4.7H2O). Its function is to supply the required zinc ions for electroplating. It is 

widely used because it (1) has a high degree of solubility, (2) is a relatively inexpensive 

zinc salt, and (3) is readily available commercially. Higher zinc concentrations allow the 

use of higher current densities [7]. 

 Boric acid is assumed to function as a buffer to counteract the rise in pH within 

the cathode film resulting from hydrogen evolution [8]. In other words, boric acid 

functions as a reservoir of hydrogen ions to replenish the hydrogen ions at the cathode 

surface and maintain the pH within the recommended range of zinc deposition (between 

4 and 5.8). In other systems, e.g., nickel deposition, Hoar [9] argued that boric acid 
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merely masquerades as a buffer, but actually, is a homogenous catalyst for the reduction 

of nickel ions by lowering the overvoltage for nickel deposition. 

 

Table 3.1: Typical compositions and operating conditions for several zinc sulfate-based 

electrolytes [From reference 7]. 

Concentrations (g/L) 
 

I II III IV V IV 

ZnSO4.7H2O 240 360 410 240 160 480 

(NH4)2SO4 15 30 - - - - 

Na2SO4 - - 75 - 90 90 

H3BO3 - - - - 20 200 

Al2(SO4)3.18H2O 30 - - - 30 - 

 

 In terms of deposit quality, boric acid reduces the tendency to form burnt 

deposits, and produces bright, more ductile, and smooth deposits [6].  

 

3.2.2 Zinc chloride-based electrolytes 

 Table 3.2 shows the range of compositions and operating conditions for several 

zinc chloride-based electrolytes. It can be seen that the main chemical constituent of these 

electrolytes is the zinc chloride which is added to supply both zinc and chloride ions to 

the bath [7]. Zinc content is normally maintained by use of high purity zinc anodes during 

the deposition process. Raising the concentration of zinc ions was found to increase the 

maximum allowable current density, decrease burning of the deposits, improve covering 
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power, and decrease the throwing power (uniformity of the deposit thickness). However, 

lowering the zinc ions concentration would, of course have the opposite effects [6]. 

 

Table 3.2: Typical compositions and operating conditions for several zinc chloride-based 

electrolytes [From reference 6]. 

Zinc 

(g/L) 

Chloride ions 

(g/L) 

pH Temperature 

(°C) 

15-26 120-150 4.8-5.8 20-50 

8-40 75-150 5.5-5.8 20-27 

15-45 100-150 5.0-5.6 18-38 

12-40 75-120 4.5-6.5 27-40 

15-45 90-140 5.0-5.8 15-30 

 

The chloride ion provides the conductivity for the acid bath. A low-chloride 

content in the electrolyte would reduce conductivity and also the plating rate. Concerning 

the deposit quality, low chloride concentration causes hazy or dull deposits and reduces 

coverage at low current densities. However, high chloride concentration would increase 

the bath conductivity and increase high current density burning [6]. The main source of 

chloride ions in the bath is from ammonium chloride. Therefore, it is important to control 

the ammonium chloride as well as the zinc chloride (which supplies a relatively smaller 

portion of chloride ions) concentrations within the recommended limits [7]. 

 The pH of a zinc plating solution is an important factor that might affect the 

deposit quality and properties. During prolonged plating from acid baths, the solution pH 

tends to increase. This increase in pH is a result of discharge of hydrogen ions (H+) with 

zinc at the cathode surface [7]. 
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 All the electrolytes shown in Tables 3.1 and 3.2 are found to function quite well 

in a pH range of 4.0-5.8 [6]. Within this optimum range the effect of pH variation is 

relatively minor, but affects the deposit characteristics as follows: low pH value within 

the recommended range would increase leveling, brightness, ductility, and throwing 

power. However, higher pH values within the recommended range would improve 

covering power and cathode efficiency. Increasing pH value above 5.8 was found to form 

rough deposits and produce poor low current density coverage. Too low a pH of the 

plating bath may cause the formation of pits. This is because increased acidity results in a 

vigorous evolution of hydrogen which causes the formation of hydrogen pores [6]. 

 Zinc electrocrystallization was studied from ammonium and potassium chloride 

solutions at the same pH value [10,11]. During the plating process, hydrogen evolution 

plays a wide part as an electrocrystallization intermediate and as a co-deposit. From the 

ammonium chloride solution, two mechanisms are generally proposed depending on 

whether NH+
4 is electroactive or dissociated in the double layer [11]: 

 

NH e NH H (3.1)4 3
H H H (3.2)2

+ −+ → +

+ →

or 

 

N H H O N H H O (3 .3)4 2 3 3
2 H O 2 e H 2 H O (3 .4 )3 2 2

+ ++ → +
+ −+ → +

Baugh [12] has shown that the polarization characteristics of zinc are not affected by the 

pH in the ammonium chloride solution in the pH range of 3.8-5.8. He concluded that 
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hydrogen evolution in the ammonium chloride solution occurred following the second 

mechanism. 

 The influence of plating temperature on the properties of zinc deposits is limited 

[6]. However, increasing the operating temperature is reported to increase hazy or dull 

deposits at low current densities. Lowering the operating temperature increases the 

tendency for high current density burning and reduces the plating rate and covering 

power [6]. The data given in Table 3.2 indicate that among five different ammonium 

chloride acid baths, the operating temperature ranges are from a low of 15°C to a high of 

50°C, a spread of 35°C. However, an optimum operating range for any of these processes 

was found to be much narrower at 25-27°C [6].  

 

3.2.3 The Pourbaix diagram for Zn-H2O 

 The potential/pH (Pourbaix) diagram can be considered as a map showing 

equilibrium electrode potential versus the acidity or alkalinity (pH) of the electrolyte. 

Therefore, these diagrams provide information on the thermodynamic possibility of 

electrode reactions. Boundary lines on the diagram dividing areas of corrosion, passivity, 

immunity, etc., are derived from the Nernst equation. These diagrams have many 

applications, including corrosion prevention, batteries, extractive metallurgy, and 

electrodeposition. However, the discussion here is limited to electrodeposition of metals, 

in particular, electrodeposition of zinc. 

The value for the standard potential of the zinc electrode can be calculated from 

thermodynamic data [13]: 
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2
oZn Zn 2e , E / 23060n 0.763V vs.NHE (3.5)+ −↔ + = ∑ νµ = −

  

where ν is the stochiometric coefficient, n is the number of electrons involved in the 

reaction, and µ is the chemical potential of the species involved in the reaction. The 

Pourbaix diagram for Zn-H2O system is shown in Figure 3.1. The lines labeled with the 

letters a and b represent, respectively, the equilibrium conditions for the reduction of 

water to gaseous hydrogen and of the oxidation of water to gaseous oxygen, when the 

partial pressure of hydrogen or oxygen is 1 atm at 25°C.  

According to Figure 3.1, the stable region of zinc is below line a, and thus zinc is 

thermodynamically unstable in water and aqueous solutions and tends to dissolve with 

the evolution of hydrogen over the whole pH range. In solution of pH between 

approximately 8.5 and 12, zinc can be covered with a hydroxide film, which has the 

effect of inhibiting zinc dissolution. The pH-potential diagram shown in Figure 3.1 is 

valid only in the absence of the chemical species with which zinc can form soluble 

complexes or insoluble compounds [14]. 

 

3.2.4 Mechanisms of zinc dissolution 

 The dissolution of zinc has been extensively studied [15,16,17]. Zinc dissolves 

readily near its equilibrium potential, with the formation of divalent zinc ions. In acidic 

solutions the dissolution product is simply Zn2+. In alkaline solutions the predominant 

zinc species has been identified to be tetrahedral Zn(OH)4
2- [16,17].  
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Figure 3.1: Potential-pH equilibrium diagram for the zinc-water system at 25°C [From    

reference 13]. 
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 The mechanism of zinc dissolution is different for acidic and alkaline solutions 

and for complexing and noncomplexing solutions. In acidic and noncomplexing 

solutions, the Zn/Zn2+ electrode reaction appears to occur in two consecutive charge-

transfer steps [12,17]: 

Zn Zn e (3.6)+ −↔ +
 

2Zn Zn e (r.d.s) (3.7)+ + −↔ +
 

with the reaction in equation (3.7) as the rate-determining step (r.d.s) and Zn+ as an 

adsorbed and/or a solution-soluble intermediate.  

 This simple reaction scheme is also reported to take place in other electrolytes 

where zinc complexes form. Hurlen and Fischer [18] found that the Zn+/Zn2+ charge-

transfer step in concentrated acidic chloride solutions occurs between the couple 

ZnCl2(H2O)y
-/ZnCl2(H2O)y, but species with one or no chloride ligand take over as the 

main electroactive species at chloride concentrations below 1M. 

 Cachet and Wiart [19] proposed a reaction scheme (equations 3.8 to 3.10) for the 

dissolution of zinc in deaerated ZnCl2 and NH4Cl solutions in which zinc complexes 

form. The dissolution involves two parallel paths. The major path (equation 3.9) is  

ads

2
sol ads

ads sol

Zn Zn e (3.8)

Zn Zn e
Zn
Zn Zn 2e (3.9)

ZnOH ZnOH e (3.10)

+ −

+ −

+ + −

+ −

→ ↔ +

↔ +
+

→ + +

↔ +
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catalyzed by Zn+
ads. The minor path (equation 3.8) is much more dependent on the 

diffusion of the chloro-zinc species than the major one. Both reaction paths are stimulated 

by chloride anions. The formation of ZnOHads, is a side reaction and is caused by the 

chemical oxidation of zinc by the electrolyte. Deslouis et al. [20] confirmed the validity 

of such a reaction scheme for zinc dissolution in aerated sulfate solutions. 

 

3.3 Addition Agents 

 Addition agents, usually organic compounds, in small concentrations are added to 

metal plating solutions for a variety of purposes. In the case of zinc, additions are made to 

improve leveling, to enhance brightness, to inhibit the formation of dendritic structures, 

to reduce pitting and internal stresses, to refine the grain size, and to alter the preferred 

orientation [21]. 

 Typical additives for zinc plating from acid zinc plating electrolytes 

include dextrose, glucose [21], arabic gums, Ghatti [22], dextrin, glycine, thiourea 

[22,23], and polyacrylamide [24]. Unfortunately, most of these additives work best in 

specific proprietary systems which are mainly covered by patents. The effect of some 

additives on the properties of zinc deposits is discussed in the following section from the 

available literature. Martin [25] used proprietary organic additives in a zinc sulfate 

electrolyte and was able to alter the electrocrystallization processes, resulting in a 

smoother surface with a finer grain size. Martin also demonstrated the improved 

formability of zinc deposits in a standard draw-bead test. Loto and Olefjord [23] used 

thiourea, dextrin, a mixture of the two, and glycin as additives with acid chloride 
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solution. Although they report no reduction in the grain size, nonporous zinc 

electrodeposits were obtained. 

 The additives, introduced into the electrolyte, facilitate the deposition process in a 

variety of ways. The mechanisms by which additives operates have been reviewed by 

Franklin [26] as well as Oniciu and Muresan [27]. Some of the mechanisms are blocking 

(little or no chemical effect), ion bridging, ion pairing, interfacial tension modification, 

hydrogen evolution/adsorption, and electrode filming. Some additives function by more 

than one mechanism (for example by blocking and ion bridging) [26]. The additive does 

not necessarily enter the deposit structure (unless added in excess and/or decomposed to 

its atomic components), although there are clear instances of additive incorporation in the 

deposit [28]. A very small quantity of additive can profoundly affect the nucleation and 

growth kinetics on the cathode surface, thereby stimulating or suppressing the 

development of lattice defects. It has been shown that the additive action has a far-

reaching effect on defect configuration and microstructure of the deposit [29,30]. 

 Polyacrylamide (PAA), with the chemical formula [-CH2-CH(CONH2)-]n, is a 

surfactant that changes the interfacial tension and often cleanses certain blocking species 

from the cathode surface. Thus, PAA adsorbs on the cathode surface and interferes with 

the normal autoepitaxial nucleation process. This interference of nucleation may occur by 

forcing incoherent nucleation to take place on top of the adsorbed PAA. Accordingly, the 

presence of PAA results in retardation of the growth process and increase of the effective 

nucleation rate [31]. Kozlov [31] as well as Trofimenko et al. [32] studied the influence 

of PAA on the fine structure of copper deposited from sulfate-based electrolyte. Some of 

their data are shown in Figure 3.2, which illustrates the effect of PAA on the incidence of 

 46 



twins, coherent domain size, and dislocation density in the copper deposit. With 

increasing PAA, the domain (as well as the grain) size decreases and the dislocation 

density increases, suggesting the suppression of twinning-promoted growth. Since the 

dislocations in electrodeposits are generated by incoherent nucleation on top of the 

impurity adsorbents [31], any additions which hinders nucleation, will increase the 

deposition overpotential, as well as the dislocation density. Furthermore, as the degree of 

incoherent nucleation (cathode surface coverage by PAA) and the overpotential increase, 

the twins should disappear and the substructure should become more and more imperfect, 

displaying increasing subgrain misalignment [31]. At sufficient PAA level, the copper 

deposit was found to be free from twins and the fine subgrains are bounded by relatively 

high misorientation angles [31,32]. 

Thiourea (CH4N2S) is also one of the most used organic additives in zinc plating 

[6]. Thomas and Fray [22] studied the surface morphology and cathode potential during 

electrodeposition of zinc in the presence of 12 organic compounds (thiourea was one of 

them). It was found that the measurement of the cathode potential of zinc in contact with 

the solution of the various additives provides useful information about their ability to 

impart brightness to the deposit and change their surface morphology. Compounds which 

made the cathode potential more negative at constant current density (e.g., thiourea) also 

formed a brighter deposit. 

Polukarov and Semenova [33] studied the effect of thiourea on the defect 

structure of nickel deposits. They reported that thiourea adsorbs weakly at the cathode 

surface and releases about 0.32-1.38% sulfur in the nickel deposit. The entry of sulfur 
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into the deposit is by chemical reactions at the electrode attended by splitting-off sulfur, 

which can enter into the nickel lattice or form sulfides.  

In addition, Povetkin [34] reported that at high thiourea contents, sulfur can form 

compounds along the nickel grain boundaries. The yield strength of deposit is related to 

the dislocation density and to the dissolved sulfur. When the sulfur is present as grain 

boundary precipitates, the deposit is rendered brittle and showed low yield strength in 

spite of very high dislocation density (high thiourea additions). 

 

3.4 Structure and Preferred Orientation of Zinc Electrodeposits 

 The structure, preferred orientation, and surface morphology of zinc 

electrodeposits are found to depend on both electrolysis conditions and electrolyte 

composition [35,36,37]. Several investigators have studied the crystal structure of zinc 

deposits at low direct current densities. Sato [35] found (1  or 12X) (101X)  preferred 

orientations, with X equal to 1, 2, 3, or 4, depending on the Zn/H2SO4 ratio in the 

electrolyte. Robinson and Keefe [36] also reported the formation of (101X)  textures with 

X equal to 1, 2, or 3. Froment et al. [37] identified (1122) texture in zinc deposits from 

acid solutions. Mackinnon and Brannen [38] observed (1122) , (1124) , and (1012)  

textures at current density of 8A/dm2. On the other hand, Cole (cited in reference [38]) 

found different textures depending on the electrolytic parameters. However, at high 

current densities (250 to 350A/dm2), Weymeersch et al. [39] developed (1010)  preferred 

orientation while the basal (0002) texture was formed at lower current densities (150 to 

200A/dm2). 
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Figure 3.2: Influence of PAA concentration (CPAA) on the dislocation density ρ, relative 

growth twin concentration β, and crystallite size D in copper deposits [From                  

references 30 and 31]. 
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 Crystal orientation has been readily controlled in the laboratory. Chen et al. [40] 

found that control of the orientation of zinc deposits was possible with specific values of 

temperature, pH, flow rate and current density. Lindsay et al. [41] studied the effect of 

pH, temperature, and flow rate on the direct current electrodeposition of zinc produced in 

a flow cell. They found that variation in electrolyte pH could produce deposits with basal 

plane alignments ranging from parallel to the substrate to near perpendicular (see Table 

3.3). Temperature had little effect upon deposit texture and the influence of the flow rate 

was negligible.  

 

Table 3.3: Zinc orientation under selected deposition conditions [From reference 41] 

 

Estimated percent orientation Current density 
 

(A/dm2) 

Temperature 
 

(°C) 

Flow rate 
 

(m/sec) 

pH 
 
 Basal 

(0002)  
Pyramidal 

 (10 1 X)
−

150 50 2.2 3.0 80-95 5-20 

150 50 2.2 4.2 > 45 > 45 

      

50 26 4.2 3.5 > 60 32 

50 26 4.2 4.5 20 > 75 

 Mechanical stirring, which reduces the thickness of the diffusion layer, was found 

to enhance lateral growth by maintaining a high concentration of metal ions in the 

catholyte adjacent to the cathode surface. Another effect of stirring is the detachment of 

hydrogen from the cathode surface, resulting in elimination of gas pits in the deposit [41]. 

Considerable work has been carried out to study the effect of additives on 

preferred orientation and structure of zinc deposits. Based on experimental evidence, 
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Thomas and Fray [22] reported that organic compounds, which are most effective in 

increasing the cathode potential (i.e., in the negative direction), were found to both 

decrease the grain size and change the preferred orientation. At high cathodic 

overpotentials, crystallographic planes with low atomic packing density were developed 

due to the high nucleation rate. Mackinnon et al. [38] realized a textural transition during 

direct current plating of zinc deposits from zinc chloride-based electrolyte with additives. 

They found that the trend in the deposit orientation in relation with increasing the 

cathodic overpotential, because of the presence of additives, follows the order of ( , 1013)

(1012) (1124) (1122) , (1011) , (1120) . In another study, strongly perpendicular basal 

alignments have been produced with additions of 150-500ppm of cadmium ions to a 

sulfate bath [42]. Such (1  orientation has not been obtained with pure zinc deposits 

from a sulfate electrolyte, although they are deposited from chloride solutions. 

010)

There are basically two theories to explain the preferred orientation of 

electrodeposits. Rashkov and Pangarov [43] postulated that the texture develops by the 

preferential formation of two-dimensional nuclei with a particular direction perpendicular 

to the substrate surface. The grains growing from these nuclei are thus preferentially 

oriented. Rashkov and Pangarov [43] were the first to calculate the energy of formation 

of a two-dimensional nucleus consisting of different crystallographic planes. On the basis 

of this calculation, it was suggested that a preferred orientation develops when the energy 

of formation of a two-dimensional nucleus of a particular crystal plane is smaller than 

that of other planes.  

A second theory suggests that the preferred orientation develops due to different 

electrochemical behavior of different crystallographic planes [44]. Under certain plating 
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conditions, grains of a certain orientation grow faster than others. These faster growing 

grains can also spread laterally covering the slower-growing ones until they impinge on 

others with the same orientation. Thus the electrodeposit will essentially consist of the 

grains with the fast-growing direction perpendicular to the surface. The inhibition of 

growth on certain grains is believed to occur because of the adsorption of foreign 

substances originally present or intentionally added to the plating bath as well as to 

various reaction products formed during deposition. 

Preferred orientation can noticeably affect a variety of properties. In the case of 

zinc, preferred orientation can affect formability, corrosion resistance, hardness, and 

adhesion. Examples are discussed in the following paragraph. 

Plastic deformation in crystalline solids involves slip which is the displacement of 

one atom over another by dislocation movement. The major slip plane for zinc, which has 

a hexagonal close-packed (HCP) lattice, is the basal plane (0001) (see Figure 3.3). In this 

plane, slip is at least 30 times easier than for any other in the HCP system [21]. Basal 

plane deposits (which are not obtained commercially) deform plastically and exhibit 

elongation of individual grains, causing one layer of grains to slide over the next as 

shown in Figure 3.4a. With prism-plane (1010)  deposits, fracture would likely occur 

since the stress is normal to the slip plane (Figure 3.4 b) [41]. 
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a b 

c d 

Figure 3.3: Principle orientation planes for zinc HCP crystal: (a) basal (0001) plane; b) 

prism (1  plane; c) pyramid 010) (1  plane; and d) pyramid 011) (1012)  plane. 
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a 

 

b 

 

Figure 3.4:  Consequences of simple tensile bending on deposits of a) complete basal 

(0001) and b) prism (1010)  plane orientations [From reference 41]. 
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The corrosion behavior of zinc deposits is affected by preferred orientation in 

terms of the ability of the layer to act either sacrificially or as a protective corrosion 

barrier. For example, zinc grains with a near {0001} orientation have much lower 

corrosion currents in sodium hydroxide solutions than those of other orientations [45]. 

Corrosion rate data in 0.5 sodium hydroxide solution for polycrystalline and oriented 

single crystal zinc are shown in Table 3.4. The corrosion current decreased as the packing 

density increased [46]. Other researchers have also discussed the influence of preferred 

orientation on the corrosion of zinc deposits [41]. 

 
Table 3.4. Corrosion currents and rates for zinc deposits in 0.5N NaOH solution [From 

reference 46] 

 

Exposed crystal plane 

 

Corrosion Current 

(mA/cm2) 

 

Calculated corrosion rate 

(mil/year) 

 
(0001) 

 
81 48 

(10 1 0)
−

 
 

127 75 

(112 0)
−

 
 

261 153 

Polycrystalline 
 

160 94 
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CHAPTER FOUR 

 

4.0 ASPECTS OF PULSE ELECTRODEPOSITION 

 

4.1 Introduction 

Pulse electrodeposition, with its several plating parameters and higher 

instantaneous current density in comparison to direct current plating, has received 

considerable attention in recent years [1], and proved to be a viable technological tool in 

materials engineering [2]. Researchers in this field cite numerous advantages of pulse 

electrodeposition. Pattsch [3] has reported that the formation of dendrites in zinc is 

retarded by pulse electrodeposition. Ibl et al. [4] as well as Hosokawa et al. [5] have 

reported a decrease in porosity of pulse-plated gold.  Smoother and finer-grained 

palladium deposits with decreased hydrogen content have been reported by Yoshimura et 

al. [6]. Crack-free rhodium [7] and chromium [8] electrodeposits have been produced by 

pulse electrolysis. Devaraj and Seshadri [9] and also Puippe and Ibl [10] produced denser 

and finer-grained copper electrodeposits. Kim and Weil [11] as well as Tai-Pin Sun et al. 

[12] obtained finer grained nickel deposits from additive-free electrolytes using pulse 

electrodeposition. 

 In addition to improvements in deposit properties, advantages have also been 

claimed with respect to saving energy and deposition time during pulse electrodeposition 

[13]. However, Puippe [1] pointed out that the reduction in energy requirements is 

certainly not achievable and that the saving in time is very modest, at best, and therefore 

does not constitute the main advantage of pulse electrodeposition. 
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 A vast number of modulated pulse current waveforms with varying degrees of 

complexity can be generated by modern day electronics. Pulse current waveforms can be 

divided into two broad categories: waveforms with unipolar pulses where all the pulses 

are in one direction, and bipolar pulses where anodic and cathodic pulses are mixed. 

Figure 4.1 is a schematic representation of a variety of pulse waveforms. Square-wave 

cathodic pulses separated by intervals of zero current are the easiest to produce and thus, 

the most widely used in pulse electrodeposition and will be used throughout this study as 

well. 

 In direct current plating only one parameter can be varied, namely, the current 

density, whereas in pulse electrodeposition there are three parameters which can be 

varied independently: the peak current density (Jp), the pulse on-time (Ton) and the pulse 

off-time (Toff). Figure 4.2 is a schematic illustration of pulse electrodeposition waveform 

showing the pulse parameters. In this Figure, Ton and Toff are defined as the times during 

which the plating current is passing or interrupted, respectively. Jp is the maximum or 

peak current density during the pulse duration Ton and Jm is the average current density. 

These additional plating parameters make possible the creation of a range of mass 

transport, electrocrystallization, and adsorption/desorption situations that are not 

otherwise possible in direct current plating [1]. 

 From these three parameters (Ton, Toff, and Jp) all other pulse quantities commonly 

cited in the literature can be deduced: 

- the pulse frequency (f)  f = 1/(Ton+Toff)   (4.1) 

- the duty cycle (θ)   θ = Ton/(Ton+Toff)   (4.2) 

- the average current density (Jm) Jm = Jp × θ    (4.3) 
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Unipolar 

Bipolar  

Figure 4.1: Schematic representation and suggested nomenclature for a variety of square-

wave pulsed current modulations [From reference 1]. 
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Figure 4.2: Schematic representation of pulse electrodeposition waveform showing the 

important pulse parameters. 
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The pulse parameters may vary over a broad range. In the lower limit of this 

range, i.e., long pulse on-times and off-times, one is limited by approaching direct current 

conditions. Similarly, the upper limit, i.e., short on-times and off-times is also limited. In 

the following sections, the main limitations on the useful range of pulse electrodeposition 

will be discussed. 

 

4.2 Qualitative and Quantitative Approach to Pulse Electrodeposition 

 The advent of modern electronics and microprocessor control has considerably 

increased the theoretical range of pulse parameters, however, the useful range of pulse 

plating is by no means unlimited [14]. The restrictions on the useful range of pulse 

parameters is a consequence of the fundamental nature of the electrodeposition process 

[1]. There are two main limiting factors that should be considered during pulse 

electrodeposition: the charging/discharging (capacitance effects) of the electrical double 

layer at the cathode-electrolyte interface and mass transport limitations [4]. 

 

4.2.1 Capacitance effects 

 Regarding the double-layer considerations, Puippe [15] argued that at the 

beginning of a pulse, the total current (Jt) supplied by the power supply, consists of a 

capacitive current (Jc) which charges the double layer, and a faradic current (JF) which 

corresponds to a certain overpotential for metal deposition: 

 

Jt = Jc + JF = Jp          (4.4) 
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If Jc is negligible compared to JF, then Jp = JF. However, some time is required for the 

faradic current to become equal to the total current supplied by the pulse generator. This 

time is referred to as the charging time of the double layer. 

 Puippe [15] pointed out that the charge time (tc) of the electrical double layer 

should be much shorter than the pulse on-time (Ton), otherwise the current pulse is 

strongly distorted. Furthermore, the discharge time (td) should be much shorter than the 

pulse off-time (Toff) between two pulses. In an extreme situation, where the charge and 

discharge times of the double layer are much longer than the pulse on-time and off-time, 

respectively, the pulsed current can (for all practical purposes) be considered as a direct 

current. Figure 4.3 illustrates various charge and discharge schemes of the electrical 

double layer. 

 The charging/discharging of the electrical double layer depends on the peak 

current density and the physicochemical nature of the system (electrolyte-electrode) [15]. 

The principle of computation of the charge and discharge times of the double layer is 

based on the Butler-Volmer equation [16]: 

 

JF = Jo {exp(αnFη/RT) – exp[-(1-α)nFη/RT]}     (4.5)  

 

where JF is the faradic current density (A/cm2), Jo is the exchange current density 

(A/cm2), α is the charge transfer coefficient, n is the number of electrons, F is Faraday 

constant (96487 C), η is the overpotential, R is the gas constant (J/mol.K), and T is the 

absolute temperature (K). 
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(a) t  ≤ T ; no distortion (ideal situation) c on

(b) t  < T ; small distortion c on

(c) t  > T ; c on

(d) t  ≥ T  and t  ≥ T  c on d off
(c) and (d) strong distortion 

 

Figure 4.3: Effect of the capacitance of the electrical double layer on the pulsed current 

[From reference 15]. 
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 The computation of the charge and discharge times can be carried out by 

numerical methods [17] which is complex and beyond the scope of this work. However, 

Puippe [15] argued that tc and td can be estimated independently of the physicochemical 

parameters of the system involved. This provides a rapid method for the selection of 

reasonable values of Ton and Toff as a function of the applied peak current density as 

given by the following equations: 

 

tc = 17/Jp          (4.6) 

td = 120/Jp          (4.7) 

 

where tc and td are in microseconds and Jp is in A/cm2. 

 Studies carried out on several systems showed that the charge time is of the order 

of tens to hundreds of microseconds, whereas the discharge time is in the order of few 

thousands of microseconds [17]. 

 

4.2.2 Mass transport effects 

 The depletion of cations in the diffusion layer limits the useful range of pulse 

parameters. Ibl [17] has postulated a model of a double diffusion-layer that consists of 

pulsating and stationary diffusion layers: (1) the pulsating diffusion layer (δP) in the 

immediate vicinity of the cathode surface in which the concentration pulsates with the 

frequency of the pulse current, decreases during the pulses, and is replenished during the 

off-times, (2) the stationary outer diffusion layer (δs) contains a steady (non-pulsating) 

concentration gradient which extends well into the bulk of the solution. The extent of 
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these two diffusion layers corresponds to the Nernst diffusion layer (δN) obtained under 

the same hydrodynamic conditions in direct current plating. Figure 4.4 is a schematic 

illustration of the concentration profiles of the diffusion layers in pulse electrodeposition 

at the end of a pulse. The two diffusion layers are limited by two factors: (1) the depletion 

of cations in the pulsating diffusion layer limits the peak current density and (2) the 

depletion of cations in the stationary diffusion layer limits the average current density 

[15,  17]. 

 Regarding the first limitation, the peak current density should not exceed the 

limiting peak current density obtained when the pulse duration (Ton) equals the transition 

time (τ) [4]. Here the transition time is defined as the time required for the interfacial 

concentration (Ce) of the active cations to reach zero. Figure 4.5 is a simplified 

illustration for the concentration profiles during the pulse on-time. The limiting peak 

current density is obtained by setting Ton = τ in the following equation [4]: 

 

Ton = t = (zF)2 (Co)2 D/2(Jp)2        (4.8) 

 

where z is the number of electrons in the charge transfer reaction, F is the Faraday 

constant, Co is the bulk concentration, D is the diffusion coefficient of the active cations 

and Jp is the peak current density. 

 By applying very short pulses, the thickness δp of the pulsating diffusion layer can 

be made very small, and thus the limiting peak current density can be increased. This 

results in extremely high instantaneous current densities and thus high overpotentials. 

The thickness of the pulsating diffusion layer was found to depend on the diffusion  
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Figure 4.4: Concentration profiles of the diffusion layers in pulse plating at the end of a 

pulse [From reference 17]. 
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coefficient of the cations and on the length of the pulse on-time as shown by the 

following equation [4]: 

 

δp = (DTon/π)1/2         (4.9) 

 

 Concerning the second limitation, Puippe [15] argued that the average current 

density in pulse electrodeposition cannot exceed the diffusion limiting current density in 

direct current plating. Ibl [17] pointed out that in case of high average current densities, 

strong depletion in the outer stationary diffusion layer causes powder formation and 

dendrites to grow in a fashion similar to that observed in direct current plating. 

 

4.3 Influence of Pulse Parameters on the Grain Size and Structure of 

Electrodeposits 

 An extensive body of information can be found in the literature dealing with the 

influence of pulse parameters on grain size and structure of electrodeposits. In the 

following sections, the most relevant studies will be discussed. However, the results 

obtained by different researchers for a particular electrolyte-electrode system cannot be 

compared and, in many cases, are contradictory. This is because (1) the complexity of the 

electrodeposition process, (2) the rather large number of experimental variables involved 

in electroplating, and (3) the lack of standardized procedure in investigating the general 

effect of a certain pulse parameter [18]. Regarding the later point, researchers usually 

study the influence of duty cycle or pulse frequency on deposit quality. However, these 

are extracted mathematical quantities from the actual pulse parameters (i.e., Ton and Toff) 
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Figure 4.5: Concentration profiles of the pulsating diffusion layer at various times 

(t1<t2<T) during a single pulse [From reference 17]. 
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and therefore do not reflect the effect of Ton and Toff per se. For example, Tai-Ping Sun et 

al., [12] studied the pulsed electrodeposition of nickel at constant duty cycle and peak 

current density by increasing the pulse frequency. However, with increasing pulse 

frequency, both the on-time and off-time decreases simultaneously. As a result, it is 

difficult to ascertain the influence of on-time and off-time separately. 

 

4.3.1 Effect of peak current density 

 A critical review of literature shows that the general effect of increasing the peak 

current density is to decrease the crystal size of the deposit. Puippe et al. [10] obtained 

finer-grained electrodeposits of gold, cadmium, palladium and copper at higher peak 

current densities. Similarly, increasing the peak current density resulted in a decrease in 

crystal size of nickel electrodeposits [11, 12]. Paatsch found that a finer grain zinc deposit 

was obtained by a high-pulse current density (Jp = 0.44 A/cm2) and the resulting high 

overpotential in comparison to zinc produced by direct current plating [3]. For all cases, 

the decrease in crystal size was attributed to the high overpotential associated with the 

high peak current density. It was argued that this high electrode overpotential greatly 

increases (i.e., in the negative direction) the free energy available for the formation of 

new nuclei, resulting in higher nucleation rate and thus smaller crystal size [1]. 

 

4.3.2 Effect of pulse on-time 

 A systematic investigation of the effect of pulse on-time has been carried out on 

electrodeposits of gold [5 and 19], cadmium [10], palladium [6], nickel [12], rhenium [5], 

and zinc [3]. Rehrig et al. [19] reported that increasing the pulse on-time at constant duty 
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cycle and peak current density resulted in a decrease in the grain size of their gold 

electrodeposits. This was explained by an increasing number of nucleation sites caused 

by the higher overpotentials at longer pulse on-times. Furthermore, the preferred 

orientation was found to change from (111) to (100) orientation with increasing pulse on-

time. Similarly, the observed change in preferred orientation was attributed to increase in 

overpotential with increasing pulse on-time. Puippe and Ibl [10] observed an increase of 

the grain size of cadmium pulse-plated with increasing pulse on time in the range of 0.03 

to 1 millisecond at constant peak current density and pulse off-time. It was argued that 

because of inhibition of growth centers during the off-time, new nuclei are formed at 

each new pulse. Therefore, by increasing the pulse on-time, the grains can grow to larger 

size without being blocked by inhibiting species. Moreover, the same authors reported 

that this observed behavior is restricted to a particular bath and cannot be generalized to 

other cadmium plating baths. On the other hand, Knödler [20] reported that an increase in 

pulse on-time resulted in the refinement of the silver crystals electrodeposited from 

ammonia bath. This behavior was explained in terms of increased overpotential with 

increasing on-times. Yoshimura et al. [6] also measured an increase in overpotential with 

increased pulse on-time during pulsed-electrodeposition of palladium. 

 Other researchers report an increase in grain size with increased pulse on-time [9 

and11]. Devaraj and Seshadri [9] observed an increase in grain size of pulse-plated 

copper with increasing pulse on-time. This was attributed to a decrease in overpotential 

with increasing on-time in the range of 8 to 80 milliseconds. Kim and Weil [11] reported 

that during pulsed electrodeposition of nickel from an additive-free Watts bath an 

increase in grain size was observed with increasing on-time in the range of 1 to 1000 
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milliseconds. The decrease in overpotential with increased pulse on-time was claimed to 

be responsible for grain coarsening. 

 

4.3.3 Effect of pulse off-time 

 A survey of the literature shows that the pulse off-time is a very important pulse 

plating parameter. In addition to the relaxation of the pulsating diffusion layer, three 

other phenomena which influence the electrodeposition process may occur during the off-

time: (1) recrystallization or grain growth, (2) adsorption/desorption of ions or addition 

agents, and (3) corrosion [21]. 

 Puippe and Ibl [10] studied the surface morphology of cadmium, gold, and copper 

pulse-plated at constant peak current density and on-time, but with different values of 

pulse off-times. It was found that longer off-times lead to grain refinement for cadmium, 

but to grain growth for gold and copper. The observed grain growth of copper and gold 

was attributed to recrystallization during the off-time. It was argued that larger grains are 

thermodynamically more stable, and therefore, longer off-times provide longer times for 

the system to stabilize, i.e., grain growth. The contrasting behavior observed for cadmium 

was explained in terms of deactivation of growth centers due to adsorption of grain 

growth inhibiting species, probably sulfate ions, during the off-time. Knödler [20] 

reported on the electrodeposition of silver from ethylenediamine, ammonia and 

thiocyanate baths. An increase in pulse off-time resulted in an increase in the grain size of 

the deposits obtained from the ammonia and thiocyanate baths, but the opposite trend was 

observed in the case of ethylenediamine bath. Kollia et al. [22] studied the influence of 

pulse parameters on nickel electrodeposited on a rotating disc electrode from an additive-
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free Watts bath. Nickel electrodeposits were obtained at constant frequency of 10-2 Hz, 

but for two different duty cycles, 95% and 2% (i.e., Toff = 9.8 and 0.5 seconds, 

respectively). An increase in the pulse off-time was found to yield finer grain size 

deposits. The authors attributed the decrease in crystal size with prolonged off-time to 

possible poisoning of growth sites due to adsorption of anions or other foreign species 

from the bulk solution. In another study, Tai-Ping Sun et al. [12] reported that nickel 

electrodeposits from an additive-free bath pulse-plated at constant duty cycle and peak 

current density showed a decrease in crystal size with increasing off-time. This behavior 

was also attributed to deactivation of the growth centers as a result of oxide formation 

and/or adsorption of a metal-impurity. Pattsch [3] studied the effect of pulse off-time on 

the grain size of pulse-plated zinc from zinc chloride-based electrolyte at constant peak 

current density and pulse on-time. Grain refinement of pulse-plated zinc was observed 

with increasing off-time. The author attributed this behavior to presence of foreign 

species that inhibit the recrystallization process. 

 From the previous discussion it is clear that a general trend for the influence of 

pulse on-time and off-time on the deposit characteristics cannot be predicted, a priori, 

from the experiments. Indeed, Puippe and Ibl [10] pointed out that the on-and off-time do 

not always influence the structure in the same direction. This is because the 

electrocrystallization process is strongly affected by adsorption and desorption processes 

which are system-dependent. 
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CHAPTER FIVE 

 
5.0 PULSE-CURRENT ELECTRODEPOSITION OF NANOCRYSTALLINE ZINC 

 

5.1 Abstract 

Pulse electrodeposition exhibits marked advantages over direct current 

electrodeposition in the control of deposit grain size, surface morphology, and preferred 

orientation. The effect of pulse peak current density (Jp) on the grain size and surface 

morphology of zinc deposits with additives (polyacrylamide and thiourea) was studied by 

scanning electron microscopy (SEM) and field emission scanning electron microscopy 

(FESEM). The preferred orientation of zinc deposits was studied by x-ray diffraction, and 

microhardness of the deposits was measured by a Knoop microhardness tester. Increasing 

JP dramatically changed the surface morphology and decreased the grain size. 

Nanocrystalline zinc (56 nm) was produced at JP = 2 A/cm2. At JP equal to 0.4 A/cm2, the 

preferred orientation of zinc deposits was (11 2 2) and changed to the prismatic (11 2 0) 

orientation at Jp equal to 0.8, 1.2, and 1.6 A/cm2. However, increasing the peak current 

density to 2 A/cm2 altered the prismatic (11 2 0) to the random (10 1 1). The 

microhardness increased to approximately 8 times higher than that of pure polycrystalline 

zinc (0.29 GPa). Microhardness reached a maximum (2.3 GPa) at 1.6 A/cm2, then 

decreased to 1.5 GPa at 2 A/cm2. The hardness drop was correlated with the presence of 

additives and the change in texture from (11 2 0) to the random (10 1 1) with increasing 

Jp. 
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5.2 Introduction 

Electrodeposited zinc is widely used to protect steel against corrosion. Surface 

morphology, preferred orientation, and grain size, which are all influenced by processing 

conditions, have a significant effect on the mechanical properties of zinc electrodeposits. 

The role of surface morphology and preferred orientation on mechanical properties of 

zinc electrodeposits remains unclear [1]. However, it is known that almost all mechanical 

properties can be effectively improved by refining the grain size, which is one reason 

nanocrystalline materials have recently received considerable attention [2]. Accordingly, 

many efforts have been made by researchers in order to refine the grain size of zinc 

coatings and improve their properties [3-5]. 

Additives in aqueous electrodepositing solutions are known to control the surface 

morphology [6] and refine the grain size of zinc deposits [3-5]. Martin [5] used 

proprietary organic additives in a zinc sulfate electrolyte and was able to alter the 

electrocrystallization processes, resulting in a smoother surface with a finer grain size. 

Martin also demonstrated the improved formability of zinc deposits in a standard draw 

bead test. Loto and Olefjord [7] used thiourea, dextrin, a mixture of the two, and glycin as 

additives with acid chloride solution. Although they report no reduction in the grain size, 

nonporous zinc electrodeposits were obtained. 

All the above and many other studies [8-10] were carried out using direct current 

(d.c.) electrodeposition. Pulse electrodeposition, in which current is imposed in a periodic 

manner with a rectangular wave form, can be used as a means of producing unique 

structures, i.e., coatings with properties not obtainable by d.c. plating [11]. In pulse 

electrodeposition, three parameters influence the deposit properties: peak current density 
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(Jp), current on-time (Ton), and current off-time (Toff).  It is established that pulse current 

density has a beneficial effect on the properties of the deposits [12]. Pulse 

electrodeposition yields a finer-grained and more homogenous surface appearance of the 

deposit because a higher instantaneous current density is possible during deposition by 

using pulse control than that by d.c. plating. This results in an increased nucleation rate 

leading to the formation of finer grains [13]. The influence of pulse electrodeposition on 

the deposition of bright zinc layers on a steel substrate using commercial high-cyanide 

concentration (100 g/l NaCN) as well as low-acid content, ammonium chloride-

containing solutions was investigated by Paatsch [4]. Paatsch found that a finer grain size 

zinc deposit was obtained by a high-pulse current density (Jp = 0.44 A/cm2) and the 

resulting high overpotential in comparison to zinc produced by d.c. plating.  According to 

Gurovich and Krivtsov [14], the most appreciable reduction in grain size (not reported) of 

zinc deposited from sulfate-based electrolyte was obtained at a pulse peak current density 

of 0.03 A/cm2. 

The main goal of the work we report here was to combine the advantages of 

organic additives and pulse electrodeposition and to investigate their effect on zinc 

deposit properties. We report the effect of pulse peak current density, in the presence of a 

low concentration of polyacrylamide and thiourea, on the grain size, surface morphology, 

and preferred orientation of zinc deposits. The microhardness of the zinc deposits is 

evaluated from the viewpoint of grain size, presence of additives, and preferred 

orientation.  
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5.3 Experimental 

Pulse electrodeposition of zinc deposits was carried out using a rotating disc 

electrode in a 250-ml cell. A chloride based-electrolyte with additives (polyacrylamide 

and thiourea) was used to produce 12.5-µm thick zinc deposits. The electrolyte was 

prepared by dissolving analytical grades of ZnCl2, NH4Cl, and H3BO3 (Fisher Scientific) 

in deionized water. Polyacrylamide (Fisher Scientific) and thiourea (Aldrich) were added 

to the electrolyte and stirred until dissolved. Table 5.1 shows the chemical composition of 

the electrolyte. All electrodeposition experiments were carried out at a temperature of 

23±1°C. 

A 4-cm2, high-purity (99.99 %) zinc sheet (Aldrich) was used as a soluble anode. 

A cold-rolled low-carbon steel disk was used as the cathode with an exposed surface area 

of 0.317 cm2 and 0.1-cm thickness. Before electrodeposition, the cathode substrates were 

pickled at room temperature by immersion in 85wt. % hydrochloric acid for two minutes 

and then mechanically polished down to 600 mesh-grit using standard metallographic 

techniques. Zinc electrodeposits were prepared by varying the pulse peak current density 

(Jp) from 0.4 to 2 A/cm2. The current-on time (Ton) and the current-off time (Toff) were 

optimized (to obtain the smallest and most homogeneous grain size) and kept at 0.1 and 

1ms, respectively, throughout all experiments. This optimization was carried out through 

a series of electrodeposition experiments in which Ton varied from 0.1 to 5 ms and Toff 

from 1 to 39 ms at constant pulse current density (2 A/cm2).  

A PowerLab/4s (Chart version 4.1.2, ADInstruments) was used to record both the 

applied current and the potential between the cathode and the reference electrode (SCE). 

A PAR 173 potentiostat/galvanostat was used to supply the current. The uncompensated 
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ohmic potential drop (IRu) between the working and reference electrodes was calculated 

from the measured uncompensated ohmic resistance (Ru). The ohmically corrected 

overpotential was determined by subtracting the open-circuit potential from the ohmically 

corrected working electrode potential. During deposition, the working electrode potential 

initially increased (negatively) at the onset of each current pulse but reached a steady 

value, which was used in the above calculation. For comparison, the overpotential was 

also calculated for a number of zinc electrodeposits produced from the same electrolyte 

but without additives at the same pulse current densities. 

A Hitachi scanning electron microscope (model S3200N) was used to characterize 

the surface morphology of the zinc electrodeposits that had a relatively large grain size (> 

1 µm). A field emission scanning electron microscope (JEOL 6400F) was used to 

examine the grain size and both surface and cross-sectional morphologies of the 

nanocrystalline zinc deposits. 

X-ray diffraction analysis was carried out by using a Rigaku diffractometer 

(model D/MAX A series x-ray) with Cu-Kα radiation (λ = 0.15405 nm).  The x-ray scan 

rate was 0.6°/min for 2θ ranging from 30 to 140°. Preferred orientation of the zinc 

electrodeposits was calculated from the x-ray data according to the method proposed by 

Berube et al. [15].  

Microhardness of the Zn electrodeposits was measured by using a Buehler 

Micromet microhardness tester with a Knoop indentor. Two different loads (5 and 10 g) 

were used for an indentation time of 20 sec. Eight measurements at different locations on 

the zinc coating surface were performed in order to determine an average hardness value. 

The procedure for hardness measurements involved electrodeposition of 25-µm thick 
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zinc coatings from the same electrolyte and at the same pulse plating conditions 

mentioned in the experimental part. These zinc coatings were polished with 0.3-µm 

alumina down to  ~ 15-µm thickness, rinsed with distilled water, and then the hardness 

was measured. The depth of indentation (which represents 1/30 of the indentation length) 

for all hardness measurements was < 1 µm. This procedure was followed in order to be 

sure that the substrate has no effect on the hardness values. 

 Sulfur analyses of the zinc electrodeposits were performed by Galbraith 

laboratories and were carried out by the inductive coupled-plasma (ICP) technique. 

 

5.4 Results 

 
5.4.1 SEM and FESEM studies 

Figure 5.1 shows the SEM images for zinc deposited at different values of Jp. At 

Jp = 0.4 A/cm2 (Figure 5.1a) a relatively large grain size (4-5µm) was produced. 

Sequentially increasing Jp from 0.8 to 1.6 A/cm2 (Figures 5.1b, c, and d) results in a 

progressive decrease in the grain size of the deposits down to a grain size of (1-1.5µm). 

Figure 5.2 shows FESEM micrographs for the surface and cross-sectional morphologies 

of the zinc electrodeposited at Jp = 2 A/cm2. Nanocrystalline (nc) zinc was produced at 

this current density with an average grain size of 56 nm (Figure 5.3).  Figure 5.4 shows 

the SEM images of zinc deposited at pulse current densities of 0.4, 0.8, 1.6, and 2 A/cm2 

from the same electrolyte (Table 5.1) but without the polyacrylamide and thiourea 

additives. It can be seen that the grain size of zinc deposits decreases with increasing JP. 

The smallest grain size (4-5 µm) was produced at JP = 2 A/cm2. 

 83 



5.4.2 X-ray diffraction 

The effect of increasing pulse peak current density on the preferred orientation of 

zinc deposits is shown in Figure 5.5. At Jp = 0.4 A/cm2 the preferred orientation of the 

zinc deposits was the high-angle (61.7°) pyramidal (11 2 2). Increasing Jp from 0.8 

through 1.6 A/cm2 alters the preferred orientation to the prismatic (11 2 0) preferred 

orientation.  Further increase of Jp to 2 A/cm2 changes the preferred orientation to the 

random (10 1 1). In addition, increasing Jp results in wider peaks, which indicates the 

presence of smaller grains (Figure 5.5). The grain size value of the zinc deposited at Jp = 

2 A/cm2, calculated from the line broadening of the x-ray peaks according to Scherrer’s 

formula [16], was about 60 nm. This grain size value is consistent with 56 nm calculated 

from the FESEM images.  

 

5.4.3 Hardness 

The microhardness results are illustrated in Figure 5.6, which shows the 

microhardness variation as a function of Jp. The average grain sizes are also illustrated in 

the figure. Hardness increased with Jp and reached a maximum (2.3 GPa) at Jp = 1.6 

A/cm2. This hardness value is about 8 times higher than that of pure polycrystalline zinc. 

With increasing Jp to 2 A/cm2 (nanocrystalline sample), hardness dropped to about 1.5 

GPa. The average grain size of the zinc deposits decreases with increasing pulse peak 

current density. Figure 5.6 shows also how hardness and preferred orientation of the zinc 

varied with Jp. The data indicate that the highest hardness values were obtained when the 

preferred orientation of the zinc deposits was the prismatic (11 2 0). The hardness 

variation of zinc deposits with d-0.5 (d = average grain size) is shown in Figure 5.7. This 
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figure also represents the hardness of nc zinc deposit (present study) as compared to that 

of the nc zinc produced by different techniques and also polycrystalline zinc. Although, 

nc zinc deposit has the largest nanograin size (56 nm) among those of nc zinc produced 

by inert gas condensation (5-50 nm) [17], mechanical milling (20-30 nm) [18], and laser 

ablation (5-30 nm) [19], its hardness value is the highest. 

 

5.5 Discussion 

 
5.5.1 Formation of nanocrystalline zinc 

SEM and FESEM studies show that increasing pulse current density leads to a 

progressive reduction in grain size from a micro-to a nano-scale. We discuss below how 

this remarkable reduction in grain size might occur. 

According to Choo et al., [20], ideal conditions for nanograin production (inferred 

from electrocrystallization theory) are high-negative overpotential, high-adion 

population, and low-adion surface mobility. The first two conditions can be achieved 

through high Jp; pulse electrodeposition investigations of many different metals, Cd, Au, 

Pd, Cu [13], and Ni [21] show that the effect of increasing Jp is to decrease the grain size. 

All these investigations attributed the reduction of grain size to the high overpotential 

associated with the high Jp. Figure 5.8 shows the increased ohmically corrected 

deposition overpotential of zinc electrodeposits associated with increasing JP, either with 

or without additives. Also, Figures 5.1 and 5.4 show how the grain size decreases with 

increasing Jp which in turn can be related to the high overpotential. These results are 

consistent with the results obtained by a number of investigators [11, 13, 21]: increasing 

the overpotential increases the free energy to form new nuclei which results in a higher 
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nucleation rate and smaller grain size. In the case of zinc, Paatsch [4] was able to produce 

zinc deposits with fine grains (size not reported) and more homogenous surface 

appearance than that produced by direct current plating by using additive-free electrolyte 

at relatively high Jp. Gadshov and Nenov [22] also deposited fine-grained zinc at high Jp. 

We also observed another contribution for increasing the overpotential that resulted from 

the additives. Figure 5.8 shows how the presence of additives shifts the overpotential 

above (more negative) the overpotential without additives. The same trend was observed 

during d.c. plating of Ni-P with saccharin addition [23]. From the above discussion it can 

be concluded that high Jp and additives satisfy the first two conditions for nanograin 

production, however, low-adion surface mobility was found not to be rate limiting under 

high overpotential [24]. Additives can satisfy the third condition in that they can produce 

transient chemical or physical barrier layers to transport of adions and adatoms on the 

cathode surface [25]. Such barrier layers often are best produced by large organic 

molecules [26]. Large molecules are capable of readily absorbing on the cathode and thus 

regulating the diffusion and deposition of zinc ions by either of two possible 

mechanisms: physical barrier or temporary metal complex formation [5]. Therefore, these 

three conditions are applicable and consistent with our work where nanocrystalline zinc is 

formed only at high Jp (2 A/cm2) and in the presence of additives (polyacrylamide and 

thiourea). 

 

5.5.2 Hardness evaluation 

Hardness of zinc deposits increased gradually with increasing JP, reached a 

maximum (2.3 GPa) at JP = 1.6 A/cm2, and then decreased to 1.5 GPa at JP = 2 A/cm2. 
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This gradual increase in hardness (at JP= 0.4 through 1.6 A/cm2) and the hardness drop 

(at JP = 2 A/cm2) might be attributed to three possibilities:  

 

5.5.2.1 Additives effect 

Figure 5.9 shows the variation of the sulfur content in the deposits with increasing 

JP. Zinc samples deposited at pulse peak current densities ranging from 0.4 to 1.6 A/cm2 

have essentially the same sulfur content (20-22 ppm), however, a smaller amount of 

sulfur (6 ppm) was found in the nc zinc sample deposited at 2 A/cm2. From this result we 

can conclude that the presence of additives, per se, did not have a significant effect on 

increasing the hardness from 0.89 GPa at JP = 0.4 A/cm2 to 2.3 GPa at JP = 1.6 A/cm2. 

However, the smaller amount of sulfur in the nc zinc sample might be one of the reasons 

for the drop in hardness at JP = 2 A/cm2.  

 

5.5.2.2 Grain size effect 

Figure 5.6 shows the variation of hardness of zinc deposits with grain size. Zinc 

samples electrodeposited at Jp = 0.8, 1.2, and 1.6 A/cm2 have the same amount of sulfur 

(20-22 ppm) and the same preferred orientation (prism (11 2 0)). Therefore, increasing 

hardness of these samples could be attributed to the reduction of grain size with 

increasing Jp. However, although the grain size of the nc zinc sample (Jp = 2 A/cm2) is 

much less than the grain size of zinc samples deposited at Jp = 0.8, 1.2, and 1.6 A/cm2, 

the hardness of nc zinc sample is lower than the hardness of these samples. This apparent 

contradiction of the grain-size effect on the hardness can be explained by the other two 

reasons: additives and preferred orientation of the deposit. 
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5.5.2.3 Preferred orientation effect 
 

It is well established that the deformation behavior of zinc is highly anisotropic 

because of its hexagonal structure [24]. Therefore, the mechanical properties of zinc 

depend on its crystallographic orientation. Slip and twinning are two major modes of zinc 

deformation. Slip occurs on the basal plane (0001) and along <11 2 0> directions [27]. 

The second mode of deformation is twinning which mainly takes place on the { 1 012} 

planes along <10 11 > directions. Slip on the basal plane is easier than twinning [27]. 

Thus, slip will be the dominant deformation mechanism if the zinc grains are oriented 

favorably for slip. Mei et al. [28] reported that the two unfavorable orientations for basal 

slip are when the deformation axis is either parallel or normal to the basal plane. 

Accordingly, the prism-preferred orientation is one of those unfavorable orientations for 

deformation, i.e., basal slip is difficult to occur. Twinning was found to be impossible for 

zinc grains that have their c-axis parallel to the tensile axis [28]. Thus, if the zinc coating 

has the prism-preferred orientation, many grains will have their c-axis parallel to the 

deformation axis and so twinning in that case will be impossible. Consequently, the 

available deformation modes for a zinc deposit that has a prism-preferred orientation are 

limited, which results in a very hard coating. From our results, zinc electrodeposits that 

have prism-preferred orientation (11 2 0) showed the highest hardness (1.8 - 2.3 GPa) in 

spite of the fact that they have the same amount of sulfur (Figure 5.9) and larger grain 

size than that of nc zinc (Figure 5.6). The hardness dropped to 1.5 GPa at JP = 2 A/cm2 

when the preferred orientation changed to the random (10 1 1), which has more systems 

to deform than that of (11 2 0) orientation and therefore less hardness. Furthermore, the 

prismatic preferred orientation (11 2 0) could have an effect on the increased hardness 
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(from JP = 0.8 to 1.6 A/cm2). Figure 5.5 shows that the degree of prismatic-preferred 

orientation (11 2 0), which can be represented by the height of the (11 2 0) peak relative to 

the other peaks, increases gradually with JP. Simultaneously, the hardness of these 

samples also increases with JP. This indicates that the number of zinc grains oriented in 

the unfavorable orientation for slip, (11 2 0), increases with JP. Shaffer [29] reported that 

the prism-textured zinc coating has the lowest coefficient of friction and highest hardness 

among various textured coatings. From the above discussion, the effect of preferred 

orientation on the hardness of zinc deposits is in good agreement with that reported in the 

literature [28, 29].  

An explanation of the extraordinarily high hardness (1.5 Gpa) of nc zinc deposit 

above that of nc zinc produced by other techniques is still lacking. Generally, increasing 

hardness can be attributed to reduction of grain size, dislocation density structure, texture, 

and the presence of additives. From our results, it can be seen that the grain size of nc 

zinc deposit (56 nm) is the largest among those nc zinc samples produced by other 

techniques (Figure 5.7). Also, the dislocation density of nc zinc electrodeposits is 

expected to be lower than that of nc zinc produced by mechanical milling which 

introduces a severe plastic deformation. Thus, we may not relate the increase in hardness 

of nc zinc deposit over nc zinc produced by other techniques to the grain size and 

dislocation density effects. The produced nc zinc deposit has a random (10 1 1) 

orientation (Figure 5.5), so that preferred orientation does not influence the hardness 

value. However, additives could have an effect on this hardness variation. As can be seen 

from the chemical analysis (Figure 5.9), nanocrystalline zinc deposit contains about 6-
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ppm sulfur. However, the mechanism of how additives might affect the hardness is the 

subject of on-going research.  

 

5.6 Summary 

 We produced nanocrystalline zinc deposits by using a pulse electrodeposition 

technique. A high pulse peak current density (Jp = 2 A/cm2) with the aid of additives 

(polyacrylamide and thiourea) satisfies the conditions for nanograin formation and 

produces a 56-nm average grain size zinc deposit. Zinc electrodeposits had preferred 

orientations that changed with pulse peak current density. Hardness measurements 

exhibited a remarkable increase with increasing pulse peak current density. The highest 

hardness (2.3 GPa) was obtained at Jp = 1.6 A/cm2. A hardness drop (1.5 GPa) was 

observed for the nanocrystalline zinc electrodeposited at Jp = 2 A/cm2, which is explained 

by a smaller amount of additives in this sample and a preferred orientation transition from 

(11 2 0) to the random (10 1 1). The hardness value of the nanocrystalline zinc deposit is 

about 5 times more than that for conventional grain size polycrystalline zinc. These 

preliminary results of nanocrystalline zinc prepared by pulse electrodeposition deserve 

further investigation. Evaluation of formability and corrosion properties of the 

nanocrystalline zinc deposit are currently underway. 
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Table (5.1): Chemical composition of the zinc chloride-plating bath. 
 
 

Chemical compounds  Concentration 

Zinc chloride 0.4 M 

Amonium chloride 2.2 M 

Boric acid 0.35 M 

Polyacrylamide (MW = 200,000)    0.2 – 1.5 g/l 

Thiourea 0.02 - 0.5 g/l 

pH 4.7 
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(a)             (b) 
 
 

         
 
(c)             (d) 
 

 

Figure (5.1): SEM images for zinc electrodeposited at different pulse peak current               

densities. (a) 0.4 A/cm2, (b) 0.8 A/cm2, (c) 1.2 A/cm2, (d) 1.6 A/cm2.   
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            (b) 
 
 
 

Figure (5.2): FESEM images for zinc electrodeposited at Jp = 2 A/cm2. (a) surface view, 

(b) cross-sectional view. 
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Figure (5.3): Grain-size distribution of nanocrystalline zinc electrodeposited

from zinc chloride electrolyte with additives at JP = 2 A/cm2.
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(a)          (b) 

 
 

          
 

(c)          (d)   
 

 

Figure (5.4): Effect of peak current density on the surface morphology of zinc deposited 

from chloride-based electrolyte without additives: (a) 0.4 A/cm2, (b) 0.8 A/cm2, (c) 1.6 

A/cm2, and (d) 2 A/cm2. 
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Figure (5.5): X-ray diffraction patterns for zinc electrodeposited at different 
peak current densities.
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Figure (5.6): Variations of microhardness, grain size, and preferred orientation
of zinc electrodeposits as a function of pulse peak current density.
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Figure (5.7):  Hardness comparison of nc zinc (present study) produced from zinc 
chloride-based electrolyte among hardness of polycrystalline zinc [17], nc zinc 
produced by gas condensation [17], mechanical attrition [18], and laser ablation [19].
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Figure (5.8): Effect of additives on the ohmically corrected deposition overpotential
of zinc deposits at different pulse current densities
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Fig. (5.9): Variation of microhardness and sulfur content with pulse current density
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CHAPTER SIX 

 

6.0 IMPROVED CORROSION BEHAVIOR OF ANOCRYSTALLINE ZINC 

PRODUCED BY PULSE-CURRENT ELECTRODEPOSITION 

 

6.1 Abstract 

Pulse electrodeposition was used to produce nanocrystalline (nc) zinc from zinc 

chloride electrolyte with polyacrylamide and thiourea as additives. Field emission 

scanning electron microscopy (FESEM) was used to study the grain size and surface 

morphology of the deposits, and x-ray diffraction was used to examine their preferred 

orientation. Corrosion behavior of the electrodeposited nc zinc in comparison with 

electrogalvanized (EG) steel in de-aerated 0.5 N NaOH solution was studied using 

potentiodynamic polarization and impedance measurements. A scanning electron 

microscope (SEM) was used to characterize the surface morphology of the EG steel 

before corrosion testing. Surface morphologies of nc zinc deposits and EG steel were also 

studied after potentiondynamic polarization by SEM. Nanocrystalline zinc (56 nm) with 

random orientation was produced. The corrosion rate of nc zinc was found to be about 

60% lower than that of EG steel, 90 µA/cm2 and 229 µA/cm2, respectively. The surface 

morphology of corroded nc zinc was characterized by discrete etch pits, however, 

uniform corrosion was obtained after potentiodynamic polarization of EG steel. The 

passive film formed on the nc zinc surface seems to be a dominating factor for the 

corrosion behavior observed.  
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6.2 Introduction 

There is a significant interest in the production and development of 

nanocrystalline (nc) materials because of their unique properties and applications in 

science and technologies.  Nanocrystalline materials are characterized by crystallites with 

grain size less than 100 nm and high-volume fraction of the grain boundary which may 

comprise as much as 50% of the total crystal volume [1]. The small grain size and the 

high-volume fraction of grain boundaries may result in corrosion behavior different from 

that of polycrystalline materials. Corrosion behavior of nc alloys has been assessed by 

several techniques in various environments [2-4]. Zeiger et al. [2] reported enhanced 

corrosion resistance of nc FeAl8 in Na2SO4 solution (pH = 6). The authors attributed this 

enhanced corrosion resistance to the fast diffusion of Al in the grain boundaries which 

form a protective oxide film. Thorpe et al. [3] determined that the corrosion resistance of 

nc Fe32Ni36Cr14P12B6 was greater than that of its amorphous counterpart. However, only 

limited knowledge is available on the corrosion of pure nc metals. Rofagha et al. [5] 

investigated the corrosion behavior of nc nickel (99.99%, 32 nm grain size) and coarse 

grained nickel (99.99%, 100 µm grain size) in sulphuric acid media. They found that the 

corrosion potential of nc nickel was shifted about 200 mV positive than that of 

polycrystalline nickel. However, nanocrystalline processing of nickel catalyzes hydrogen 

reduction processes, reduces the kinetics of passivation, and compromises passive film 

stability.  

Zinc is the most widely used material for protection of steel against corrosion. 

The success of using zinc as a steel coating can be attributed to its sacrificial nature, low 

cost, and ease of application (hot-dipping or electroplating). However, a zinc coating 
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must be thick enough to endure attack of a corrosive environment [6]. The major 

drawback of thick coatings is poor weldability and difficulty to achieve a specular finish 

after painting. This provides the need to develop thinner electrodeposited coatings with 

improved properties such as hardness, ductility, corrosion, etc. 

Pulse electrodeposition can be used as a means of producing unique structures 

with improved properties, i.e., coatings with properties not obtainable by d.c. plating. 

Pulse electrodeposition has been reported to improve the deposition process and deposit 

properties such as porosity [7], ductility [8], hardness [9], and surface roughness [10]. 

Accordingly, it is expected that pulse electrodeposition may also produce zinc coatings 

with different corrosion properties. 

Many investigations have studied the corrosion behavior of zinc coatings in 

various solutions using potentiodynamic polarization tests [e.g., 11-13], impedance 

measurements [14], and salt spray test [15]. However, no study has been reported (to our 

knowledge) on the corrosion behavior of nanocrystalline zinc coatings. Therefore, the 

main objective of the present work was to study the corrosion behavior of nanocrystalline 

zinc produced by pulse electrodeposition using potentiodynamic polarization and 

impedance measurement techniques and compare this behavior with that of conventional 

electrogalvanized (EG) steel. 
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6.3 Experimental 

 
6.3.1 Synthesis of nanocrystalline zinc 

Nanocrystalline zinc was produced by pulse electrodeposition from a zinc 

chloride electrolyte with polyacrylamide ([-CH2-CH(CONH2)-]n, Fisher Scientific) and 

thiourea (CH4N2S, Aldrich) as additives. The electrolyte composition, bath conditions, 

and pulse-electrodeposition parameters are listed in Table 6.1. The electrolyte was 

prepared by dissolving analytical grades of ZnCl2, NH4Cl, and H3BO3 (Fisher Scientific) 

plus additives in de-ionized water. A detailed discussion of the experimental procedure is 

given elsewhere [16]. After pulse electrodeposition, the zinc deposits were rinsed 

immediately in de-ionized water, dried, and subjected directly to characterization and 

property measurements. A field emission scanning electron microscope (JEOL 6400F) 

was used to examine the grain size and both surface and cross-sectional morphologies of 

the nanocrystalline zinc deposit. X-ray diffraction (XRD) analysis was carried out by 

using a Rigaku diffractometer (model D/MAX A series x-ray) with Cu-Kα radiation (λ = 

0.15405 nm).  The x-ray scan rate was 0.6°/min for 2θ ranging from 30 to 140°. Preferred 

orientation of the zinc electrodeposits was calculated from the x-ray data according to the 

method proposed by Berube and Esperance [17].  

 

6.3.2 Corrosion testing 

Beside the nc zinc deposits produced in this study, electrogalvanizd (EG) steel 

samples (provided from United States Steel Corporation) were also tested for comparison 

purposes. 
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6.3.2.1 Sample surface preparation  

In order to provide a reproducible surface for corrosion analysis, nc zinc deposits 

and EG-steel sample surfaces were prepared according to the procedure reported by 

Ashton and Hepworth [18]. The samples were mechanically polished by wet grinding 

down to 600 mesh-grit using standard metallographic techniques. This process was 

followed by polishing with 5- and 0.3-µm alumina paste. Subsequently, these samples 

were etched in 8 N HNO3 for 2 seconds and electropolished at 0.05 V vs. saturated 

calomel electrode (SCE) in a solution of equal parts of 85% orthophosphoric acid and 

absolute ethanol for a charge passage of 5 C/cm2 (approximately 2-µm thickness of zinc). 

After each of these previous steps, the samples were rinsed with de-ionized water. 

Optical microscopy was used to examine the samples surfaces for scratches or pits. The 

pretreated electrode surfaces have a mirror-like finish. 

 

6.3.2.2 Cell assembly and electrolyte 

 The electrochemical cell of 250-ml capacity was used with a platinum foil of 1 

cm2 as a counter electrode. The working electrode was either nc zinc or EG steel with an 

exposed area of 0.317 cm2. The reference electrode was a saturated calomel electrode 

(SCE) attached to the cell through a Luggin-Haber capillary tube. The distance between 

the capillary tube tip and the working electrode was 2 mm. 

 The electrolyte consisted of 0.5 N NaOH solution made up from de-ionized water 

and reagent grade NaOH (Fisher Scientific). This electrolyte, with a pH value of 13.6, 

was de-aerated with ultra high purity (UHP) nitrogen gas for 30 minutes. During 

corrosion-rate measurements, a nitrogen atmosphere was maintained above the solution. 
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All corrosion tests were conducted at 25±1°C using freshly prepared specimens and 

electrolyte. At least three replicates were used for every corrosion-rate measurement. 

  

6.3.2.3 Potentiodynamic polarization testing 

The potentiodynamic anodic polarization technique was used to determine the 

corrosion rate for both nc zinc and EG steel. Corrosion testing was conducted using an 

EG&G Princeton Applied Research Model 273 potentiostat. Upon immersion of the 

electrodes into the corrosive electrolyte, the working electrode was immediately 

polarized to –1 V vs SCE for 5 minutes. After this anodic pre-polarization step, the 

electrode was left at open-circuit potential for 10 minutes in order to stabilize the 

corrosion potential (Ecorr). This electrochemical pretreatment procedure was found to 

yield reproducible polarization curves. 

Potentiodynamic anodic polarization tests were carried out by sweeping the 

potential at a scan rate of 10 mV/sec from –1600 to 500 mV (vs. SCE). Potentiodynamic 

scan data were collected to determine the electrochemical parameters shown in Table 6.2: 

corrosion potential (Ecorr), passivation potential (Ep), maximum current density (im) at the 

passivation potential, and passive current density (ip). The surface morphology and extent 

of corrosion of the samples were examined by a Hitachi scanning electron microscope 

(model S3200N). Also, this SEM was used to characterize the surface morphology of the 

EG steel before corrosion testing.  

Anodic Tafel slope (βa) and cathodic Tafel slope (βc) were determined from 

different samples by scanning the potential at 10 mV/sec from Ecorr to +200 mV and from 

Ecorr to –200 mV (vs. SCE), respectively. 
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Linear polarization resistance (Rp) experiments were also conducted at a scan rate 

of 0.1 mV/sec in order to determine the value of Rp.  These experiments were carried out 

by scanning the potential from –25 mV to +25 mV (vs Ecorr).  

 

6.3.2.4 Alternating current impedance measurements 

 Alternating current (ac) impedance measurements were made using a BAS-

Zahner IM6e impedance analyzer. The frequency range analyzed was 0.01 Hz to 100 kHz 

with a 5-mV peak amplitude about the corrosion potential. Before conducting the ac 

impedance experiments, the cell electrodes were kept in the de-aerated 0.5 N NaOH 

solution for 15 minutes in order to stabilize the corrosion potential. The equivalent-circuit 

simulation program SIM (Thales software [19]) was used for data analysis, synthesis of 

the equivalent circuit, and fitting of the experimental data.  

 

6.4 Results and Discussion 

 

6.4.1 Synthesis of nc zinc and EG steel grain size 

Figure 6.1 shows FESEM micrographs for the surface and cross-sectional 

morphologies of the nc zinc deposit. The average grain size of the deposit is 56 nm 

(Figure 6.2). As revealed from the x-ray diffraction pattern (Figure 6.3), nc zinc deposit 

has a random (10 1 1) orientation and an average grain size of 60 nm, as determined from 

XRD line-broadening  (Scherrer’s formula [20]). This grain size value is consistent with 

56 nm calculated from the FESEM images. As discussed in [16], the formation of nc zinc 
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deposit is attributed to the high-pulse current density (2 A/cm2) and the presence of 

polyacrylamide and thiourea additives.  

Figure 6.4 shows the SEM image for EG steel surface before preparation for the 

corrosion testing. As can be seen from Figure 6.4, the grain size of EG steel ranges from 

10 to 20 µm. 

 

6.4.2 Corrosion analysis  

 

6.4.2.1 Potentiodynamic polarization studies 

 Typical polarization curves obtained for nc zinc deposits and EG steel samples in 

de-aerated 0.5 N NaOH solution are shown in Figure 6.5. These curves have qualitatively 

similar behavior but with different values of their electrochemical parameters. Since all 

corrosion tests were conducted in de-aerated zincate-free solution, the only feasible 

cathodic reaction is evolution of hydrogen from water reduction (cathodic region AB). 

 
                                2H  - -O + 2e 2(OH) + H (6.1)2 2↔

 
 

However, the anodic polarization part consists of several regions which, in part, 

can be attributed to the formation of an oxide film on the nc zinc and EG steel surfaces. 

At point B, with increasing potential in the anodic direction, zinc dissolution occurs 

according to the overall reaction [18]: 

 

                                   - -2 -
4Zn + 4(OH) Zn(OH) + 2e (6.2)↔
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The active dissolution of zinc continues with increasing potential until the zincate 

concentration reaches a critical value and supersaturates the zinc surface (point C).  Sergi 

et al. [21] report an oxide or hydrated oxide is formed on zinc when immersed in sodium 

hydroxide solution. These insoluble zincate salts (ZnO or Zn(OH)2) cover the surface of 

the corroded samples and create the plateau region (CD) where the current density is 

independent of potential over approximately a 150 mV span. Abayarathna et al. [22] have 

suggested that zincate film formed in region CD is not protective and film formation is a 

mass-transport limited process. Onset of nc zinc and EG steel passivation started at point 

D where the current density drops with increasing potential. Region EF represents the 

passive region of nc zinc and EG steel. 

The electrochemical parameters (Ecorr, Ep, im, and ip) for both nc zinc and EG steel 

samples (calculated from the polarization curves of three replicates) are shown in Table 

6.2. It is evident that, although the corrosion potential of EG steel ( E = -1455 mV) is 

more positive than that of nc zinc ( = -1470 mV), the nc zinc sample exhibits a more 

protective film (improved passivation behavior) than that of EG steel. This is evident by 

the lower current densities from onset of passivation through the transpassive region. 

Apparently, the nanocrystalline structure enhances both the kinetics of passivation and 

the stability of the passive film formed. A similar behavior was observed in the literature 

[18, 22] in which the corrosion behavior of zinc samples with different preferred 

orientations in de-aerated 0.5 N NaOH solution was studied. The integrity of the oxide 

film formed on the (0001) zinc surface, relative to other orientations, was attributed to the 

lower i

EG
corr

nc
corrE

p value. Therefore, it can be deduced that the film formed on nc zinc deposit has a 
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lower leakage current density ( = 210 µA/cmnc
pi 2 and i = 828 µA/cmEG

p
2) and therefore 

more protection characteristics than that on EG steel.  

=

 

Tafel plots for the nc zinc and EG steel sample are shown in Figure 6.6. Table 6.3 

illustrates the resulting anodic (βa) and cathodic (βc) Tafel slopes of both nc zinc and EG 

steel. It can be seen that the anodic Tafel slope of nc zinc (about 40 mV/decade) is lower 

than that of EG steel (about 59 mV/decade). Also, the cathodic Tafel slope of nc zinc 

(about 107 mV/decade) is lower than that of EG steel (about 128 mV/decade). It has been 

established that lower values of Tafel slopes results in lower corrosion current density (as 

can be seen from equation 6.3 [23]). 

 

                                      a c
corr

p a c

β ×β (6.3)
2.303×R (β +β )

i  

 

It can also be realized from the Tafel plot (Figure 6.6) that, at the same anodic 

current density, the difference between the potential and Ecorr of nc zinc is more positive 

than that of EG steel. This finding indicates that nc zinc exhibits a higher activation 

energy for dissolution than that of EG steel which results in a lower corrosion rate for nc 

zinc. In other words, it can be seen that cathodic current density of EG steel increases by 

about half a decade from that of nc zinc over almost the cathodic Tafel branch. Whereas, 

anodic dissolution current density increases by a factor of two in the overpotential range 

from 5 to 40 mV. Therefore the lower current density of nc zinc indicated in the Tafel 

plot is consistent with more inhibition of the active dissolution of nc zinc deposits.  
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 Figure 6.7 shows replicate polarization resistance curves of nc zinc and EG steel 

in de-aerated 0.5 N NaOH solution and indicates good reproducibility. The average value 

of the polarization resistance (Rp) was determined from the slope of the current-potential 

line in the range of ± 4 mV about the corrosion potential (Figure 6.7): 

 

                                                p
i 0

dER (
di →

 =  
 

6.4)  

 

The average polarization resistance values calculated from Figure 6.7 are listed in 

Table 6.3.  Nanocrystalline zinc possesses a higher polarization resistance (about 140 

ohm cm2) than that of EG steel (about 77 ohm cm2), which also indicates a lower 

corrosion rate (see equation 6.3). 

The determination of the nc zinc and EG steel corrosion rates was carried out by 

the polarization resistance using the Stern-Geary equation [21] (equation 6.3). Table 6.3 

shows the calculated average corrosion rates of nc zinc and EG steel in de-aerated 0.5 N 

NaOH solution. Nanocrystalline zinc deposits show about 60% lower corrosion rate 

( = 90 µA/cmnc
corri 2) than that of EG steel ( i = 229 µA/cmEG

corr
2). 

 Figure 6.8 shows the SEM images of nc zinc and EG steel surfaces after a 

potentiodynamic polarization test. In the case of nc zinc, the corrosion sites are discrete, 

etch-pit like morphology. These discrete etch pits are an indication that corrosion initiates 

from defect sites of the oxide film. However, EG steel morphology shows uniform 

corrosion which indicates a less protective surface film. 
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6.4.2.2 Alternating current impedance study 

 Figure 6.9 shows Nyquist impedance plots of nc zinc and EG steel samples in de-

aerated 0.5 N NaOH solution at 25±1°C. At high frequencies, both plots exhibit 

approximately a semicircle curve which corresponds to a charge-transfer resistance (Rct) 

in parallel with an equivalent capacitance (Ce). The capacitance can be a combination of 

the double-layer and oxide film capacitances.  A diffusion-controlled charge transfer is 

observed at low frequencies, as depicted in Figure 6.9, where a Warburg type impedance 

(Zω) appears below 3 Hz for both nc zinc and EG steel. A solution resistance (RΩ) 

between the reference electrode and the working electrode is also observed. The 

simplified equivalent circuit shown in Figure 6.9 was proposed to model the oxide film 

and zinc-electrolyte interface. The simulation program (SIM) was used to build the 

proposed equivalent circuit and fit it to the experimental data. The calculated impedance 

from the best fit parameters are plotted in Figure 6.9 and show good agreement to the 

experimental data for both nc zinc and EG steel. The average values of Rct and Ce are 

listed in Table 6.4. Nanocrystalline zinc has a higher charge-transfer resistance value than 

that of EG steel ( = 48 ohm cmnc
ctR 2 and = 27 ohm cmEG

ctR 2), whereas its equivalent 

capacitance value is lower than that of EG steel ( = 69 µF/cmnc
eC 2 and C = 227 

µF/cm

EG
e

2). The increase of Rct signifies a decrease in the corrosion current density. Charge 

transfer resistance values of nc zinc and EG steel are lower than their polarization 

resistances (Tables 6.3 and 6.4). An interpretation of these differences might be due to 

that surface changes occurring during potentiodynamic polarization and ac impedance are 

not similar. However, it can also be realized from Tables 6.3 and 6.4 that: 
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nc nc
p ct
EG EG
p ct

R R= = 1.8 (6.5)
R R

 

which reveals the same resistance change for nc zinc relative to that of EG steel using 

either potentiodynamic polarization or ac impedance technique. This is consistent with 

the results reported for zinc single crystals with different preferred orientations [24]. 

Furthermore, Sergi et al. [21] stated that the coverage of the oxide film formed on 

the zinc surface could be complete or patchy. The present results confirm that the 

coverage of the oxide film is more complete on the nc zinc surface which is consistent 

with the result that nc zinc has lower capacitance value. This is because a lower 

capacitance is usually associated with a more protective film [22]. This result is also 

consistent with the etch pit morphology of nc zinc (Figure 6.8) which indicates complete 

coverage and so more protective film than that of EG steel. 

Our results demonstrate that the corrosion resistance of nc zinc is higher than that 

of EG steel, but this behavior contradicts the results reported in the literature regarding 

corrosion of pure nc nickel [5]. Because the defect density (mainly grain boundary 

fraction) of nc materials is very high compared to that of polycrystalline materials, the 

opposite trend in corrosion rates from what we determined might be expected. An 

explanation for this unexpected behavior can be related to the good nature of the passive 

film. The oxide film formation on the corroded surface is diffusion controlled, and it is 

reported that diffusion of elements in nc materials is much higher than that in 

polycrystalline materials [25]. Therefore, corrosion resistance of nc zinc, which is due to 

the formation of passive film, is higher than that of EG steel. 
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6.5 Summary 
 

 The corrosion behavior of nc zinc deposits (average grain size = 56 nm) compared 

to that of EG steel samples (8-20µm) in de-aerated 0.5 N NaOH solution at 25 ± 1°C was 

investigated by potentiodynamic polarization and a.c. impedance techniques. 

Potentiodynamic studies indicated that nc zinc deposits exhibit a lower corrosion rate 

( = 90 µA/cmnc
corri 2) than that of EG steel ( = 229 µA/cmEG

corri

EG
e

2). The oxide film formed on 

nc zinc was more protective than that on EG steel. This finding was confirmed by the ac 

impedance technique through the lower average capacitance (Ce) value of nc zinc than 

that of EG steel ( = 69 µF/cmnc
eC 2 and = 227 µF/cmC 2). The corroded surface of nc 

zinc shows discrete etch pit morphology, while a uniform corrosion was observed on the 

EG steel surface. 
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Table 6.1: Chemical composition and pulse-electrodeposition parameters of nc zinc 

deposit  

 
 

Variable  Range 

Zinc chloride  0.4 M 

Amonium chloride 2.2 M 

Boric acid 0.35 M 

Polyacrylamide (MW = 200,000)    0.7 g/l 

Thiourea 0.66 mM 

Temperature 25 ± 1°C 

pH 4.7 

Peak current density, Jp 2 A/cm2  

Current-on time, Ton 0.1 ms 

Current-off time, Toff 1 ms 
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Table 6.2: Electrochemical parameters of nc zinc and EG steel in de-aerated 0.5 N NaOH  

at 25±1°C. 

Sample 
Ecorr 

(mV) 

Ep 

(mV) 

im 

(µA/cm2) 

ip 

(µA/cm2) 

nc zinc  -1470 ± 1.4 -1362 ± 7 4503 ± 181 210 ± 12 

EG steel -1455 ± 3.6 -1342 ± 5 3895 ± 58 828 ± 14 
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Table 6.3: Corrosion rate of nc zinc and EG steel in de-aerated 0.5 N NaOH at 25±1°C. 

Sample 
βa 

(mV/decade) 

βc 

(mV/decade) 

Rp 

(ohm cm2) 

icorr 

(µA/cm2) 

nc zinc  40 ± 1.2 107± 9.2 140 ± 5.7 90  

EG steel 59 ± 3 128 ± 1.5 77 ± 14 229 
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Table 6.4: Polarization resistance and capacitance of nc zinc and EG steel in de-aerated 

0.5 N NaOH at 25±1°C calculated from ac impedance data. 

Sample 
Rct 

(ohm cm2) 

Ce 

(µF/cm2) 

nc zinc  48 ± 3 69 ± 6  

EG steel 27 ± 1 227 ± 7 
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             (a) 
 
 

 
 
            (b) 
 

Figure 6.1: FESEM images for nanocrystalline zinc deposit (a) surface view, (b) cross-

sectional view. 
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Figure 6.2: Grain size distribution of nanocrystalline zinc deposit from Figure 6.1. 
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Figure 6.3: X-ray diffraction pattern of nanocrystalline zinc deposit. 
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Figure 6.4: SEM image of electrogalvanized (EG) steel surface. 
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Figure 6.5: Polarization curves of nc zinc and EG steel in de-aerated 0.5 N NaOH. 
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Figure 6.6: Comparison between Tafel plots for nc zinc and EG steel in de-aerated 0.5 N 

NaOH solution. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 

 129 



 

Current density, mA/cm2
-0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1.0

Po
te

nt
ia

l r
el

at
iv

e 
to

 E
, m

V
co

rr

-30

-20

-10

0

10

20

30

nc zinc - 1 
nc zinc - 2
nc zinc - 3 
nc zinc - 4 
nc zinc - 5  

(a)

Current density, mA/cm2
-1.2 -0.8 -0.4 0.0 0.4 0.8 1.2 1.6

Po
te

nt
ia

l r
el

at
iv

e 
to

 E
, m

V
co

rr

-30

-20

-10

0

10

20

30

EG steel - 1
EG steel - 2
EG steel - 3
EG steel - 4
EG steel - 5

(b)

 
 
Figure 6.7: Polarization resistance curves of nc zinc (a) and EG steel (b) in de-aerated 0.5 N NaOH solution indicating reproducibility  

at a scan rate of 0.1 mV/sec. 
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Figure 6.8: SEM images of nc zinc (a) and EG steel (b) in de-aerated 0.5 N NaOH after potentiodynamic polarization. 
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Figure 6.9: Nyquist impedance plots of nc zinc and EG steel samples in de-aerated 0.5 N NaOH solution at 25±1°. 
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CHAPTER SEVEN 

 

7.0 INFLUENCE OF ADDITIVES AND PULSE ELECTRODEPOSITION 

PARAMETERS ON THE PRODUCTION OF NANOCRYSTALLINE ZINC 

FROM ZINC CHLORIDE-BASED ELECTROLYTE 

 

7.1 Abstract 

 Pulse electrodeposition was used to produce nanocrystalline zinc from a zinc 

chloride-based electrolyte with polyacrylamide (PAA) and thiourea as additives. The 

influence of additive concentration and pulse electrodeposition parameters, namely, 

current on-time, current off-time, and peak current density on the grain size, surface 

morphology, and preferred orientation was investigated. The grain size and surface 

morphology of zinc deposits were studied by scanning electron microscopy (SEM) and 

field emission scanning electron microscopy (FESEM). The preferred orientation of zinc 

deposits was studied by x-ray diffraction. The optimum concentrations of polyacrylamide 

and thiourea in the bath that give the finest grains were 0.7 and 0.05 g/L, respectively. At   

constant current off-time and peak current density, the grain size decreased 

asymptotically with increasing current on-time. An increase in the current off-time at 

constant current on-time and peak current density resulted in grain growth. A progressive 

decrease of the grain size was observed with increasing peak current density at constant 

current on- and off-time. Nanocrystalline zinc with an average grain size of 50 nm was 

obtained at peak current density of 1000 mA/cm2. The crystal orientations developed 

were correlated to the variation in the cathode overpotential accompanied with changing 
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the electrodeposition parameters. A (  preferred orientation was developed at low 

overpotential while higher overpotential developed an

1013)

( orientation.  1122)

 

7.2 Introduction 

Zinc electrodeposits are predominantly used to protect steel against corrosion. 

The processing conditions, which include conditions of electrolysis and bath 

composition, have a profound effect on the properties of zinc electrodeposits such as 

grain size, surface morphology, and preferred orientation.   It has been reported that using 

proprietary organic additives in a zinc sulfate electrolyte alters the electrocrystallization 

processes and results in a smoother surface with a finer grain size [1]. Loto and Olefjord 

[2] used thiourea as an additive with acid chloride solution. Although they report no 

reduction in grain size, nonporous zinc electrodeposits were obtained. It has also been 

reported that zinc electrodeposits produced from zinc chloride electrolyte with additives 

(animal glue) under direct current plating conditions develop a sequence of preferred 

orientations in the order of (10 1 3), (10 1 2) (11 2 4) (11 2 2), (10 1 1), (11 2 0). This 

textural development in zinc electrodeposits is linked with increasing cathodic 

overpotential [3]. 

Pulse electrodeposition has been found to be a powerful means for controlling the 

electrocrystallization process and hence producing deposits with unique structures and 

properties. Pulse electrodeposition yields ultrafine-grained structures and more 

homogenous surface appearance of the deposit because a higher instantaneous current 

density is possible during deposition by using pulse control than that by direct current 

plating [4]. By pulse electrodeposition at high current density (2000 mA/cm2), we were 
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able to produce nanocrystalline zinc deposit from zinc chloride-based bath with an 

average grain size of 56 nm [5].  

The interesting results that we obtained encouraged us to explore the influence of 

pulse electrodeposition parameters (current on time (Ton), current off-time (Toff), and 

peak current density (Jp)) on the structure characteristics of zinc deposits. The goal of the 

present study is to produce nanocrystalline zinc and to investigate the effect of pulse 

electrodeposition parameters on the grain size, surface morphology, and preferred 

orientation of zinc deposits. 

 

7.3 Experimental 

 

7.3.1 Electrolyte and electrolytic cell 

Table 7.1 shows the composition of the electrolyte used in this study to produce 

12.5-µm thick zinc deposits. The electrolyte was prepared by dissolving analytical grade 

ZnCl2, NH4Cl, and H3BO3 (Fisher Scientific) in deionized water. Polyacrylamide (Fisher 

Scientific) and thiourea (Aldrich) were added to the electrolyte and stirred until 

dissolved. All electrodeposition experiments were carried out at 23±1°C. 

Pulse electrodeposition of zinc deposits was carried out using a rotating disc 

electrode in a 250-ml cell. A 4-cm2, high-purity (99.99 %) zinc sheet (Aldrich) was used 

as a soluble anode. A cold-rolled, low-carbon steel disk was used as the cathode with an 

exposed surface area of 0.317 cm2 and 0.1-cm thickness. Details of the substrate 

preparation for deposition are prescribed elsewhere [5]. In order to check the 

reproducibility, at least two replicates were used for every measurement. 
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7.3.2 Pulse electrodeposition procedure 

 

7.3.2.1 Optimization of additive concentration 

In order to find the optimum concentration of both PAA and thiourea (i.e., that 

produced the smallest and most uniform grain size of zinc deposit), different 

concentrations of PAA (from 0 to 1 g/L) were added in preliminary exploratory 

experiments to the electrolyte in the presence of a constant concentration of thiourea 

(0.05 g/L) and fixed electrodeposition parameters. The current on-time (Ton), current off-

time (Toff), and pulse peak current density (Jp) were kept at 5 and 9 ms, and 800 mA/cm2, 

respectively. Then the optimum PAA concentration was used with these same 

electrodeposition parameters to investigate the effect of thiourea content (in the range 

from 0 to 0.1 g/L) on the microstructure and grain size of zinc deposits. 

 

7.3.2.2 Pulse electrodeposition parameters 

 In pulse electrodeposition, three parameters influence the deposit microstructure 

and properties: current on-time (Ton), current off-time (Toff), and peak current density (Jp). 

The effect of pulse electrodeposition parameters on the deposit characteristics (e.g., grain 

size and surface morphology) is commonly investigated in several ways. For instance, 

Kim and Weil [6] and also Sun et al. [7] investigated the influence of Ton and Toff on 

nickel electrodeposition by varying the pulse frequency f, where f = 1/(Ton +Toff), at 

constant peak current density and duty cycle θ, where θ = Ton/(Ton+Toff). It is reported by 

El-Sherik et al. [8] that both pulse frequency and duty cycle are mathematical quantities 

obtained from the original pulse parameters (Ton and Toff) and thus do not reflect the 
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effects of Ton and Toff separately.  Similarly, several ways can be used to examine the 

effect of Jp [4]; for example, Jp can be increased at a constant Ton and a constant average 

current density (Jm), where Jm = Jp×θ  [4]. This method of investigation has the 

disadvantage that Toff cannot be kept constant, and thus the observed effect on the deposit 

characteristics might be attributed to higher Jp and increased Toff [4]. Accordingly, in our 

work we study the effect of one parameter (Ton, Toff, or Jp) while the other two are held 

constant. Based on preliminary work [5] and review of the literature, the range of pulse 

electrodeposition variables investigated in this study is shown in Table 7.2. 

  A PowerLab/4s (Chart version 4.1.2, ADInstruments) was used to generate the 

current waveforms and record both the current and the potential between the cathode and 

the reference electrode (SCE). A PAR 173 potentiostat/galvanostat was used to supply 

the current. The uncompensated ohmic potential drop (IRu) between the working and 

reference electrodes was calculated from the measured uncompensated ohmic resistance 

(Ru). The ohmically corrected overpotential was determined by subtracting the open-

circuit potential from the ohmically corrected working electrode potential. In the window 

of values used in this study for Ton and Toff, the potential was essentially constant during 

the respective on- and off-times.  

 

7.3.3 Characterization of zinc deposits 

A Hitachi scanning electron microscope (model S3200N) was used to characterize 

the surface morphology of zinc electrodeposits that had a relatively large grain size (> 1 

µm). A field emission scanning electron microscope (JEOL 6400F) was used to examine 
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the grain size and surface morphology of the ultrafine-grained and nanocrystalline zinc 

deposits. 

X-ray diffraction analysis was carried out by using a Rigaku diffractometer 

(model D/MAX A series x-ray) with Cu-Kα radiation (λ = 0.15405 nm).  The x-ray scan 

rate was 0.6°/min for 2θ ranging from 30 to 140°. Preferred orientation of the zinc 

electrodeposits was calculated from the x-ray data according to the method proposed by 

Berube et al. [9] and illustrated in Appendix A.  

 

7.4 Results and Discussion 

 

7.4.1 Effect of additives 

It is well known that small amounts of additives in an electrodeposition bath can 

dramatically affect the structure characteristics of the deposit. Therefore, it is essential to 

optimize the concentration of additives in the electrolyte before examination of the pulse- 

electrodeposition parameters. 

 

7.4.1.1 Effect of polyacrylamide (PAA) 

To examine the influence of PAA concentration in the electrolyte on the resulting 

surface morphology and grain size, zinc deposits were produced using the 

electrodeposition parameters shown in Table 7.3. The thiourea concentration was kept at 

0.05 g/L throughout these experiments. The PAA concentration in the electrolyte was 

varied from 0 to 1 g/L. 
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 Figure 7.1 shows the surface morphology of zinc deposits obtained at various 

PAA concentrations. For the PAA-free electrolyte (Figure 7.1a) the deposit surface 

morphology  is comprised of pyramidal-shaped grains with an average size of 3.1 µm. 

Increasing the PAA concentration to 0.1 g/L (Figure 7.1b) results in disappearance of the 

sharp edges of the pyramidal grains accompanied with a slight reduction in the grain size. 

There is lack of information in the literature to compare with our results about the 

morphology changes and the grain size of zinc deposits with PAA additions. However, 

some studies on direct current plated [10] and pulse-plated [8] nickel from organic 

additives show a similar morphology. These studies find that the presence of additives 

results in inhibition of pyramidal growth and reduction of the grain size, which is 

consistent with our results. As can be seen from Figure 7.1, the grain size of zinc deposits 

drastically decreased with increasing PAA concentration above 0.4 g/L. Figure 7.2 shows 

the grain size of zinc deposits as a function of PAA concentration determined from the 

SEM and FESEM micrographs. The grain size initially decreases rapidly with PAA 

concentration and then levels off at PAA concentrations above 0.7 g/L. Therefore, the 

optimized PAA concentration used for the remainder of this study is 0.7 g/L, which gives 

the smallest grain size (85 nm) of the zinc deposits. 

 The ability of PAA to refine the grain size may be due to a combined effect of: (1) 

increasing the overpotential with increasing PAA concentration and (2) retardation of 

growth and increase in the effective nucleation rate. Figure 7.2 also shows the effect of 

PAA concentration on the ohmically corrected deposition overpotential. The 

overpotential becomes more negative with increasing PAA concentration and reaches –98 

mV at PAA of 0.7 g/L, which corresponds to the smallest grain size of zinc deposits (85 
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nm). This is in agreement with the work of Kozlov et al. [11] who used direct current to 

deposit copper from a PAA-containing bath. They realized an increasing overpotential 

with reduction of copper-grain size. In addition, the adsorption of PAA on the cathode 

reduces the surface energy and therefore the work required for nucleation and 

accordingly increases the nucleation rate [11]. 

 The asymptotic grain size with increasing PAA concentration is likely due to the 

relative leveling off the overpotential (Figure 7.2) and/or saturation of adsorption sites at 

the cathode surface. For a similar system, Roth and Leidheiser [12] reported that a 

plateau behavior of the overpotential with increasing saccharin concentration in the bath 

was observed during nickel plating. 

 

7.4.1.2 Effect of thiourea 

The effect of thiourea on the surface morphology and grain size of zinc deposits 

was examined at the optimized PAA concentration (0.7 g/L). Electrolytes with thiourea 

concentrations from 0 to 0.1 g/L were prepared to produce zinc deposits under the 

electrodeposition parameters listed in Table 7.3. The surface morphologies of zinc 

deposits produced at four different concentrations of thiourea are shown in Figure 7.3. 

Also, the variation of the grain size of zinc deposits and cathode overpotential with the 

thiourea content in the bath is shown in Figure 7.4. Zinc deposits produced from thiourea-

free electrolyte (with 0.7 g/L PAA) show a prismatic-shaped morphology with an average 

grain size of 300 nm. The average grain size of these prismatic platelets decreases to 180 

nm with increasing the thiourea content to 0.01 g/L (Figure 7.3b). The finest grain 

 140 



deposit (85 nm) was obtained at a thiourea content of 0.05 g/L (Figure 7.3c). An increase 

in the thiourea content to 0.1 g/L (Figure 7.3d) results in essentially the same grain size. 

 Thiourea is known to have a brightening and leveling effect on deposits [13]. The 

brightness of zinc deposits produced in this study increased with thiourea content and 

reached a specular reflection (mirror-like surface) at a thiourea content of 0.05 g/L. In 

addition to this brightness effect, increasing thiourea content in the bath reduces the grain 

size (see Figures 7.3 and 7.4). Povetkin [14] studied the effect of thiourea on the structure 

of nickel coatings deposited from a sulfate bath. He argued that thiourea tends to decrease 

the crystal growth and grain size of nickel deposits and improves the surface smoothness, 

which is consistent with our results. The reduction of the grain size of zinc deposits can 

plausibly be explained in terms of increasing (more negative) cathodic overpotential with 

increasing thiourea content. Figure 7.4 shows the variation of the ohmically corrected 

deposition overpotential with thiourea content in the bath. The overpotential increases 

(more negative) with thiourea content and reaches its highest value (-98 mV) at a thiourea 

content of 0.05 g/L, which corresponds to the finest grain size of zinc deposits (85 nm). 

Thomas and Fray [15] studied the effect of thiourea on the morphology of zinc 

electrodeposited from zinc chloride electrolyte at high direct current densities. They 

report that the increase of cathodic overpotential arose from the presence of the thiourea 

in the bath. The asymptote in the grain size of zinc deposits at the thiourea content of 

0.05 g/L and higher may be due to the plateau behavior of the cathodic overpotential at 

these concentrations (Figure 7.4). Watson and Edwards [16] also detected polarization 

plateaux for thiourea in a nickel-plating bath. On the basis of the results, we conclude that 
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the optimum concentration of thiourea in the bath that gives the finest grain size of zinc 

deposit is 0.05 g/L and is used in the remainder of our studies. 

 

7.4.2 Effect of pulse electrodeposition parameters 

A review of the literature shows that increasing the peak current density tends to 

decrease the grain size of the deposits [e.g., 4, 5,17]. However, the effect of Ton and Toff 

on deposit characteristics cannot be predicted for a certain system. Puippe and Ibl [4] 

report that Ton and Toff do not always influence the structure in the same direction. They 

attributed this effect to the fact that each system may react differently during the 

electrocrystallization process that is mainly influenced by these parameters.  Therefore, 

we have studied the effect of the three relevant parameters (Ton, Toff, and Jp) on the 

deposit characteristics within the ranges listed in Table 7.2. The concentrations of PAA 

and thiourea were maintained at the optimized values of 0.7 and 0.05 g/L, respectively. 

 

7.4.2.1 Current on-time (Ton)  

The influence of Ton on the microstructure of zinc deposits was studied from 0.1 

to 7 ms. These tests were done by keeping Toff and Jp at 9 ms and 800 mA/cm2, 

respectively. A series of FESEM photomicrographs shown in Figure 7.5 represents the 

general trend in zinc deposit morphology and grain size as a function of Ton. At Ton = 0.1 

ms (Figure 7.5a), relatively small grains of zinc deposits were formed with pyramidal 

morphology. Increasing Ton to 1 ms (Figure 7.5b) tends to form arrays of zinc platelets 

that decreased in size with increasing Ton to 3 ms (Figure 7.5c). A nanocrystalline zinc 

deposit (85 nm) was obtained with increasing Ton value to 5 ms (Figure 7.5d). Thus, it is 
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realized that the grain size of zinc deposits decreases gradually with increasing current 

on-time up to 5 ms. The trend of decreasing grain size with increasing current on-time 

can best be explained by an increased number of nucleation sites caused by the higher 

overpotentials at longer current on-times. The variation of the cathodic overpotentials at 

the studied Ton values is shown in Figure 7.6, which reveals that the nanocrystalline zinc 

deposit was formed at the highest overpotential (-98 mV). Rehrig et al. [18] found a 

decrease in grain size of gold electrodeposits with increasing current on-time at a 

constant duty cycle and peak current density. This was attributed to an increased 

nucleation rate resulting from higher overpotential. Moreover, Yoshimura et al. [19] also 

observed an increase in overpotential with increasing Ton during electrodeposition of 

palladium. Further increase in Ton to 7 ms resulted in a relatively lower overpotential, 

which was accompanied by a relatively larger grain size structure (Figures 7.5 and 7.6). 

The reappearance of the large grains at the longest Ton (7 ms) may be explained by the 

large duty cycle value (44%), which is approaching direct current electrodeposition. A 

similar behavior was reported during electrodeposition of palladium [19]. It was argued 

that the thickness of the pulsating diffusion layer at the largest Ton used in this study (10 

ms) was close to that of the steady-state diffusion layer. Therefore, pulse plating of 

palladium resembled direct current electrolysis conditions and a large-grained structure 

was observed. 

The crystallographic orientation data of zinc deposits obtained with increasing Ton 

is shown in Figure 7.7. These data are in good agreement with the surface morphology 

results represented in Figure 7.5. Low-angle pyramidal texture (10 1 3) was formed at Ton 

= 0.1 ms, however, increasing Ton to 1 ms changed the orientation to the prismatic 
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(11 2 0) orientation. A combination of (11 2 0) and (11 2 2) orientations was obtained at 

Ton = 3 ms. Increasing Ton to 5 and 7 ms produces zinc deposits with a double texture, 

which includes the high-angle pyramidal (11 2 2) and prismatic (11 2 0) orientations. 

The change in orientation of zinc deposits may be explained in terms of 

differences in the electrode overpotential attained at various current on-times. It can be 

seen from Figures 7.6 and 7.7 that the increasing cathodic overpotential, which results 

from increasing current on-time, develops a transition of the orientation in the order of 

(10 1 3), (11 2 0), and (11 2 2). It has been postulated that conditions corresponding to 

small overpotential lead to crystallographic orientations of planes having higher atomic 

packing and preferred orientations of planes that exhibit low atomic packing requires 

higher cathodic overpotential, i.e., higher energy of formation [20]. At a current on-time 

of 0.1 ms and lowest overpotential (Figure 7.6), the number of adions per square 

centimeter is small. Therefore, the (10 1 3) orientation is favored, since it has the highest 

number of atoms (compared to (11 2 0) and (11 2 2) planes), which means the lowest 

activation energy for surface diffusion. Increasing the cathodic overpotential, (current on 

time of 1 ms) resulted in the evolution of (11 2 0) orientation. With increasing 

overpotential, the instantaneous concentration of adions for deposition increases. 

According to collision theory of reaction rates, increasing the adion concentration yields 

an increased activation energy [18]. Therefore, it is reasonable to suggest that high 

overpotential and adion concentration overcome this activation energy barrier and charge 

transfer competes with surface diffusion to develop the (11 2 0) orientation. Similarly, the 

(11 2 2) orientation, which has a more favorable free energy of formation than (10 1 3) 

and (11 2 0) will be formed at the highest overpotential that corresponds to current on-
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time of 5 ms (Figures 7.6 and 7.7). Also, it is worth noticing that small reduction of the 

overpotential at the current on-time of 7 ms results in reappearance of a stronger (11 2 0) 

orientation in the dual (11 2 0) and (11 2 2) orientation than that obtained at the on-time of 

5 ms; a result which supports our argument of the dependence of the orientation on the 

overpotential. This textural transition has not been reported in the literature before; 

however, Mackinnon et al. [3] realized a relatively similar textural transition during direct 

current plating of zinc deposits from zinc chloride-based electrolyte with additives. They 

found that the trend in the deposit orientation in relation with increasing cathodic 

overpotential follows the order (10 1 3), (10 1 2) (11 2 4) (11 2 2), (10 1 1), (11 2 0). Rehrig 

et al. [18] report that for pulsed electrodeposition of gold, the degree of (111) orientation 

was greatest at lowest current density, i.e. lowest overpotential; however, (100) 

orientation was developed at higher cathodic overpotential. 

  

7.4.2.2 Current off-time (Toff) 

The influence of current off-time on the grain size and morphology of zinc 

deposits is shown in Figure 7.8. These FESEM micrographs were obtained at off-times of 

9, 15, 25, and 50 ms with a constant current on-time of 5 ms and peak current density of 

800 mA/cm2. The grain size of zinc deposits increased gradually with increasing current 

off-time. The grain coarsening at longer off-times can be plausibly explained by 

desorption of some species (most likely additives and/or hydrogen) during the longer off-

times which activates the growth centers and results in grain growth. Also, zinc adatoms 

at longer off-times have more time to migrate over the crystal surface and enhance the 

grain growth process. Puippe [17] obtained grain coarsening during pulse plating of 
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copper and gold deposits at long off-times while Ton and Jp were held constant. They 

explained this trend in terms of a recrystallization process and argued that coarse grains 

are thermodynamically more stable and longer off-time provides enough time for the 

system to stabilize and therefore grain growth takes place. Another plausible explanation 

of the large grains is the lower cathodic overpotential with increasing current off-times 

(Figure 7.9). 

  Figure 7.10 shows the influence of current off-times on preferred orientation of 

the deposits. Increasing current off-time gradually alters the dual structure ((11 2 2) and 

(11 2 0)) formed at current off-times of 9 and 15 ms to the prismatic (11 2 0) orientation 

formed at longer off-times. The (11 2 2) peak gradually disappears with increasing current 

off-times from 15 to 50 ms; however, the prismatic (11 2 0) peak dominates with 

increasing off-times. This transition can be attributed to the lower values of the cathodic 

overpotential at longer off-times (Figure 7.9) as described earlier. 

 

7.4.2.3 Peak current density (Jp) 

The effect of peak current density on the microstructure characteristics of zinc 

deposits was examined in the range of 400 to 1000 mA/cm2. During these experiments, 

the concentration of PAA and thiourea and the values of current on-time and off-time 

were kept constant (Table 7.3). Figure 7.11 shows the effect of peak current density on 

the microstructure and surface morphology of zinc deposits. Large grains of zinc were 

obtained at 400 mA/cm2 (Figure 7.11a). However, increasing the peak current density to 

800 and 1000 mA/cm2 resulted in a drastic reduction of the grain size. An average grain 

size of 85 nm was obtained at Jp of 800 mA/cm2 (Figure 7.11b). At 1000 mA/cm2, 
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nanocrystalline zinc deposit with approximately spherical-shaped particles was obtained 

(Figure 7.11c). Figure 7.12 shows the grain size distribution of 240 grains of this zinc 

deposit, which yields an average grain size of 50 nm. 

The influence of peak current density on the preferred orientation of zinc deposits 

is illustrated in Figure 7.13. It is evident from this Figure that an increase of peak current 

density leads to the disappearance of the (11 2 0) orientation that was developed at 400 

mA/cm2 (Figure 7.13). A strong (11 2 2) preferred orientation was formed with increasing 

peak current density to 800 and 1000 mA/cm2. It is also worth noticing that increasing Jp 

from 400, 800, to 1000 mA/cm2 results in increasing (more negative) cathodic 

overpotential from –63, -98, to –138 mV, respectively. This result supports our earlier 

argument about the correlation of the texture with the value of the cathodic overpotential. 

 

7.5 Summary 

 Nanocrystalline zinc deposits with average grain sizes ranging from 50 to 95 nm 

were produced from a zinc chloride-based electrolyte with additives (PAA and thiourea). 

The optimized concentrations of PAA and thiourea in the bath that yield the finest grain 

sizes were 0.7 and 0.05 g/L, respectively. Increasing current on-time in the range of 0.1 to 

7 ms resulted in grain refinement which was attributed to increased overpotential. 

Nanocrystalline zinc deposits with an average grain size of 85 nm were produced at 

current on-time of 5 ms. Further increase of on-time to 7 ms results in a slight grain 

growth which was attributed to the relative decrease in the overpotential (high-duty 

cycle). Increasing the current off-time in the range of 9 to 50 ms was found to yield grain 

growth which was explained by the decrease of the overpotential with increasing off-time 
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and by the fact that longer off-times allow zinc adatoms to migrate over the crystal 

surface and enhance the grain-growth process. Grain refinement was also observed by 

increasing peak current density, as expected, and 50-nm zinc grains were obtained at a 

peak current density of 1000 mA/cm2. The crystal orientation was found to be strongly 

affected by overpotential. The crystal orientation progressively changed in the order 

(10 1 3), (11 2 0), and (11 2 2) with increasing cathodic overpotential. 
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Table 7.1: Chemical composition of the zinc chloride-plating bath. 
 
 

Chemical compounds  Concentration 

Zinc chloride 0.4 M 

Amonium chloride 2.2 M 

Boric acid 0.35 M 

Polyacrylamide (MW = 200,000)    0 – 1 g/l 

Thiourea 0 - 0.1 g/l 

pH 4.7 
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Table 7.2: Range of pulse electrodeposition parameters used in this study. 
 
 

Parameter  Range 

Current on-time (ms) 0.1 – 7 

Current off-time (ms) 9 – 50  

Pulse current density (mA/cm2) 400 – 1000  

Duty cycle (%) 1 – 44  
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Table 7.3: Pulse electrodeposition parameters used to study effect of additives. 
 
 

Parameter  Value 

Current on-time (ms) 5  

Current off-time (ms) 9  

Pulse current density (mA/cm2)  800  
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Figure 7.1: SEM (a, b, and c) images and FESEM (d and e) micrographs of the surface morphology of zinc deposits obtained using 

PAA concentrations of a) 0, b) 0.1, c) 0.4, d) 0.7, and e) 1 g/L at thiourea content of 0.05 g/L, Ton = 5 ms, Toff = 9 ms, and Jp = 800 

mA/cm2. 
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Figure 7.2: Variations of grain size and ohmically corrected overpotential of zinc deposits                

with increasing PAA concentration in the bath at thiourea content of 0.05 g/L, Ton = 5 ms, 

Toff = 9 ms, and Jp = 800 mA/cm2. 
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Figure 7.3: FESEM micrographs of the surface morphology of zinc deposits obtained using thiourea concentrations of a) 0, b) 0.01, c) 

0.05, and d) 0.1 g/L at PAA content of 0.7 g/L, Ton = 5 ms, Toff = 9 ms, and Jp = 800 mA/cm2. 
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Figure 7.4: Variations of grain size and ohmically corrected overpotential of zinc deposits 

with increasing thiourea concentration in the bath at PAA content of 0.7 g/L, Ton = 5 ms, 

Toff = 9 ms, and Jp = 800 mA/cm2. 

 156 



 

 
 

 

 

Figure 7.5: FESEM micrographs of the surface morphology of zinc deposits obtained at PAA content of 0.7 g/L, thiourea content of 

0.05 g/L, Toff = 9 ms, Jp = 800 mA/cm2 and different current on-times: a) 0.1, b) 1, c) 3, d) 5, and e) 7 ms.

 157 



0 1 2 3 4 5 6 7 8
0

100

200

300

400

500

600

700

800

900

1000

1100

O
hm

ic
al

ly
 c

or
re

ct
ed

 o
ve

rp
ot

en
tia

l (
m

V
)

 
G

ra
in

 s
iz

e 
(n

m
)

Current on-time (ms)

-40

-50

-60

-70

-80

-90

-100

-110

-120

 

Figure 7.6: Variations of grain size and ohmically corrected overpotential of zinc deposits 

with current on-time at PAA content of 0.7 g/L, thiourea content of 0.05 g/L, Toff = 9 ms, 

and Jp = 800 mA/cm2. 
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Figure 7.7: X-ray diffraction patterns of zinc deposits at PAA content of 0.7 g/L, thiourea content of 0.05 g/L, Toff = 9 ms, Jp = 800 

mA/cm2, and various current on-times. 
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Figure 7.8: FESEM micrographs of the surface morphology of zinc deposits obtained at different current off-times a) 9, b) 15, c) 25, 

and d) 50 ms.

 160 



0 5 10 15 20 25 30 35 40 45 50 55 60
0

50

100

150

200

250

300

350

400

450

 
G

ra
in

 s
iz

e 
(n

m
)

Current off-time (ms)

-20

-30

-40

-50

-60

-70

-80

-90

-100

-110

O
hm

ic
al

ly
 c

or
re

ct
ed

 o
ve

rp
ot

en
tia

l (
m

V
)

Figure 7.9: Variations of grain size and ohmically corrected overpotential of zinc deposits 

with current off-time at PAA content of 0.7 g/L, thiourea content of 0.05 g/L, Ton = 5 ms, 

and Jp = 800 mA/cm2. 
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Figure 7.10: X-ray diffraction patterns of zinc deposits obtained at PAA content of 0.7 g/L, thiourea content of 0.05 g/L, Ton = 5 ms,  

Jp = 800 mA/cm2, and various current off-times. 
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Figure 7.11: FESEM micrographs of the surface morphology of zinc deposits obtained at PAA content of 0.7 g/L, thiourea content of 

0.05 g/L, Ton = 5 ms, Toff = 9 ms and peak current densities of a) 400, b) 800, and c) 1000 mA/cm2. 
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Figure 7.12: Grain size distribution of nanocrystalline zinc electrodeposited at PAA content of 0.7 g/L, thiourea content of 0.05 g/L,  

Ton = 5 ms, Toff =9 ms and Jp =1000 mA/cm2. 
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Figure 7.13: X-ray diffraction patterns of zinc deposits obtained at PAA content of 0.7 g/L, thiourea content of 0.05 g/L, Ton = 5 ms,  

Toff = 9 ms, and various current densities. 
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CHAPTER EIGHT 

 

8.0 MICROSTRUCTURAL EVOLUTION DURING PULSE 
ELECTRODEPOSITION OF NANOCRYSTALLINE ZINC FROM ZINC 

SULFATE-BASED ELECTROLYTE 
 

8.1 Abstract 

The influence of pulse electrodeposition parameters (current on-time Ton, current 

off-time Toff, and peak current density Jp was investigated on the surface morphology and 

grain size of zinc electrodeposited from a sulfate bath containing additives 

(polyacrylamide and thiourea). The grain size and surface morphology of zinc deposits 

were studied by scanning electron microscopy (SEM), field emission scanning electron 

microscopy (FESEM), and atomic force microscopy (AFM). In addition, the preferred 

orientation of zinc deposits was studied by x-ray diffraction. At constant current off-time 

and peak current density, the grain size decreased gradually with increasing current on-

time. An increase in the current off-time at constant current on-time and peak current 

density resulted in grain growth. A progressive decrease of the grain size was observed 

with increasing peak current density at constant current on-time and off-time. 

Nanocrystalline zinc with an average grain size of 38 nm was obtained at a peak current 

density of 1200 mA/cm2. The crystallographic orientations developed were correlated to 

the change in the cathodic overpotential, the angle between the preferred oriented plane 

and the lowest energy of formation plane (0002), and the pulse electrodeposition 

parameters.  
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8.2 Introduction 

Since the introduction of nanocrystalline materials by Gleiter [1], a search for new 

preparation methods to produce these materials employs scientists all over the world. 

Pulse electrodeposition is a versatile method that was proven recently to produce 

nanocrystalline materials [2,3,4]. Pulse plating parameters (Ton, Toff, and Jp) play a major 

role in controlling the electrocrystallization process, and hence the microstructure and 

properties of deposits. Unfortunately, the results obtained by different researchers for a 

particular electrolyte-electrode system are not comparable and, in many cases, are 

contradictory, which may be attributed to: (1) the complexity of the electrodeposition 

process; (2) the rather large number of experimental variables involved in 

electrodeposition; and, (3) the lack of standardized procedure in investigating the general 

effect of a certain pulse parameter [5]. For instance, Puippe and Ibl [6] studied the surface 

morphology of cadmium, gold, and copper pulse-plated at constant peak current density 

and current on-time, but with different values of current off-times. It was found that 

longer off-times lead to grain refinement for cadmium, but to grain growth for gold and 

copper. Pulse electrodeposition results of zinc, which is a well-known coating to protect 

steel against corrosion, also show some contradictions. Paatsch [7] has shown that grain 

size of zinc deposits can be minimized by short current on-time in the range from 0.1 to 1 

ms in a zinc chloride-based electrolyte. However, we [3] observed grain-size refinement 

of zinc deposits with increasing current on-time in the range of 0.1 to 5 ms. 

Texture development is observed in many electrodeposits because grains of a 

particular orientation grow preferentially. A number of researchers have hypothesized on 

causes for the textural phenomenon [8,9]. However, most explanations are correlated to 
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either the system being studied and/or a specific material property (e.g., magnetic). It has 

also been reported that zinc electrodeposits produced from zinc chloride electrolyte with 

additives (animal glue) under direct current plating conditions develop a sequence of 

preferred orientations in the order (10 1 3), (10 1 2) (11 2 4) (11 2 2), (10 1 1), (11 2 0) [10]. 

The authors attributed this sequence of preferred orientations to the increase of 

overpotential with increasing direct current density [10]. Although most textural 

developments observed in zinc and other deposits (produced by direct current plating) are 

linked with the value of cathodic overpotential [9,10], the pulse plating parameters might 

have some contribution to the textures formed during pulse electrodeposition. 

The main goal of the present study is to optimize the pulse plating parameters 

(Ton, Toff, and Jp) in order to produce nanocrystalline zinc deposits from a zinc sulfate-

based electrolyte. In addition to the effect of cathodic overpotential, we describe how the 

variations of the pulse parameters offer the possibility to control the preferred orientation 

evolved. 

 

8.3 Experimental 

Zinc deposits, 12.5 µm in thickness, were deposited onto a cold-rolled, low-

carbon steel disk (0.317 cm2) from a bath containing ZnSO4.7H2O, (NH4)2SO4 (Fisher 

Scientific), polyacrylamide (Fisher Scientific), and thiourea (Aldrich) at pH and 

temperature of 4 and 23±1°C, respectively. A 4-cm2, high-purity (99.99 %) zinc sheet 

(Aldrich) was used as a soluble anode. At least two replicates were used for every 

measurement. The electrolyte composition used throughout this study is shown in Table 

8.1.  Concentration of polyacrylamide and thiourea were selected according to previous 
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results described in [3]. The range of pulse electrodeposition parameters (Ton, Toff, and Jp) 

investigated in this study to produce nanocrystalline zinc is shown in Table 8.2. Each 

parameter is studied while the other two are held constant.  

A PowerLab/4s (Chart version 4.1.2, ADInstruments) was used to generate the 

current waveforms and record both the current and the potential between the cathode and 

the saturated calomel reference electrode (SCE). A PAR 173 potentiostat/galvanostat was 

used to supply the current. The uncompensated ohmic potential drop (IRu) between the 

working and reference electrodes was calculated from the measured uncompensated 

ohmic resistance (Ru). The ohmically corrected overpotential was determined by 

subtracting the open-circuit potential from the ohmically corrected working electrode 

potential. In the window of values used in this study for Ton and Toff, the potential was 

essentially constant during the respective times.  

The microstructure of zinc deposits was examined by a field emission scanning 

electron microscope (JEOL 6400F), and atomic force microscopy (AFM) was used to 

examine the grain size and surface morphology of the smallest nano-grained zinc 

deposits. X-ray diffraction analysis was carried out by using a Rigaku diffractometer 

(model D/MAX A series x-ray) with Cu-Kα radiation (λ = 0.15405 nm). Preferred 

orientation of the zinc electrodeposits was calculated from the x-ray data according to the 

method proposed by Berube et al. [11].  
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8.4 Results and Discussion 

 

8.4.1 Current on-time 

The influence of the pulse duration Ton on the morphology and grain size of zinc 

deposits, with constant peak current density and current off-time, is illustrated in Figures 

8.1 and 8.2. These micrographs show that an increase in Ton results in a decrease in grain 

size of zinc deposits. Zinc platelets with an average grain size of 195 nm are formed at 

Ton = 1 ms (Figures 8.1a and 8.2), while increasing Ton to 3 ms (Figure 8.1b) results in 

disappearance of the sharp edges of zinc platelets with a slight reduction of the average 

grain size to 157 nm (Figure 8.2). Further increase of current on-time to 5 and 7 ms 

drastically reduces the average grain size of zinc deposits to 75 and 51 nm, respectively 

(Figure 8.2). The trend of decreasing grain size with increasing current on-time can best 

be explained by an increased number of nucleation sites caused by the higher 

overpotential at longer current on-times. The variation of the cathodic overpotentials at 

the studied Ton values is shown in Figure 8.2, which reveals that the overpotential 

increases (negatively) with increasing current on-time and nanocrystalline zinc deposit 

(51 nm) was formed at the highest overpotential (-186 mV). The same behavior of 

increasing overpotential with current on-time was also found during deposition of zinc 

from a zinc chloride-based electrolyte but at lower overpotential [3]. Other researchers 

have reported a decrease in grain size of gold [12] and palladium [13] electrodeposits 

with increasing current on-time, which they attributed to an increased nucleation rate 

resulting from the higher overpotential. 
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8.4.2 Current off-time 

FESEM micrographs showing the effect of current off-time on the grain size and 

surface morphology of zinc deposits are illustrated in Figure 8.3. The current off-time 

was varied from 9 to 50 ms at the optimized Ton value (7 ms) and peak current density of 

800 mA/cm2. The average grain size of the deposits increased gradually from 51 to 117 

nm with increasing current off-time from 9 to 50 ms, respectively (Figure 8.3 and 8.4). 

The formation of large grains at longer off-times can be plausibly explained by 

desorption of some species (most likely additives and/or hydrogen) during the longer off-

times which activates the growth centers and results in grain growth. Also zinc adatoms 

at longer off-times have sufficient time to migrate over the crystal surface and enhance 

the grain growth-process. Puippe and Ibl [14] obtained grain coarsening during pulse 

plating of copper and gold deposits at long off-times while the current on-time and peak 

current density were held constant. They explained this trend in terms of a 

recrystallization process and argued that coarse grains are thermodynamically more stable 

and longer off-time provides enough time for the system to stabilize and therefore grain 

growth takes place. Figure 8.4 shows the variations of grain size and ohmically corrected 

overpotential of zinc deposits with current off-time. The cathodic overpotential decreases 

gradually with increasing current off-time; a result that may also be plausibly used to 

explain the grain coarsening at longer off times. 

 

8.4.3 Peak current density 

 Figures 8.5 and 8.6 show the effect of peak current density on the microstructure 

and grain size of zinc deposits obtained at peak current densities of 400, 800, and 1200 
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mA/cm2. The current on-time and off-time were kept at 7 and 9 ms, respectively. An 

average zinc grain size of 300 nm was obtained at a peak current density of 400 mA/cm2 

(Figure 8.5a and 8.6). Increasing the peak current density to 800 mA/cm2 (Figures 8.5b 

and 8.6) results in a progressive decrease in the grain size of the deposits down to 51 nm. 

The smallest average grain size of the zinc deposits (38 nm) was obtained at a peak 

current density of 1200 mA/cm2, as seen from the AFM image (Figure 8.5c). 

According to several studies [2,3,4,14], the grain-size refinement observed with 

increasing peak current density is attributable to the high overpotential associated with 

increasing peak current density. This high overpotential was argued to increase 

nucleation rate, by increasing the free energy of formation of new nuclei, and therefore 

refine the grain size. Puippe [14] attained finer grains of gold, copper, palladium, and 

cadmium electrodeposits at higher peak current density. Similarly, increasing the peak 

current density resulted in a decrease in the grain size of nickel deposits [4]. We [2,3] 

obtained nanocrystalline zinc, 56 and 50 nm, from a zinc chloride-based electrolyte with 

additives at high peak current densities, 2000 and 1000 mA/cm2, respectively, and 

different combinations of current on and off-times. The above explanations are in good 

agreement with our results in this study too. The formation of the smallest nanocrystalline 

zinc deposits (38 nm) is obtained at the highest peak current density (1200 mA/cm2), 

which provides the highest cathodic overpotential (-201 mV) obtained under the studied 

ranges of pulse plating parameters (Ton, Toff, and Jp) (Figure 8.6). 
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8.4.4 A hypothesis about evolution of preferred orientation  

Figure 8.7 shows the percentage of crystallographic planes of the zinc deposit as a 

function of angles from the basal plane (0002) at current on-times of 1, 3, 5, and 7 ms 

with a constant current off-time of 9 ms and peak current density of 800 mA/cm2. These 

graphs represent a comparison of the relative amount of zinc grains oriented with planes 

parallel to the substrate. Strong prismatic preferred orientations, ( and dual 1120)

(1120) (1010) , were observed with increasing current on-time. A total of 93% of the zinc 

grains were oriented along the prismatic (1120) plane at a current on-time of 1 ms (Figure 

8.7). Increasing the on-time to 3 ms reduces the tendency of zinc grains to orient 

along (1120) to 83% while the majority of the remaining grains preferred to form another 

prismatic (1010) plane (Figure 8.7). Further increase of the current on-time to 5 and 7 ms 

gradually reduces the percentage of (1120) to 79 and 77% and increases that of (1010) to 

12 and 16%, respectively (Figures 8.7). 

The crystallographic orientation data of zinc deposits with increasing current off-

time is shown in Figure 8.8. A sequential reduction in the percentage of the prismatic 

planes (1120) and ( was realized with increasing current off-time from 9 through 50 

ms. It may be noted that high-angle pyramidal

1010)

( and 1011) (1122) planes and the basal 

(0002) plane also evolved with increasing current off-time (Figure 8.8).  

 Peak current density, which has a considerable effect on overpotential, was found 

to influence the preferred orientation of the zinc deposits. Figure 8.9 shows the 

percentage of crystallographic planes of the zinc deposit as a function of angle from the 

basal plane (0002). The data were obtained by keeping current on- and off-times constant 
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at 7 and 9 ms, respectively and changing the peak current density from 400 to 1200 

mA/cm2. The smallest percentage (54%) of the prismatic (1120) plane was obtained at a 

peak current density of 400 mA/cm2; however, at the expense of a reduction in 

the (1120) percentage, the high-angle pyramidal (1 , 011) (1122) , and (  and basal 

(0002) planes were developed (Figure 8.9). Further increase of the peak current density 

gradually increases the percentage of the prismatic planes, 

1012)

(1120)  and (1010) , up to 61 

and 32%, respectively, at 1200 mA/cm2 (Figure 8.9). 

 Preferred orientation develops in electrodeposits because a particular crystal 

plane(s) is preferentially aligned to the substrate surface [15]. A number of researchers 

have tried to explain the phenomenon responsible for preferential growth [8,9]. However, 

most explanations are correlated to either the system being studied and/or a specific 

material property (e.g., magnetic). One widely accepted hypotheses was developed by 

Pangarov [9] and is based on the two-dimensional nucleation theory. Pangarov calculated 

the work of formation of two-dimensional nuclei as a function of overvoltage for fcc, bcc, 

and hcp lattice planes and used these calculations as a basis for a qualitative explanation 

of preferred orientation as a function of overpotential. Table 8.3 compares Pangarov’s 

results for hcp-cobalt deposits with our zinc deposits as a function of overpotential (data 

obtained from Figure 8.10) and also zinc data from reference [3]. It can be seen from 

Table 8.3 and Figure 8.10 that the most prevalent orientation is that of the (  prism 

plane parallel to the substrate. However, at relatively low overpotential (-73 mV), a dual 

texture of

1120)

(1120) (1011) is developed which changed to (1120) (1010)  at higher 

overpotentials. To some extent, our results agree with Pangarov’s hypothesis (Table 8.3). 

However, the preferred orientations evolved in this study cannot be explained solely 
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based on overpotential and two-dimensional nucleation theory. Other factors, such as 

pulse electrodeposition parameters and the angle between the preferred oriented plane 

and the lowest energy of formation plane (0002), might affect the preferred orientation.   

It has been postulated [9,12] that conditions corresponding to small overpotential 

lead to crystallographic orientations of planes having high-atomic packing, and preferred 

orientations of planes that exhibit low-atomic packing requires high cathodic 

overpotential, i.e., high energy of formation. However, we found that ( , which has a 

higher packing density than that of 

1010)

(1  [16], was formed at the highest overpotential 

(Figure 8.9); a result that contradicts the above postulation. According to our results, this 

contradiction might be explained as follows. In principle, pulse electrodeposition is a 

non-equilibrium process that can drive the electrode potential away (more negative) from 

equilibrium and is therefore capable of producing non-equilibrium structure 

(nanocrystals) and preferred orientations. If we consider (0002) (closest-packed plane) as 

the plane that would be developed at a potential near equilibrium (low overpotential), 

increasing the overpotential (non-equilibrium) would develop planes making certain 

angles with the equilibrium (0002) plane. The gradual increase of the overpotential would 

gradually increase these angles up to the highest possible value (90°), which corresponds 

to the prismatic planes 

011)

(1120) and/or (1010) . According to Figures 8.7 and 8.10, about 

93% of zinc grains oriented on the prismatic (  plane at an overpotential of –107 

mV. Decreasing (more positive) the overpotential below –107 mV reduces the percentage 

of the prismatic 

1120)

(1120)  plane and allows some zinc grains to orient on (1011)  plane 

which exhibits the (1) closest high angle (65° with (0002)) and (2) nearest close packed 
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plane to prismatic (1120) . However, increasing the cathodic overpotential beyond –107 

mV up to –201 mV results in the development of another prismatic (90° with (0002)) 

plane ( (1010) ) at the expense of (  (Figures 8.9 and 8.10). This result can be 

explained by the high overpotential that leads to form a 

1120)

(  plane, which has a higher 

energy of formation (lower packing density) than that of 

1010)

(1120)  plane. 

 Not only do the overpotential, the angle between the preferred oriented plane and 

the lowest energy of formation plane (0002), and free energy of formation influence the 

development of preferred orientation, but the pulse plating parameters as well. The 

reappearance of (1011)  plane at overpotentials of –125 mV and –141 mV can be 

attributed to the effect of the current off-time. The preferred orientation formed at 

overpotentials of –125 and –141 mV (Figure 8.10) represents the zinc samples deposited 

at current off-times of 50 and 25 ms, respectively (see Figures 8.8). Zinc adatoms at 

longer off-times have sufficient time to migrate over the crystal surface and grow on a 

plane ( (1 ) having a lower energy of formation than that of the prismatic 011) (1120) .  

 

8.5 Summary 

From the pulse electrodeposition study it was found that current on-time, current 

off-time, and peak current density have a strong effect on the resulting microstructure and 

preferred orientation of zinc deposited from a sulfate-based electrolyte. Increasing current 

on-time in the range of 1 to 7 ms resulted in grain refinement which was attributed to 

increased overpotential. Nanocrystalline zinc deposits with an average grain size of 51 

nm were produced at current on-time of 7 ms. Increasing the current off-time in the range 
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of 9 to 50 ms was found to yield grain growth, which was explained by the decrease of 

overpotential with increasing off-time and by the fact that longer off-times allow zinc 

adatoms to migrate over the crystal surface and enhance the grain-growth process. Grain 

refinement was also observed by increasing peak current density, as expected, and a 38-

nm average zinc grain size was obtained at a peak current density of 1200 mA/cm2. In 

terms of preferred orientation, it was found that not only is the overpotential responsible 

for the textures evolved but also the energy of formation of the crystallographic planes, 

the angle between the preferred oriented plane and the lowest energy of formation plane 

(0002), and the pulse plating parameters.  Starting from the basal plane (0002), which 

was developed at low overpotential, the sequential formation of crystallographic planes 

with increasing the overpotential depends on the crystallographic angles between these 

planes and the basal (0002) which has the lowest energy of formation (i.e., equilibrium). 

(0002), low-angle pyramidal (  [3], and high-angle pyramidal 1013) (1011)  planes were 

developed with increasing the overpotential. Further increase of the overpotential (i.e., 

further displacement from equilibrium) increases the angle up to the highest possible 

value (90°), which corresponds to the prismatic planes (1120)  and/or (1 . 

Furthermore, longer current off-times gives zinc adatoms sufficient time to migrate over 

the crystal surface and grow on 

010)

(1011)  plane that exhibit a lower energy of formation than 

that of the prismatic (1120) .  
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Table 8.1: Chemical composition of the zinc sulfate-plating bath. 
 
 

Chemical compounds  Concentration 

ZnSO4.7H2O 0.52 M 

(NH4)2SO4 0.15 M 

Polyacrylamide (MW = 200,000)    0.7 g/l 

Thiourea 0.05 g/l 

pH 4 

Temperature 23±1°C 
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Table 8.2: Range of pulse electrodeposition parameters used in this study. 
 
 

Parameter  Range 

Current on-time (ms) 1 – 7 

Current off-time (ms) 9 – 50  

Pulse current density (mA/cm2) 400 – 1200  

Duty cycle (%) 2 – 44  
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Table 8.3: Comparison of theoretical and experimental results of preferred orientations 

for hcp-cobalt [9], nanocrystalline zinc (present study), and nanocrystalline zinc [3] at 

low, intermediate, and high overpotentials. 

 

Overpotential 

Low Intermediate High 

 

Crystal lattice 

Theor. Exp. Theor. Exp. Theor. Exp. 

Co-hcp [9] 
 
 

(0001)  
(1011)  
 

     (0001) (1120)  
 
 

(1120)  (1010)  
(1122)  

(1010)  
(1122)  

Zinc (present study) 
 
 
 

 
 

    (1011)  
   (1120)  

 (1120)   (1120)  
(1010)  

Zinc [3] 
 
 

     (1013)   (1120)   (1120)  
(1122)  
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Figure 8.1: FESEM micrographs of the surface morphology of zinc deposits obtained at Toff = 9 ms, Jp = 800 mA/cm2 and different 

current on-times: a) 1, b) 3, c) 5, and d) 7 ms.
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Figure 8.2: Variations of grain size and ohmically corrected overpotential of zinc deposits 

with current on-time at Toff = 9 ms, and Jp = 800 mA/cm2. 
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Figure 8.3: FESEM micrographs of the surface morphology of zinc deposits obtained at Ton = 7 ms, Jp = 800 mA/cm2 and different 

current off-times a) 9, b) 25, and c) 50 ms. 
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Figure 8.4: Variations of grain size and ohmically corrected overpotential of zinc deposits 

with current off-time at Ton = 7 ms, and Jp = 800 mA/cm2. 
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Figure 8.5: FESEM micrographs and AFM image of the surface morphology of zinc deposits obtained at Ton = 7 ms, Toff = 9 ms, and 

different peak current densities a) 400, b) 800, and c) 1200 mA/cm2. 
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Figure 8.6: Variations of grain size and ohmically corrected overpotential of zinc deposits 

with peak current density at Ton = 7 ms, and Toff = 9 ms. 
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Figure 8.7: Schematic representations of percentages of crystallographic planes as a function of angles from basal plane (0002) at Toff 

= 9 ms, Jp = 800 mA/cm2, and various current on-times. 
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Figure 8.8: Schematic representations of percentages of crystallographic planes as a function of angles from basal plane (0002) at Ton 

= 7 ms, Jp = 800 mA/cm2, and various current off-times.  
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Figure 8.9: Schematic representations of percentages of crystallographic planes as a function of angles from basal plane (0002) at Ton 

= 7 ms, Toff = 9 ms, and various peak current densities.  
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Figure 8.10: Variation of crystallographic planes developed during pulse electrodeposition of zinc as a function of overpotential. 
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CHAPTER NINE 

 

9.0 THE OBSERVATION OF ABNORMAL GRAIN GROWTH IN 

NANOCRYSTALLINE ZINC 

 

9.1 Abstract 

 Nanocrystalline zinc (38nm) produced by pulsed-current electrodeposition was 

subjected to calorimetric investigations by differential scanning calorimetry (DSC). 

Nanocrystalline zinc samples were subjected to several annealing treatments in order to 

study the thermal stability and grain growth mechanism. X-ray diffraction, atomic force 

microscopy (AFM), and a Knoop microhardness tester were used to characterize the 

microstructural evolution and properties of as-electrodeposited zinc before and after 

annealing. Thermal response of the as-electrodeposited sample shows two exothermic 

peaks. The first peak, with an onset temperature of 377K and peak temperature of 429K, 

was attributed to the release of internal lattice strain. Abnormal grain growth was 

observed by the AFM and the second peak from the DSC scan, which starts at 576K with 

a peak temperature of 608K. The abnormal grain growth may be correlated with the 

sulfur segregated at grain boundaries and interfaces. 

 

9.2 Introduction 

Thermal stability of nanocrystalline materials has been investigated by several 

researchers (e.g., [1,2,3,4]). The structure of nanocrystalline materials, which has a large 

volume fraction of interfaces, provides a high-driving force for grain growth. Therefore, 

nanocrystalline materials have a strong tendency to lose their improved properties 
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through heating and even at ambient temperature. A review by Gleiter [5] shows that the 

grain size of metals, with an equilibrium melting temperature less than approximately 

873K and starting grain size of 10nm, is doubled in approximately 24 hours at ambient 

temperature. However, thermal stability is improved for metals exhibiting higher 

equilibrium melting temperatures. For instance, a 10-nm iron is thermally stable up to 

473K [5]. The grain size increased to about 55nm after annealing at 673K for 10 hours, 

while, a polycrystalline iron is formed after annealing at 773K for 1 hour.  

Nanocrystalline zinc has been produced by vapor condensation [6], mechanical 

attrition [7], and pulse electrodeposition [8,9,10] techniques. Nanocrystalline zinc 

produced by pulse electrodeposition shows improved mechanical [8] and corrosion [11] 

properties compared to coarse-grained zinc. However, thermal stability of this 

structurally improved zinc has not been investigated as yet. Zinc is one of the metals 

having a relatively low-equilibrium melting temperature (692K) and according to 

Gleiter’s assumption [5], zinc would exhibit low-thermal stability. However, Zhang et al. 

[7] studied the thermal stability and structural changes of nanocrystalline zinc (24nm) 

prepared by cryomilling. They reported that nanocrystalline zinc is thermally stable (i.e., 

no measurable grain growth) up to 581K. 

In addition, several mechanisms have been proposed in order to understand the 

behavior of nanocrystalline materials during annealing. Some of these mechanisms are 

not clear yet and require further investigation to be fully understood. For example, 

Klement et al. [12] observed a rapid initial stage of abnormal grain growth followed by a 

slower more uniform growth stage in nanocrystalline nickel deposits. However, Hibbard 

et al. [13] reported a late stage of abnormal grain growth, in the same material, which is 
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having unusual planar abnormal growth interfaces. The authors linked this late stage to 

the accumulation of sulfur at the grain boundaries of nickel deposit. 

The main objective of this work is to characterize the thermal stability behavior of 

nanocrystalline zinc deposits and try to understand the mechanism of growth in this 

unexplored material. We present the temperature dependence for grain growth of 

nanocrystalline zinc using differential scanning calorimetry (DSC). Also, we relate these 

results to the microstructural changes observed by AFM and to the hardness variation. 

 

9.3 Experimental 

 Synthesis of nanocrystalline zinc by pulsed-current electrodeposition has been 

described in detail in a separate paper [10]. The average grain size of the as-

electrodeposited zinc is 38nm. 

 Calorimetric investigations for as-electrodeposited nanocrystalline zinc were 

carried out in a DSC instrument (Universal TA instruments, V3.6C) using helium as a 

purge gas. All measurements were performed between 318 and 673K at a heating rate of 

10K/min. Additional nanocrystalline samples were annealed at temperatures of 548, 598, 

and 673K in the DSC using the same heating rate (10K/min). These samples were 

quickly cooled down at a cooling rate of 200K/min. Furthermore, for comparison, 

nanocrystalline samples were annealed in a tube furnace under ultra high purity argon 

atmosphere at 373 and 473K for 1, 3, 6, and 10 hours, respectively. 

 It was difficult to peel off the nanocrystalline zinc deposit from the substrate in 

order to make thin foils for TEM investigations. Therefore, atomic force microscopy 

(AFM) was used to analyze the grain size and surface morphology of as-electrodeposited 
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and annealed samples. Internal lattice strain was estimated from the x-ray diffraction data 

[10] by applying the Williamson and Hall approach [14] on (1010)  and (2020)  reflection 

pairs.  

Microhardness of the as-electrodeposited and annealed samples was measured by 

using a Buehler Micromet microhardness tester with a Knoop indentor. Two different 

loads (2 and 5g) were used for an indentation time of 20 second. Eight measurements at 

different locations on the zinc coating surface were performed in order to determine an 

average hardness value. Sulfur analyses of the zinc electrodeposits were performed by 

Galbraith laboratories and were carried out by the inductive coupled-plasma (ICP) 

technique. 

 

9.4 Results and Discussion 

Figure 9.1 shows an AFM image (a) and grain size distribution (b) of the as-

electrodeposited zinc sample. Uniform, equiaxed, and spherical grains of nanocrystalline 

zinc are obtained with an average grain size of 38nm. According to x-ray data, this 

sample has a strong prismatic (  dual preferred orientation (details are 

described in [10]). The internal lattice strain of the as-electrodeposited sample calculated 

from x-ray diffraction lines 

1120) (1010)

(1010)  and (  was about 0.79%. This high value of 

lattice strain could be attributed to the presence of additives, particularly polyacrylamide, 

during electrodeposition. Polyacrylamide (PAA), with the chemical formula [-CH

2020)

2-

CH(CONH2)-]n, is a surfactant that adsorbs on the cathode surface and interferes with the 

normal autoepitaxial nucleation process. This interference of nucleation may occur by 

forcing incoherent nucleation to take place on top of the adsorbed PAA. Accordingly, the 
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presence of PAA results in retardation of the growth process, increasing of the effective 

nucleation rate, and also increasing of the imperfection (e.g., dislocation, twinning) 

density [15]. Kozlov [15] as well as Trofimenko et al. [16] studied the influence of PAA 

on the fine structure of copper deposited from sulfate-based electrolyte. They found that 

with increasing PAA, the coherent domain (as well as the grain) size decreases and both 

the dislocation density and the incoherent nucleation increase, suggesting the suppression 

of twinning-promoted growth. Since the dislocations in electrodeposits are generated by 

incoherent nucleation on top of the impurity adsorbents, any additions which hinder 

nucleation, will increase the deposition overpotential, as well as the dislocation density 

[15].  

Figure 9.2 shows the DSC scan of the as-electrodeposited zinc sample in the 

temperature range between 318 and 673K at a heating rate of 10K/min. Two exothermic 

peaks are observed. Firstly, a broad exothermic reaction, with an onset temperature of 

377K and peak temperature of 429K, releases heat of about 0.9KJ/mole. In order to 

understand the cause of this reaction, separate zinc samples were annealed at 373 and 

473K for 1, 3, 6, and 10 hours. The grain size and hardness variations of these annealed 

samples as a function of annealing time is shown in Figure 9.3. The first exothermic peak 

could be explained in terms of release of the lattice strain. The data available from the 

XRD patterns are not enough to calculate the variation of lattice strain during annealing, 

however, hardness and grain size variations might give us an acceptable explanation. It is 

apparent from Figure 9.3 that a very small drop of hardness from 1.7 to 1.65GPa takes 

place during annealing nanocrystalline zinc at 373K for 1 hour, however, the hardness 

decreases to about 1.45GPa after 1 hour of annealing at 473K and then remains 
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approximately constant up to 10 hours. The drop in hardness after completion of the first 

reaction (at 473K) could be related to reduction of the dislocation density during 

annealing. Zhang et al. [7] studied the structural changes and thermal stability of 

nanocrystalline zinc (24nm) prepared by cryomilling. Their DSC data after 6 hours of 

cryomilling (highest lattice strain = 0.45%) shows an exothermic peak with a peak 

temperature of about 468K and a stored enthalpy of 0.14KJ/mole. The authors concluded 

that the exothermic peak could be due to the annihilation and reduction of the dislocation 

density. This is in good agreement with our results, however, the higher stored enthalpy 

in the as-electrodeposited zinc could be related to the higher internal strain (0.79%) than 

that of the cryomilled zinc and to the way that the strain can be diminished. In an analogy 

to the slip process (dislocation movement) during deformation, slip in zinc (hcp) occurs 

on the basal (0001) plane and represents the easiest way for dislocations movement. Mei 

et al. [17] reported that dislocation movement is hard to take place if the crystallographic 

planes in zinc are oriented on the prismatic planes i.e., (  and 1120) (1010) . Most of the 

lattice strain (dislocation density) in cryomilled zinc evolved on the basal (0001) planes. 

Therefore, movement of these dislocations (to be annihilated) is easier and requires lower 

activation energy than in the as-electrodeposited zinc, which has, mainly, prismatic 

planes. 

In addition, it is apparent from Figures 9.1 and 9.3 that no significant grain 

growth takes place during annealing. The average grain size slightly increased from 

38nm for the as- electrodeposited sample to 46nm after 10 hours of annealing at 473K 

(Figures 9.1c, d and 9.3). Therefore, grain growth, which might be a reason for heat 

release during DSC scan, may not contribute to the first exothermic reaction that may 
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only be attributed to the release of internal lattice strain. It is also worth mentioning that 

zinc nanostructure is virtually unaffected and so thermally stable up to 473K. 

 A second exothermic peak was observed during the DSC scan which begins at 

576K with a peak temperature of 608K and stored enthalpy of 1.5KJ/mole (Figure 9.2). 

In order to get an overview about the reasons and mechanism behind this reaction, 

additional annealing treatments of the as-electrodeposited zinc at temperatures of 548, 

598, and 673K were carried out in the DSC calorimeter using the same heating rate 

(10K/min). Thereafter, each samples was cooled quickly (200K/min) to room 

temperature. Figure 9.4 shows the AFM images of these samples and summarizes the 

microstructural evolution of electrodeposited zinc as a function of annealing temperature. 

The nanostructure of zinc deposit is found to be thermally stable up to 548K, however, a 

few grains appear to grow anomalously with grain size ranging from 100 to about 250nm 

(Figure 9.4a). Increasing the annealing temperature to 598K (Figure 9.4b) shows a 

significant abnormal grain growth, which is characterized by a duplex grain structure of 

large grains growing into a matrix of smaller grains with an average grain size of 80nm. 

Zinc deposit annealed after the exothermic reaction (673K) shows the completed stage of 

grain growth whereas the large abnormally growing grains consumed the matrix of 

smaller grains, resulting in a relatively uniform structure with grain sizes ranging from 5 

to 25µm (Figure 9.4c). The variation of hardness and grain size of zinc over the annealing 

temperature range (373 to 673K) is shown in Figure 9.5. The structure remains virtually 

stable up to 548K and the hardness slightly decreases to 1.3GPa.  However, the rapid 

decrease of hardness to 0.8GPa at 598K indicates the onset of abnormal grain growth 

(Figures 9.4b and 9.5). At the highest annealing temperature (673K), hardness of zinc 
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reaches to about 0.34GPa (almost the same hardness of polycrystalline zinc, 0.29GPa 

[18],) which is correlated to the completed growth process (Figures 9.4c and 9.5). 

  Abnormal grain growth of nanocrystalline materials has been reported by several 

researchers either at room (e.g., Cu [19]) or elevated (Ni [12,13], Ni-P [20]) temperature. 

The large volume fraction of interfaces and impurities play a major role in the occurrence 

of abnormal grain growth. Gertsman and Birringer [19] attributed the abnormal grain 

growth of nanocrystalline copper at room temperature to the high driving force due to the 

grain boundary enthalpy stored in nanocrystalline copper. They also argued that a certain 

non-uniformity of the grain size distribution should exist and some grains (large grains) 

act as nuclei for abnormal grain growth. This argument is consistent with our results 

where a few large grains were observed within a matrix of nano-sized grains before the 

onset of abnormal grain growth (Figure 9.4a).  

 Another plausible explanation of the observed abnormal grain growth in zinc 

deposit is the presence of additives, namely, thiourea (CH4N2S). Sulfur content in zinc 

deposit is about 0.075wt.%. The main source of sulfur in the deposit is thiourea additives. 

Presently, there are no available data about the form and distribution of sulfur within the 

structure of the zinc deposit. However, Polukarov and Semenova [21] found that thiourea 

adsorbs weakly at the cathode surface during nickel deposition and releases about 0.32-

1.38% sulfur in the nickel deposit. The entry of sulfur into the deposit is by chemical 

reactions at the electrode attended by splitting-off sulfur, which can enter into the nickel 

lattice or form sulfides. In the light of this result, sulfur may segregate to the interfaces 

(e.g., grain boundaries) of the zinc deposit and hence inhibit grain growth by impurity 

drag. Accordingly, abnormal grain growth may occur in regions of lowest sulfur content. 
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Hibbard et al. [13] studied the mechanism leading to late stage abnormal grain growth in 

nanocrystalline nickel containing about 0.085wt.% sulfur and 0.03wt.% carbon. They 

linked the late stage abnormal grain growth to the accumulation of a critical amount of 

sulfur at certain grain boundaries before a growing grain can run-away from the 

submicron-grained matrix. 

 

9.5 Summary 

 Thermal stability of nanocrystalline zinc deposit was investigated by DSC and 

AFM. The structure of nanocrystalline zinc is thermally stable (i.e. only very limited and 

uniform grain growth) up to 548K. With increasing the temperature to 598K, abnormal 

grain growth occurs forming a duplex grain structure of large grains (0.3-1 µm) growing 

into a matrix of smaller grains with an average grain size of 80nm. The abnormal grain 

growth is likely to be correlated with the segregation of sulfur detected in the sample 

(0.075wt.%). Furthermore, uniform grain growth takes place at a temperature of 673K.   
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Figure 9.1: AFM micrographs and grain size distribution of nanocrystalline zinc (a) and (b) as-deposited condition, (c) and (d)  

annealed at 473K for 10 hours. 
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Figure 9.3: Variation of hardness and grain size as a function of annealing time for nanocrystalline zinc at 373 and 473K. 
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Figure 9.4: AFM images summarizing the microstructural evolution of electrodeposited zinc as a function of annealing 

temperature a) 548, b) 598, and c) 673K. 
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CHAPTER TEN 

 

10.0 EFFECT OF GRAIN SIZE AND PREFERRED ORIENTATION ON THE 

CORROSION BEHAVIOR OF NANOCRYSTALLINE ZINC 

 
 
10.1 Abstract 

The corrosion behavior of nanocrystalline zinc deposits, with average grain sizes 

of 56, 50, and 38 nm and preferred orientations of (1011) , prismatic (1120) , and dual 

(1010) (1120) , respectively, was investigated using potentiodynamic polarization and 

impedance measurements. X-ray diffraction was used to examine the preferred 

orientations of nanocrystalline zinc specimens. The grain size and surface morphology of 

the deposits were studied by field emission scanning electron microscopy (FESEM) and 

atomic force microscopy (AFM), and scanning electron microscopy (SEM) was used to 

study the corroded surface after potentiodynamic polarization measurements. All of the 

nanocrystalline zinc specimens show improved corrosion behavior compared to that of 

the electrogalvanized steel. The lowest corrosion current density (90 µA/cm2) was 

obtained for the 56-nm grain specimen with (1011)  orientation; a higher corrosion current 

density (119 µA/cm2) was obtained for the 38-nm grains with (1010) (1120)  orientation, 

while the 50-nm specimen with (  orientation exhibits the highest (among 

nanocrystalline specimens) corrosion current density (195 µA/cm

1120)

2). The grain size, 

intercrystalline defect density, and preferred orientation were found to greatly affect the 

corrosion behavior of nanocrystalline zinc. 
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10.2 Introduction 

Recently developed nanocrystalline materials show several improved properties 

compared to their polycrystalline counterparts. However, limited information is available 

in the literature about the corrosion behavior of nanocrystalline materials. 

Nanocrystalline materials have a high-defect density compared to their polycrystalline 

counterparts. Thus, it might be expected that the corrosion resistance of nanocrystalline 

materials is inferior to that of polycrystalline materials.  Some reports agree and others 

disagree with this assumption. Rofagha et al. [1] investigated the corrosion behavior of 

nanocrystalline and coarse-grained nickel in an aqueous sulfuric acid solution. They 

found that nanocrystalline nickel has lower passivation kinetics, which reduces passive 

film stability. On the contrary, Zeiger et al. [2] reported enhanced corrosion resistance of 

nanocrystalline FeAl8 in Na2SO4 solution (pH = 6). Thorpe et al. [3] determined that the 

corrosion resistance of nanocrystalline Fe32Ni36Cr14P12B6 was greater than that of its 

amorphous counterpart. The corrosion behavior of a nanocrystalline zinc electrodeposit 

compared to that of electrogalvanized (EG) zinc-coated steel samples has been 

investigated in de-aerated 0.5 N NaOH solution [4,5]. Nanocrystalline zinc deposits 

exhibited a lower corrosion rate than that of EG steel. Therefore, we believe that besides 

the unique mechanical and physical properties of nanocrystalline materials, their 

corrosion behavior is equally unique and needs to be explored. 

The preferred orientation and microstructure (grain size and intercrystalline defect 

density) can influence the corrosion behavior of polycrystalline materials in general and 

nanocrystalline materials in particular. Ashton and Hepworth [6] studied the corrosion 

behavior of (0001), (1010) , (1120)  faces of single-crystal and polycrystalline zinc in a 
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0.5 N NaOH solution. The authors report that the corrosion rate increases in the order 

(0001) < (1120) < (1010) . Zeiger et al. [2] studied the corrosion behavior of 

nanocrystalline FeAl8 in Na2SO4 solution at pH = 1 and 6. They found that 

nanocrystalline FeAl8 is easier to passivate in a weakly acidic medium compared to its 

polycrystalline counterpart. Furthermore, we found the corrosion rate of nanocrystalline 

zinc was 60% lower than that of the EG steel in 0.5 N NaOH at room temperature [5].  

In the present work, corrosion studies are conducted on nanocrystalline zinc 

deposits having various grain sizes and preferred orientations in order to elucidate the 

causes for improved corrosion resistance. A potentiodynamic polarization technique and 

impedance measurements were employed to evaluate the corrosion behavior of these 

nanocrystalline zinc deposits.  

 

10.3 Experimental 

 Surfaces of the investigated specimens were exposed to a preparation procedure, 

which is described elsewhere [4]. The electrochemical cell of 250-ml capacity was used 

with a platinum foil of 1 cm2 as a counter electrode. The working electrode was the 

nanocrystalline zinc specimen with an exposed area of 0.317 cm2. The reference 

electrode was a saturated calomel electrode (SCE) attached to the cell through a Luggin-

Haber capillary tube. The distance between the capillary tube tip and the working 

electrode was 2 mm. 

 The electrolyte consisted of 0.5 N NaOH solution (pH = 13.6) prepared from de-

ionized water and reagent grade NaOH (Fisher Scientific). The electrolyte was de-aerated 

with ultra high purity (UHP) nitrogen gas for 30 minutes. During corrosion-rate 
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measurements, a nitrogen atmosphere was maintained above the solution. All corrosion 

tests were conducted at 25±1°C using freshly prepared specimens and electrolyte. At 

least three replicates were used for every corrosion-rate measurement. 

The potentiodynamic anodic polarization technique, using an EG&G Princeton 

Applied Research Model 273 potentiostat, was used to determine the corrosion rates of 

the investigated specimens. Upon immersion of the electrodes into the electrolyte, the 

working electrode was immediately polarized to –1 V vs SCE for 5 minutes. After this 

anodic pre-polarization step, the electrode was left at open-circuit potential for 10 

minutes in order to stabilize the corrosion potential (Ecorr). This electrochemical 

pretreatment procedure was suggested by Ashton and Hepworth [6] and is found to yield 

reproducible polarization curves. Potentiodynamic anodic polarization tests were carried 

out by sweeping the potential at 10 mV/sec from –1600 to 500 mV (vs. SCE). 

Potentiodynamic scan data were collected to determine the electrochemical parameters 

shown in Table 10.1: corrosion potential (Ecorr), passivation potential (Ep), maximum 

current density (Jm) at the passivation potential, and passive current density (Jp). The 

surface morphology and extent of corrosion of the specimens were examined by a Hitachi 

scanning electron microscope (model S3200N).  

Anodic Tafel slope (βa) and cathodic Tafel slope (βc) were determined from 

different samples by scanning the potential at 10 mV/sec from Ecorr to +200 mV and from 

Ecorr to –200 mV (vs. SCE), respectively. 

Linear polarization resistance (Rp) experiments were also conducted at a scan rate 

of 0.1 mV/sec in order to determine the value of Rp.  These experiments were carried out 

by scanning the potential from –25 to +25 mV (vs Ecorr).  
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 Alternating current (ac) impedance measurements were made using a BAS-

Zahner IM6e impedance analyzer. The frequency range analyzed was 0.01 Hz to 100 kHz 

with a 5-mV peak amplitude about the corrosion potential. Before conducting the ac 

impedance experiments, the electrodes were kept in the de-aerated 0.5 N NaOH solution 

for 15 minutes in order to stabilize the corrosion potential. The equivalent-circuit 

simulation program SIM (Thales software [7]) was used for data analysis, synthesis of the 

equivalent circuit, and fitting of the experimental data.  

 

10.4 Results and Discussion 

As discussed elsewhere [4], the pulse electrodeposition parameters were adjusted 

in order to produce nanocrystalline zinc deposits with average grain sizes of 56, 50, and 

38 nm and preferred orientations, respectively, of (1 , a prismatic 011) (1120) , and a dual 

prismatic orientation of (1010) (1120)  (Table 10.1). The surface morphologies of these 

nanocrystalline zinc electrodeposits as well as an electrogalvanized (EG) steel sample are 

shown in Figure 10.1. Figures 10.1a and b represent FESEM micrographs for the 56-nm  

grain specimen, which has a (1011)  orientation, and the 50-nm grain specimen, which 

exhibits a strong prismatic (1120)  orientation, respectively (Table 10.1). It can also be 

seen that the zinc deposit with the smallest grain size (38 nm), as determined from the 

AFM micrograph in Figure 10.1c, developed a dual (1010) (1120)  orientation (Table 

10.1). Large grains of an average size of 15 µm are seen (Figure 10.1d) for the EG steel 

that possess a random grain orientation (Table 10.1). 
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 Figure 10.2 shows the polarization curves of EG steel and nanocrystalline zinc 

specimens in de-aerated 0.5 N NaOH. Qualitatively, these curves show the typical 

polarization regions for zinc in alkaline solutions (i.e., cathodic and anodic regions, trans-

passive and passive regions). The behavior of the polarization curves in each of these 

regions are described elsewhere [5]. In spite of similar trends of the polarization curves, 

some notable differences in behavior are evident. Table 10.1 summarizes the critical 

electrochemical parameters derived from the potentiodaynamic results. As shown in 

Table 10.1 and Figure 10.2, the corrosion potential (Ecorr) of the 50-nm grain specimen is 

more anodic (noble) than that of the other nanocrystalline zinc specimens and EG steel, 

while the 56-nm grain specimen shows the most cathodic (active) corrosion potential. 

However, there is no obvious correlation between corrosion potential, grain size, and 

preferred orientation (Table 10.1).  

The corrosion behavior not only depends upon Ecorr, but other electrochemical 

parameters as well. Table 10.2 shows the anodic and cathodic Tafel slopes (βa and βc) as 

well as the polarization resistance (Rp) for the investigated samples. The anodic and 

cathodic Tafel slopes for the 56- and 38-nm grain specimens are almost the same, 

whereas the 56-nm grain specimen shows a higher polarization resistance (140 ohm cm2) 

than that of the 38-nm grain specimen (109 ohm cm2). However, the Tafel slopes for the 

50-nm and EG steel specimens are relatively higher than those of the 56- and 38-nm 

grain specimens. Furthermore, the 50-nm and EG steel samples possess the lowest 

polarization resistance, 83 and 77 ohm cm2, respectively. It has been established that 

lower values of Tafel slopes and higher polarization resistance result in lower corrosion 

current density, as can be seen from Stern-Geary equation [8]: 
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a c
corr

p a c

β ×βi =
2.303×R (β +β )

  (1) 

Determination of the corrosion current density was carried out using the polarization 

resistance (equation 1). Table 10.2 shows the calculated average corrosion current 

densities of nanocrystalline zinc specimens and EG steel in de-aerated 0.5 N NaOH 

solution. Nanocrystalline zinc deposit (56 nm) shows the lowest corrosion current density 

(90 µA/cm2), 38-nm grain specimen shows a slightly higher corrosion current density 

(119 µA/cm2), while the 50-nm grain specimens has much higher corrosion current 

density (195 µA/cm2). The highest corrosion rate (229 µA/cm2) belongs to the EG steel 

sample; we exclude discussion about the EG steel behavior in the remainder of this work 

and focus on the corrosion behavior of the nanocrystalline specimens.  

Up to this point, the corrosion rate of the nanocrystalline zinc specimens increases 

in the order: 56 nm (1011)  < 38 nm (1010) (1120)  < 50 nm ( . Therefore, a 

correlation between corrosion rate and grain size is not present. From the preferred 

orientation point of view, also no clear correlation is evident. Ashton and Hepworth [6] 

studied the corrosion behavior of exposed (0001), 

1120)

( , 1010) (1120)  faces of single crystal 

and polycrystalline zinc in a 0.5 N NaOH solution. The authors report that the corrosion 

rate increases in the order: (0001) < (1120) < (1010) . They associate the difference in 

corrosion rates to differences in the atomic planar densities. This theory cannot be applied 

to our results because the packing density of the observed atomic planes decreases in the 

order: (1120) > (1 > 010) (1011)  [9]. This proposed theory [6] also does not explain the 

results obtained by Abayarathna et al. [10] as well as Wang et al. [11] who found that the 
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corrosion rate of single-crystal zinc in 0.5 N NaOH is higher for (1120)  than the (1  

orientation.  

010)

One of the most important factors determining the corrosion behavior of zinc in 

alkaline solutions is the nature of the film formed on the corroded surface. The active 

dissolution of zinc in sodium hydroxide solutions involves the formation of oxide or 

hydrated oxide film on the zinc surface [12]. This protective film is responsible for the 

passivation behavior depicted in Figure 10.2 where the current density drops with 

increasing potential. The current density in the passive region is a good indication of the 

integrity of the oxide film. It is evident from Figure 10.2 and Table 10.1 that the 56- and 

38-nm grain specimens exhibit the lowest leakage current density (Jp) and therefore, the 

most protective film than those of 50-nm grain and EG steel specimens. 

 The ac impedance data supplies an evidence to confirm the nature of the oxide 

film formed on the zinc surface. Figure 10.3 shows Nyquist impedance plots of 

nanocrystalline zinc and EG steel specimens in de-aerated 0.5 N NaOH solution at 

25±1°C. At high frequencies, the plots exhibit approximately a semicircle curve, which 

corresponds to a charge-transfer resistance (Rct) in parallel with an equivalent capacitance 

(Ce). The capacitance can be a combination of the double-layer and oxide film 

capacitances.  A diffusion-controlled charge transfer is observed at low frequencies, as 

depicted in Figure 10.3, where a Warburg type impedance (Zω) appears at low 

frequencies for all the specimens. A solution resistance (RΩ) between the reference 

electrode and the working electrode is also observed. The simplified equivalent circuit 

shown in Figure 10.3 was proposed to model the oxide film and zinc-electrolyte 

interface. The Thales simulation program (SIM) was used to build the proposed 
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equivalent circuit and fit it to the experimental data. The calculated impedance from the 

best-fit parameters are plotted in Figure 10.3 and show good agreement to the 

experimental data. The average values of Rct and Ce are listed in Table 10.3. The charge-

transfer resistance of the 56-nm grain specimen is the highest (48 ohm cm2), 38-nm grain 

specimen is slightly lower (40 ohm cm2), and the 50-nm grain specimen shows the lowest 

value (32 ohm cm2). An increase of the charge-transfer resistance signifies a lower 

corrosion rate. This result is consistent with the potentiodynamic data. It can be also seen 

from Table 10.3 that the 56-nm grain (1011)  specimen exhibits the lowest equivalent 

capacitance (69 µF/cm2), which increased gradually to 128, 202, and 227 µF/cm2 for the 

38-nm (1010) (1120) , 50-nm ( , and EG steel specimens, respectively. This result is 

consistent with the results reported for zinc single crystals with different preferred 

orientations [10].  

1120)

Moreover, Sergi et al. [12] note that the coverage of the oxide film formed on zinc 

surface can be complete or patchy. Figure 10.4 shows the SEM images of nanocrystalline 

zinc specimens and EG steel after a potentiodynamic polarization test. In the case of 56-

nm (1011) grain specimen (which has the lowest corrosion rate), the corrosion sites 

exhibited discrete etch-pit like morphology (Figure 10.4a). These discrete etch pits are an 

indication that corrosion initiates at defect sites of the oxide film (i.e., high-protective 

surface film). The number of these etch pits increased and their sizes decreased (Figure 

10.4c) in the 38-nm (1010) (1120)  grain specimen, which may indicate a less protective 

film than that of the 56-nm (1011)  grain specimen. However, the 50-nm (1120) grain and 

EG steel morphologies show a more uniform corrosion which indicates a less protective 
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surface film. The present results confirm that the coverage of the oxide film is more 

complete on the 56-nm (  surface, which is consistent with the result that the 56-nm 1011)

(1011)  grain specimen has the lowest capacitance value. This is because a lower 

capacitance is usually associated with a more protective film [13].  

(1011)

Our results demonstrate that the nature of the oxide film, to a great extent, affects 

the corrosion behavior of nanocrystalline zinc. The oxide-film formation on the corroded 

surface is diffusion controlled, and it is reported that diffusion of elements in 

nanocrystalline materials is much higher than that in polycrystalline materials [14]. 

Diffusion rate of oxygen and/or hydroxyl to the zinc surface to form a protective film 

could depend upon (1) the volume fraction of defect density mainly, grain boundaries and 

triple junctions (higher defect density means an easier way for ions to diffuse into the 

zinc lattice) and (2) the atomic packing density of the crystallographic planes (lower 

packing density provides more space for the ions and thus higher diffusion rates). 

According to our results, the grain size of 56- and 50-nm specimens is approximately the 

same. In that case, the effect of volume fraction of the defect density (defined as grain 

boundaries and triple junctions) can be ignored. The 56-nm grain specimen, which has a 

 preferred orientation, shows a lower corrosion rate and a more protective film than 

those of the 50-nm grain specimen, which exhibits ( preferred orientation (Table 

10.2 and Figures 10.4a and b). This result may be explained in terms of difference in the 

atomic packing density of their preferred orientations. The packing density of 

1120)

(1011)  is 

lower than that of (1120) , which may facilitate the diffusion process and form a more 

protective film with enhanced corrosion resistance. The effect of defect density and 
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packing density on the corrosion behavior is also obvious when comparing the corrosion 

results of the 38-nm (1010) (1120)  and 50-nm (1120)  grain specimens. Here the effect of 

defect density cannot be ignored because the 38-nm grain specimen should contain a 

higher density of defects than that of the 50-nm grain specimen. This higher density of 

defects may contribute to the formation of a more protective film and hence a lower 

corrosion rate (Table 10.2). In addition, the appearance of (  planes in the dual 

texture of the 38-nm grain specimen, which has a lower packing density than that of 

1010)

(1120) , may also help to increase the diffusion rate and to form the protective film and 

enhance the corrosion resistance. Finally, the corrosion rates and the nature of the 

protective film of the 38-nm (1010) (1120)  and the 56-nm (1011)  grain specimens are 

approximately the same (Table 10.2 and Figures 10.4a and c). This finding can be 

plausibly explained in terms of compensation between the defect density and packing 

density effects. The high-defect density in the 38-nm (1010) (1120)  grain specimen, 

which may provide higher diffusivity than that in the 56-nm (1 grain specimen, is 

compensated with the high packing density of the 

011)

(1010) (1120) , which may cause a 

lower diffusivity than that of the (1011) . 

Unfortunately, the available data about corrosion behavior of nanocrystalline 

materials in the literature are very limited. However, our results clearly indicate the 

importance of preferred orientation and nanostructure (intercrystalline volume fraction) 

on the corrosion behavior of nanocrystalline zinc, particularly, in the passive region. 
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10.5 Summary 

Nanocrystalline zinc electrodeposits with various grain sizes and preferred 

orientations were found to have lower corrosion rates in a 0.5 N NaOH solution at 

25±1°C than that of electrogalvanized steel. These deposits showed an enhanced 

passivation process, which was related to the nature of the oxide film on their surfaces. 

The improved corrosion rates and passivation depends, to a great extent, on the grain size 

(intercrystalline volume fraction) and preferred orientation of the nanocrystalline 

specimens. The dependence of the corrosion behavior of nanocrystalline zinc upon the 

grain size and preferred orientation could evolve new processing which can be designed 

to significantly improve corrosion resistance. 
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Table 10.1: Electrochemical parameters of electrodeposited nanocrystalline zinc and EG steel in de-aerated 0.5 N NaOH solution at 

25±1°C. 

 

Grain size Preferred orientation 
Ecorr 

(mVSCE) 

Ep 

(mVSCE) 

Jm 

(µA/cm2) 

Jp 

(µA/cm2) 

56 nm (1011)  -1494 ± 1 -1363 ± 4 4320 ± 123 192 ± 12 

50 nm (1120)  -1464 ± 2 -1357 ± 9 5010 ± 118 674 ± 14 

38 nm (1010) (1120)  -1489 ± 2 -1366 ± 5 4032 ± 79 220 ± 11  

EG (15µm) Random -1486 ± 3 -1336 ± 8 3895 ± 58 828 ± 14 

 
 
 
 
 
 
 
 
 
 
 
 

 222 



 
 
 
 
 
Table 10.2: Corrosion rate of electrodeposited nanocrystalline zinc and EG steel in de-aerated 0.5 N NaOH solution at 25±1°C.  

 

Grain size 
Preferred 

orientation 

βa 

(mV/decade) 

βc 

(mV/decade) 

Rp 

(ohm cm2) 

Jcorr 

(µA/cm2) 

56 nm (1011)  40 ± 1 107± 9 140 ± 6 90  

50 nm (1120)  56 ± 4 114 ± 7 83 ± 11 195 

38 nm (1010) (1120)  41 ± 2  110 ± 9 109 ± 8 119 

EG (15µm) Random 59 ± 3 128 ± 2 77 ± 14 229 
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Table 10.3: Polarization resistance and capacitance of electrodeposited nanocrystalline zinc and EG steel in de-aerated 0.5 N NaOH 

solution at 25±1°C calculated from ac impedance data. 

 

Grain size Preferred orientation 
Rct 

(ohm cm2) 

Ce 

(µF/cm2) 

56 nm (1011)  48 ± 3 69 ± 6  

50 nm (1120)  32 ± 5 202 ± 9 

38 nm (1010) (1120)  40 ± 4 128 ± 4 

EG (15µm) Random 27 ± 1 227 ± 7 
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Figure 10.1: Surface morphologies of nanocrystalline zinc electrodeposits with various average grain sizes (a) 56 nm, (b) 50 nm, (c) 

38 nm, and (d) EG steel (15 µm). 
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Figure 10.2: Polarization curves of electrodeposited nanocrystalline zinc and EG steel in de-aerated 0.5 N NaOH solution at 25±1°C. 
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Figure 10.3: Nyquist impedance plots of nanocrystalline zinc specimens and EG steel in de-aerated 0.5 N NaOH solution at 25±1°C. 
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Figure 10.4: SEM images of electrodeposited nanocrystalline zinc (a) 56 nm, (b) 50 nm, (c) 38 nm, and (d) EG steel (15 µm) after 

potentiodynamic polarization tests in de-aerated 0.5 N NaOH solution at 25±1°C.
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CHAPTER ELEVEN 

 

11.0 CONCLUSIONS 

 

The study reported in this thesis has been concerned with the electrodeposition of 

pure zinc in a range of grain sizes down to 38 nm. During the course of this investigation 

the dependence of the grain size, surface morphology, and preferred orientation of the 

zinc electrodeposits on factors such as current on-time, current off-time, and peak current 

density as well as concentrations of additives (polyacrylamide and thiourea) in zinc 

chloride- and sulfate-based electrolytes were determined. 

SEM, FESEM, and AFM as well as x-ray diffractometry were employed to 

characterize the zinc deposits. The inductive coupled-plasma (ICP) technique was used to 

determine the amount of sulfur impurities in the zinc deposits.  

On the basis of the results presented in this thesis the following conclusions can 

be drawn: 

1. The presence of polyacrylamide and thiourea dramatically alters the surface 

morphology and the microstructure of zinc deposits. The most apparent change is 

the reduction in grain size into the nanocrystalline range. Other changes such as 

preferred orientation and luster are also observed. 

2. In a chloride-based electrolyte 

a. Zinc electrodeposits produced at a peak current density of 800 mA/cm2 

and pulse off-time of 9 ms initially showed a refinement in structure with 

increasing pulse on-time up to 5 ms (85 nm). Further increase in on-time 
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to 7 ms resulted in coarser grains. This observation may be attributed to 

variations in the electrode overpotential with pulse on-time. 

b. The crystallite size of zinc deposits produced at a peak current density of 

800 mA/cm2 and pulse on-time of 5 ms increased with increasing pulse 

off-time (9-50 ms). This is believed to be due to increased activation of 

growth centers as a result of increased desorption of inhibiting species. 

c. Nanocrystalline (50 nm) Zn deposits were obtained with increasing peak 

current density to 1000 mA/cm2. 

3. In a sulfate-based electrolyte 

a. Increasing current on-time in the range of 1 to 7 ms resulted in grain 

refinement which was attributed to increased overpotential. 

Nanocrystalline zinc deposits with an average grain size of 51 nm were 

produced at current on-time of 7 ms. 

b. Increasing the current off-time in the range of 9 to 50 ms was found to 

yield grain growth which was explained by the decrease of the 

overpotential with increasing off-time. 

c. Grain refinement was also observed by increasing peak current density, as 

expected, and a 38-nm zinc grains were obtained at a peak current density 

of 1200 mA/cm2. 

 

4. In terms of preferred orientation, it was found that not only the overpotential is 

responsible for the textures evolved but the energy of formation of the 

crystallographic planes, their angle with respect to that of the basal (0002) plane, 
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and the pulse electrodeposition parameters also influenced the texture. Starting 

from the basal plane (0002) which was developed at low overpotential, the 

sequential formation of crystallographic planes with increasing the overpotential 

depends on the crystallographic angles between these planes and the basal (0002) 

which has the lowest energy of formation (i.e., equilibrium): (0002), low-angle 

pyramidal (1013) , and high-angle pyramidal (1011)  planes were developed with 

increasing overpotential. Further increase of the overpotential (i.e., greater 

displacement from equilibrium) increases these angles up to the highest possible 

angle (90°), which corresponds to the prismatic planes (1120)  and/or ( . 

Furthermore, longer current off-times gives zinc adatoms sufficient time to 

migrate over the crystal surface and grow on 

1010)

(  plane that exhibit a lower 

energy of formation than that of the prismatic 

1011)

( . 1120)

5. Hardness of the nanocrystalline zinc deposits was found to be about 5 to 7 times 

more than that for conventional grain size polycrystalline zinc (0.29 GPa). This 

high hardness may be attributed to the increased intercrystalline lattice defects 

(grain boundaries and triple junctions), presence of additives, and evolution of the 

prismatic planes (1120)  and/or (1 . 010)

6. Calorimetric studies of nanocrystalline zinc deposits using DSC showed that the 

structure of nanocrystalline zinc is thermally stable (no measurable grain growth) 

up to 548 K. With increasing the temperature to 598K, abnormal grain growth 

occurs forming a duplex grain structure of large grains (0.3 – 1 µm) growing into 

a matrix of smaller grains with an average grain size of 80nm. The abnormal grain 

growth is likely to be correlated with the segregation of sulfur detected in the 
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sample (0.075 wt.%). Furthermore, uniform grain growth takes place at a 

temperature of 673 K.   

7. Potentidynamic and ac impedance measurements of nanocrystalline zinc deposits 

in the grain size range of 38 to 56 nm showed an improved corrosion rate as 

compared to electrogalvanized steel. These deposits showed enhanced passivation 

process, which was related to the nature of the oxide film on their surfaces. The 

improved corrosion rates and passivation depends, to a great extent, on the grain 

size (intercrystalline volume fraction) and preferred orientation of the 

nanocrystalline specimens. 
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CHAPTER TWELVE 

 

12.0 RECOMMENDATIONS FOR FUTURE WORK 

 

Based on the results presented in this thesis, several aspects can be pursued further. These 

include: 

1. The chemical composition and form of the impurity species (sulfur and carbon) in 

the zinc electrodeposits should be investigated using, for example, x-ray 

photoelectron spectroscopy (XPS). This is one of the few techniques that can 

identify the oxidation states of the species in interest. 

2. Abnormal grain growth is observed for the first time in nanocrystalline zinc 

deposits and further investigations using scanning transmission electron 

microscopy (STEM) with energy dispersive x-ray spectroscopy (EDS), to confirm 

the role of impurities (sulfur), are needed. 

3. Zinc samples annealed up to 673 K show a drop in hardness to 0.34 GPa (almost 

the same hardness of polycrystalline zinc, 0.29GPa). Therefore, chemical analysis 

of the annealed zinc samples using an induced couple plasma technique should be 

performed in order to observe the effect of additives on the properties (e.g., 

hardness) 

4. Nanocrystalline zinc deposits exhibited relatively high internal lattice strains and 

also showed improved corrosion behavior and acceptable ductility (Appendix C). 

In addition to the release of internal strain, no measurable grain growth occurs 

during annealing of nanocrystalline zinc deposits up to 573 K. Accordingly, 

corrosion behavior and ductility of nanocrystalline zinc are expected to improve 
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for annealed nanocrystalline zinc deposits. Therefore, corrosion studies and 

ductility measurements on annealed specimens (up to 573 K) should be 

investigated using potentiodynamic and ac impedance measurements and simple 

bending and/or miniaturized disc bend tests, respectively. 

5. Further investigations on the characteristics and properties (electrical and optical) 

of ZnO nanowires (Appendix B) are needed. 

6. In spite of the difficulty to peel off the nanocrystalline zinc deposit from the 

substrate in order to make thin foils for TEM investigations, the grain boundary 

structure of nanocrystalline zinc deposits should be studied using high-resolution 

transmission electron microscopy (HRTEM) to fully understand the causes for the 

extraordinarily high hardness obtained. 
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APPENDIX A 

 

MEASURMENT OF PREFERRED ORIENTATION 

 

The relative intensities of x-ray reflections from polycrystalline zinc without any 

texture (random orientation) can be theoretically predicted and/or experimentally 

measured. The relative intensity may be calculated from the crystal structure [1]. 

Intensities can also be measured by the so-called “powder method”, however, care should 

be taken to maintain the zinc powder in a reducing atmosphere. Powder samples of zinc 

generally have oxide present which change the relative intensity ratios due to oxide peak 

overlap. Alternatively, the measured intensity values can be obtained from the 

ASTM/JCPDS card #4-0831, which is adapted throughout this work. For non-random 

orientation distribution, these relative intensities are related to the relative amounts of 

zinc grains oriented with a particular plane parallel to the substrate [2].  

Diffractions from the crystallographic planes of zinc deposits were determined 

using X-ray diffractometer (Rigaku, model D/MAX A series x-ray) with Cu-Kα radiation 

(λ = 0.15405 nm).  The 2θ range from 30 to 140° and a scanning rate of 0.6°/min were 

applied. The integrated intensities of these diffractions were determined and then termed 

as Ihkil (where hkil refers to the Miller Bravais indices of the diffracting plane). Note that 

the integrated intensities require background subtraction. Since the diffraction planes of 

(0002) and (0004) are considered as the second- and fourth-order diffraction of the basal 

plane (0001), and the diffraction planes of ( ,2020) ( , and 2022) (2024) are the second- 

order diffraction of (1010) , (1011) , and (1012) planes, only 8 reflections have been 

considered in the present study.  A ratio (Rhkil) was first calculated (equation A1) for each 
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reflection plane by dividing its intensity (Ihkil) by its random intensity (I°hkil). The values 

of I°hkil for zinc from the ASTM/JCPDS card for the 8 reflections used in this work are 

given in Table A1. 

                                     ( h k i l )
( h k i l ) o

( h k i l )

I
R (

I
= A1)  

Thereafter, the relative texture coefficient, RTChkil, was calculated according to equation 

A2. 

                                      ( h k i l )
( h k i l )

( h k i l )

R
R T C 1 0 0 (A 2 )

R
= ×

∑
 

where, is the sum of the 8 . Therefore,  expresses the percentage 

of the relative intensity of a given orientation (hkil) among the 8 crystallographic 

orientations of the sample studied. A value of  greater than 12.5% (i.e., 100 

divided by 8) indicates a preferred orientation of this (hkil) plane as compared with the 

zinc powder sample of which all the crystallographic orientations are randomly 

distributed [3]. 

(hkil)R∑ (hkil)R (hkil)RTC

(hkil)RTC
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Table A1. X-ray intensities of zinc from the ASTM/JCPDS card #4-0831 

 
Number 

 
Reflecting plane Intensity 

1 (0002) 53 

2 (1010)  40 

3 (1011)  100 

4 (1012)  28 

5 (1013)  25 

6 (1120)  

(1122)

(2021)

21 

7  23 

8  17 
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APPENDIX B 

 

SYNTHESIS OF ZINC AND ZINC OXIDE NANOWIRES 

 

The influence of the pulse duration T  on the morphology and grain size of zinc 

deposits without additions, with constant peak current density (400 mA/cm ) and current 

off-time (9 ms), is illustrated in Figure B1.  Zinc nanowires with an average wire 

diameter of 95 nm are obtained at current on-time of 1 ms.   

2

on

Recent progress in the synthesis and characterization of nanowires has been 

driven by the need to understand the novel physical properties of one-dimensional 

nanoscale materials, and their potential application in constructing nanoscale electronic 

and optoelectronic devices [1]. ZnO, a wide bandgap (3.37 eV) semiconductor with large 

excitation binding energy (60 meV), has been used as a short-wavelength light emitting, 

transparent conducting, and piezoelectric material. Figure B2 shows the SEM image of 

ZnO nanowires grown from ZnO and graphite powder in an argon flow on the surface of 

a silicon substrate coated with ~50 thick Au film using the vapor phase transport 

process. The diameter of these wires varies from 80 to 120 nm [2]. The average diameter 

of zinc nanowires produced in this study is 95 nm (Figure B3). Annealing the zinc 

nanowires (Figure B3) at 353 K under oxygen atmosphere for 72 hours produces a 

structure composed mainly of ZnO (Figure B4). 
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Figure B1: FESEM images of zinc nanowires obtained from a zinc sulfate-based 

electrolyte without additives at Toff = 9 ms, Jp = 400 mA/cm2, and various current on-

times: (a1 and a2) 0.1, (b1 and b2) 1, and (c1 and c2) 3 ms 
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Figure B2: SEM image of ZnO nanowires grown from ZnO and graphite powder in an 

argon flow on the surface of a silicon substrate coated with ~50  thick Au film (80-120 

nm diameter) [2]. 

A

 

Figure B3: SEM image of zinc nanowires obtained in the present study (90-100 nm 

diameter). 
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Figure B4: X-ray diffraction patterns of ZnO nanowires performed in this study. 

 

 

 

 

 

 

 

 

 

 243 



APPENDIX C 

 

DUCTILITY OF NANOCRYSTALLINE ZINC 

 

The degree of ductility of nanocrystalline zinc electrodeposited from chloride- 

and sulfate-based electrolytes was determined by measuring the radius of curvature at 

which the fracture occurs in a simple bending test. The fracture strain at the outer surface 

of the specimen, εf, is estimated using the following equation [C1]. 

                                                 f
T (C1)

2R T+
ε =  

where T is the specimen thickness and R is the radius of curvature on the outer surface of 

the bend sample.  

Figure C1 shows SEM micrographs for nanocrystalline zinc deposits obtained 

from zinc chloride-based electrolyte and bent on mandrels having diameters of 3/16 inch 

(Figure C1a), 1/8 inch (Figure C1b), and after bending through an angle of 180° (Figure 

C1c). Cracks appear only when the deposits are bent through angle of 180°. However, 

cracks initiate when zinc deposits (obtained from zinc sulfate-based electrolyte) are bent 

on the 1/8-inch diameter mandrel (Figure C2). 
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                           (a)          (b)                    (c)  

Figure C1: SEM micrographs for nanocrystalline zinc deposits obtained from zinc chloride-based electrolyte and bent on several 

mandrel diameters (a) 3/16 inch, (b) 1/8 inch, and (c) after bending through an angle of 180°. 
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        (a)          (b)                    (c)  

 

Figure C2: SEM micrographs for nanocrystalline zinc deposits obtained from zinc sulfate-based electrolyte and bent on several 

mandrel diameters (a) 3/16 inch, (b) 1/8 inch, and (c) after bending through an angle of 180°. 
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