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INTRODUCTION 1

1. Introduction 
 

The properties of engineering materials are direct correlated to their microstructure. One 

of the microstructural parameters which influence the properties of polycrystalline metals 

and alloys is the grain size. Since the early 1980´s materials with the grain size in the 

nanocrystalline range have been extensively studied. These studies involve a wide 

variety of technological areas such as electronics, ceramics, magnetic data storage and 

structural components. The majority of the research in nanocrystalline materials is 

focused on the study of their electric, optic and magnetic properties; however, in the past 

decade the mechanical behavior of nanocrystalline metals has become more and more 

attractive to the research community. This latter interest is strongly related to the well 

known relationship between grain size and mechanical strength, typically described by 

the Hall-Petch relationship, which shows that the strength of the material increases with 

decreasing grain size. However, as the grain size reduces to the nanometer range, the 

variation of the strength with the grain size does not completely follow the Hall-Petch 

relationship. 

 

The desire for understanding the “unusual” deformation response in nanocrystalline 

metals has stimulated the research on the mechanisms causing this effect. However, the 

microstructure characteristics of the studied nanocrystalline metals have not gained such 

attention by now. Most of the investigation on the mechanical deformation of 

nanocrystalline metals discussed the microstructure only in terms of the average grain 

size; however the response to mechanical deformation is not only related to this 

parameter but also to the distribution of the grain size and to the grain morphology, 

among others.  

 

Nanocrystalline materials can be produced by several techniques as for example: inert 

gas consolidation, mechanical allowing, electrodeposition and severe plastic deformation. 

One of the techniques which attracted particular interest to the research field of 

mechanical behavior of nanocrystalline metals is electrodeposition. This interest is related 

to the knowledge that this process is capable of produce high density films with 

nanocrystalline grain size and high fraction of large angle grain boundaries at relative low 

cost.  
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Electrodeposition is a well established technique, which has been used for film 

preparation for more than 100 years. The research in this field is broad and encloses 

preparation of compound semiconductors, fabrication of coatings for corrosion and wear 

resistance and even for decorative purpose. The structure and properties of 

electrodeposited materials depends on a large variety of parameters, which extend from 

the process condition to the bath composition. This variety of factor influencing the 

deposit properties opens several research fields for this technique, and the majority of 

publication on electrodeposited metals deals with the influence of the deposition 

parameter on the properties of this materials. Although the microstructure, texture and 

surface characteristics of the deposits are often considered in these studies, there are 

fewer detailed analyzes on the microstructure, regarding for example the grain size 

distribution, the grain boundary character or texture evolution.  

 

Since CoNi forms a solid solution over the entire concentration range, these alloys are 

interesting for their magnetic and mechanical properties. The wide solubility enables their 

potential use for microelectronical systems (MEMS), because it is possible to shift the 

magnetic characteristics from soft to hard magnetic by adjusting the Co content of the 

alloy. And the low stacking fault energy of Co allows tailoring the crystal structure, to 

control the stacking fault energy and the twin density of nanocrystalline CoNi alloys. 

 

The lack in microstructure study of electrodeposited nanocrystalline metals has stimulate 

the present research, which is focused on a detailed characterization of the 

microstructure, texture and grain boundary character of electrodeposited CoNi samples. 

The requirement of studying some microstructure parameters as grain size distribution, 

grain morphology, grain boundary character distribution and of correlating these with the 

texture and with the film growth has motivate the use of electron backscatter diffraction 

(EBSD) for this research. The EBSD technique allows the microstructure related texture 

analysis of large sample areas with a spatial resolution of approximately 30 nm. The 

complete characterization of electrodeposits, however, requires further techniques. In this 

work x-ray diffraction, energy dispersive spectroscopy and transmission electron 

microscopy were applied to achieve further understanding of the microstructure features 

of the studied samples. Furthermore, a new emerging technique which is a combination 

of precise serial sectioning with focused ion beam (FIB) and EBSD based orientation 

microscopy (3D-EBSD) has been applied to extend the microstructure knowledge 

obtained in the two dimension to third dimension. The use of this latter technique has 
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allowed the characterization of grain boundary planes, which play an important role in the 

microstructure formation and evolution of the studied films. 

 

This work was mainly concentrated on the study of the microstructure, texture and grain 

boundary characteristic of an electrodeposited CoNi from a deposition bath with 0.02g/l of 

saccharin. This three sample characteristics are presented in three subchapters of the 

experimental results and are individually discussed. Based on the knowledge obtained by 

this characterization a three dimensional orientation study of this film was performed. The 

final subchapter of the experimental results discusses the influence of additive level in the 

deposition bath, on the film microstructure and texture characteristics, where three 

samples produced with different level of saccharin were characterized according to their 

microstructure, texture and grain boundary character.  The entire characterization study 

was performed on three distinct sections of the samples, the substrate interface, the bath 

interface and the cross section. Only in this way the microstructure and texture evolution 

with the film growth could be studied and a fundamental understanding on the 

microstructure formation could be achieved. 

 

This work presents and discusses the microstructure characteristics of three 

nanostructured electrodeposited samples. Since the electrodeposition process influences 

strongly the microstructure of these materials, this work does not only describe but also 

provides some fundamental understanding on the formation of these microstructures. 
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2. Background 
 
 
 

2.1. Electrodeposition 
 

Electrodeposition is the most widely used process of electrochemical surface treatment. It 

is used for fabrication of coatings to enhance surface properties, such as corrosion and 

wear resistance or for decorative purposes. Nowadays, electrodeposition has been also 

applied to produce magnetic films for micro-electromechanical systems (MEMS).  

 

Magnetic materials have been incorporated into MEMS devices such as micro-actuators, 

sensors, micro-motors, and frictionless micro-gears because electromagnetic actuated 

MEMS are more stable for high force and large actuation gap applications [1,2]. Such 

MEMS devices require high magnetic saturation, low coercivity, and low magnetostriction, 

combined with good adhesion, low-stress, and good corrosion resistance [2,3,4]. The 

most commonly used magnetic materials in MEMS are soft magnetic materials such as 

permalloy (80%Ni-20%Fe alloy). However, other alloys such as binary CoNi and a variety 

of CoFe- and CoNi-based ternary and quaternary alloys may also be appropriate [2,3,5 ].  

 

Several other processes are used to deposit magnetic materials into MEMS. These 

processes are chemical vapor deposition (CVD), thermal oxidation and physical vapor 

deposition (PVD). However, electrodeposition presents many advantages, including the 

possibility of room temperature operation, relatively rapid deposition rate, capacity of 

handing complex geometry and the ability of tailoring deposit structure and properties by 

controlling deposit parameters and solution composition [1,2, 6 ]. Additionally the 

technique requires only relatively simple equipment to grow the deposit, and 

consequently has advantages over processes that use a vacuum system or complicated 

achinery. 

 

m
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2.1.1. Basic concept of electrodeposition 
 

The electrodeposition process could be simply defined as the production of a coating on 

a material surface by the action of electric current. More specifically, the object to be 

coated is placed into a container holding a solution of one or more metal salts. This object 

is connected to an electrical circuit and serves as the cathode (negative) while an 

electrode typically of the same metal to be plated forms the anode (positive). The reaction 

takes place at the electrodes under the influence of electric current. The cations migrate 

to the cathode, where they are reduced and deposited. The electrolytic cell for 

electrodeposition of a metal “Me” from an aqueous (water) solution of the metal salt 

“MeA” is presented in fig. 2.1. 
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Figure 2.1: Schematic diagram of an electrolytic cell from a sulphate solution 

 

When a metal is immersed into a solution containing its ions, the potential difference 

between both phase results in the formation of an electrical double layer (Helmholz 

double layer). If no external potential is applied, an equilibrium potential Eeq is 

established. At this potential the anodic and cathodic reaction rates are identical, which is 

represented by: 

 
Me+z +ze- ⇔ Me    (eq. 2.1) 

 
Where Me+z is the Metal ions, z is the number of electrons e- and Me the Metal atom. This 

equilibrium potential Eeq is given by the Nernst equation: 
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)(
)(ln0 Mea

Mea
zF
RT z

eq EE
+

+=    (eq. 2.2) 

 
where E0  is the standard potential, R the gas constant, T the absolute temperature, F the 

Faraday constant, z the number of exchanged electrons and a(Me) and a(Mez+) the 

activities of the metals ions in the solution and metal atoms in the electrode, respectively. 

The activities of the ions are approximately the same as the concentration of ions.  

 

When an external potential E is applied to the electrode a current flows, and the potential 

at the electrode reaches a value E different from Eeq. The deviation of an electrode 

potential from its equilibrium is called overpotential η. The overpotential is negative for the 

cathodic reaction and positive for the anodic. During electrodeposition the cathodic 

reaction takes place and the overpotential is negative. 

 
0/ <−= +zMeMeEEη    (eq. 2.3) 

 
In fact, the overpotential is a sum of the concentration overpotential (ηc) the activation 

overpotential (ηa) and the crystallization overpotential (ηcr). 

 

The reaction at the interface electrode/electrolyte is the sum of side reactions which are: 

the migration of the metal ion, the absorption of hydrogen or complexing agents, the 

adsorption of the metal ions and the charge transfer. The slowest step limits the final 

speed of the reaction. 

 

Faraday’s law relates the time required to the quantity of metal deposited. The deposit 

mass m is given by: 

 

Q
zF
Mdt

t
I

zF
Mm ⋅=⋅⋅= ∫0     (eq. 2.4) 

 
M being the molar mass of the deposited metal, I the current flowing through the cell 

during a certain time t, z the valence of the metal, F the Faraday constant 9.6485 x 104 

C/mol and Q the charge. The current density is equivalent to the current passing through 

the cell divided by the effective cathode surface. The ratio of the actually deposited 

amount of metal in a period of time is called current efficiency. 
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The codeposition of two or more metals is regulated by their overpotential curves, which 

is the relationship between their cathodic potential and the current density. Metals with 

similar curves, which are not far separated from each other, facilitate the codeposition. 

The individual overpotential curves for the metals are always modified by the interactions 

resulting from the codeposition. When the alloy deposition is conducted at low 

overpotential, the more noble metal will be preferentially deposited. All factors that 

increase the concentration overpotential will favor the deposition of the less noble metal. 
 

2.1.2. Growth of electrodeposited films 
 

The deposition process starts with the migration of ions in the plating solution to the 

substrate surface. At the Helmholtz double layer the positively charged ions receive 

electrons to become atoms. This charge transfer can occur in one or two steps. If it is in 

one step the ions cross the double layer and find a suitable site to be incorporated to the 

lattice. If it is in two steps the ions on passing through the double layer, shed part of their 

ligands and receive their electrons. These intermediate species are called adatoms; they 

diffuse on the deposit surface until they find suitable incorporation sites. The rate of 

reaction is then controlled by the surface diffusion. It has been proposed that the direct 

transfer to incorporation sites is favored in concentrated plating solutions, while surface 

diffusion occurs mostly in dilute ones [11]. 

Suitable sites to incorporate adatoms to the lattice are called kinks (fig. 2.2 (3)). Kinks are 

half lattice positions at which an atom is surrounded by one-half of the number of atoms 

that are surrounding it in the bulk of the metal. The adatoms can successively be trapped, 

thus the crystal lattice is extended along a crystal edge and further across the surface. 

Such a deposition step would stop when the row is completed and not enough energy is 

available for the nucleation of a new row. In this case, screw dislocations (fig. 2.2 (2)) can 

provide continuing sites for incorporation. Screw dislocations are known to occur at small 

overpotential. At higher overpotential an agglomeration of adatoms to form new crystal 

nuclei is possible and new rows of atom layers are formed. When the incorporation sites 

are blocked, or if they are created at a slower rate than the flux of arriving adatoms, two- 

or three-dimensional nucleation has to occur [7].  
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Figure 2.2: Growth of electrodeposit film on the crystal surface. 1 perfect flat face; 2 an 

emerging screw discolation; 3 a kink; 4 an adatom on the terrace; 5 and 6 vacancy; 7 a 

monoatomic step in the surface [27]. 

 

The first layer of a deposit forms on the surface of a substrate which is of a different 

material than the deposit. The initial growth is often epitaxial, although it depends on the 

misfit between the two metals in consideration. When the misfit is small, the initial stage 

of epitaxial deposition on a substrate of a different metal can be the formation of 

extended layers. However, the most frequently observed initial stage of epitaxial 

deposition is the formation of three-dimensional crystallites followed by their growth and 

coalescence. At the initial stage of deposition size, shape and orientation of the deposited 

crystals are influenced by the substrate. Further growth, above the critical deposit 

thickness, becomes independent of the substrate and is controlled by the deposition 

parameters. The critical deposit thickness is usually less than 100 nm.  

 

Electrodeposited materials frequently show the development of a preferred orientation of 

the crystals. Two main hypotheses have been proposed to explain the texture formation 

in electrodeposits. Pangarov [8] has calculated the work of formation of two dimensional 

crystals. He found that the overpotential determined which crystal plane had the minimum 

work of formation and thus could be preferentially nucleated. The second hypothesis was 

proposed by Reddy [9] and is based on the observation that the adsorption of foreign 

substances such as hydrogen, hydrides, hydroxides or organic complexes depends on 

the crystal orientation. Certain crystal directions would be preferentially inhibited allowing 

other directions to growth. Amblard [10] has performed several experiments showing the 

relationship between hydrogen adsorption on the cathode and crystal orientation. He 

concluded that the adsorbed species behave particularly different on singular crystal 

faces. The texture of electrodeposited materials derives from the blocking of all other 

texture components, except the one creating the preferential growth texture. The 

electrochemical conditions decide the concentration of the individual adsorbed species.  
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The shape of the crystals formed during deposition is related to the cathodic 

overpotential. Fischer [ 11 ] has proposed five main growth types of polycrystalline 

electrodeposits. Those types are: field oriented isolated crystals (FI), basis orientated 

reproduction (BR), twinning intermediate (Z), field orientated texture (FT) and unoriented 

dispersion (UD) type. Winand [12] has introduced a diagram which gives the field of 

stability of Fischer’s main growth types as a function of the ratio of current density to the 

bulk concentration in metallic ions to be discharged, and the inhibition intensity. However, 

another classification of growth shape has been recently predominant in the literature. In 

this case the growth is differentiated by only three types, the outward or perpendicular 

growth, the lateral growth and the cluster growth.  

 

It has been reported [ 13 ] that, the deposition of a crystal orientation with the most 

populated atom plane parallel to the substrate occurs at low current densities and high 

temperatures. This mode of growth is called lateral growth and for fcc metals the axis of 

preferential orientation is 〈111〉, for bcc metals is 〈110〉 and for hcp metals is 〈0001〉. At 

low temperature and higher current density the outward growth is predominant. In this 

type of deposit growth, the most densely populated atom row in the most densely 

populated atom plane is perpendicular to the substrate. For fcc metals the axis of 

preferential orientation is 〈110〉, for bcc is 〈111〉 and for hcp metals 〈 0211 〉 [8]. A few 

studies have been performed on the influence of the bath parameters on the growth of 

electrodeposited material. Nickel has been studied by Dalla Torre, Kumar [9,10] and 

Vicenzo et al. [14 ] have studied the growth modes of electrodeposited cobalt. They 

conclude that, the perpendicular growth of [ 0211 ] (outward) is characteristic of pure 

cobalt in sulphamate solution with a pH > 3.2. The lateral growth of [0001] texture is only 

obtained at the deposition on textured Cu [111] substrate at pH < 4. The cluster growth 

occurs in the presence of boric acid in controlled nucleation conditions with a [ 0110 ] and 

[ 0211 ] mixed texture [14]. 

 

 

2.1.3. Electrodeposition variables 
 

The structure and properties of electrodeposited films can be influenced by a large 

number of variables. Although the modification of one of the variables alone can provide 

an improvement on the properties of the film, in most cases it is a combination of them 
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that allows the production of a film with the adequate properties. Furthermore, under 

some conditions the structure modification achieved by one parameter can be canceled 

by changing another. The complexity of the deposition process has stimulated many 

studies on the effects of the deposition parameters on structure and properties of different 

deposited materials. Since the characteristics of electrodeposited films are closely related 

to the deposition parameters, it is necessary to introduce some of these variables and 

summarize their influences on the deposit structure. A list of all electrodeposition 

parameters influencing the structure of electrodeposited films can be found in [ 15 ]. 

Fig. 2.3 summarizes the factors that influence the properties of deposits. 
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Figure 2.3: Summary of electrodeposit parameter influencing the structure of 

electrodeposited films. 

 

The parameters affecting the deposit structure and properties can be divided in three 

major groups: those related to the bath composition, to the process conditions, and to the 

type of current applied. The bath composition is altered mainly by changing the 

electrolyte solution and/or the concentration of metal ions and by introducing substances 

into the bath that can improve deposit quality. The process conditions are the 

electrodeposition variables that can be controlled as e.g. current density, pH, temperature 

and agitation of the bath. The last main parameter is the type of current applied, which 

can be direct, pulsed and pulsed-reverse or even more complex wave forms. 
 
 

Bath Composition 
 

The aqueous electrolyte solution is primary composed of salts of the metal to be 

deposited. These salts are the source of metal ions for the production of the deposit. A 
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typical electrolyte can be a combination of metal sulfate and metal chloride, the so called 

Watts bath. However, electrolytes of only metal chloride or metal sulfate and metal 

sulfamate are also very common.  

 

In the literature, not many systematic studies on the particular influence of the electrolyte 

salt on the structure of deposits are available. Nakano [ 16 ] studied the effects of 

electrolysis parameters (pH, current density, temperature) on the crystal orientation and 

surface morphology of cobalt deposits from sulfate and chloride baths. Comparing the 

results obtained for both electrolytes, it was shown that the crystal orientation of cobalt 

deposited from sulfate baths depends on the overpotential. In contrast, from chloride bath 

the crystal orientation is invariable over the entire range of electrolysis conditions studied. 

The surface morphology and the grain size of cobalt deposited from sulfate bath also 

depend on the overpotential, while from chloride bath it varies only with the plating 

conditions [17,18]. Scoyer [19] has also reported that the behavior of cobalt in chloride 

solution is very different from that in sulfate solution. It was shown that the overpotential 

in a sulfate bath is lower than in chloride and that the deposits are of better quality. 

Myung [2] and Gómez [17] reported that the anion of the plating solution can change 

stresses of the material. It was shown that for deposition of 85Co15Ni alloy, residual 

stresses are slightly lower in the film deposited from a chloride bath than from sulfamate, 

even in the presence of saccharin (stress reducing additive). 

 

Sulfamate baths are known to have higher solubility compared to chloride or sulfate 

solutions, enabling high current during the deposition process. In addition, sulfamate 

baths are known to be more stable to pH variation during the electrodeposition. Goldbach 

et al. [20] showed that the electrochemistry of nickel-cobalt deposition from sulfamate 

differs from that of other baths such as chloride or sulfate solutions by the presence of 

saccharin. Deposition of nickel from a sulfamate bath is less affected by the presence of 

cobalt, contrary to the behavior in sulfate or chloride baths. Fan [21] reported that for the 

deposition of CoNi alloys the presence of complex ions in the electrolyte can change the 

rate of nickel and cobalt deposition, the deposit composition and the effects of plating 

variables on this composition.  

 

Additionally to the solution composition, when the film to be deposited is an alloy of two or 

more elements, its composition can depend on the ion concentration in the electrolyte. 

Brenner [22] has defined two distinct types of codeposition behavior, the “normal” and the 
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“abnormal”. In the first case “the relative proportions of the metals in the electrodeposited 

alloy are qualitatively that expected on the basis of the equilibrium potentials of the 

metals against the solution” [22]. This type of codeposition can be subdivided into: 

“regular” controlled by diffusion process, “irregular” controlled by activation and 

“equilibrium”. In “abnormal” codeposition the composition of the deposit deviates from 

that expected from equilibrium conditions. There are two subdivisions of the “abnormal” 

codeposition: “anomalous” and “induced”. In the first case preferential deposition of the 

less noble component occurs. An induced codeposition means that a given element can 

only be codeposited to form an alloy, but cannot be purely deposited (e.g. tungsten) [6]. 

 

CoNi deposition belongs to the anomalous type. The less noble metal (cobalt) is 

preferential deposited, so that the percentage of cobalt in the deposit is much higher than 

the percentage of nickel in the bath. For instance, a typical Watts bath with a 1:10 

Co2+/Ni2+ ratio in the electrolyte can yield an alloy containing 40% cobalt, for a 1:1 

Co2+/Ni2+ ratio the cobalt concentration is approximately of 80% [18,23]. By controlling 

the concentration of Co2+ ions on the electrolyte different alloys with the appropriate 

properties for each application can be obtained. Duch et al. [4] have shown that the 

coercivity of CoNi alloys depends on the final content of cobalt and that reducing the 

cobalt percentage in the alloy the coercivity can be reduced. Additionally, the anomalous 

codeposition can be either enhanced or suppressed by changing other deposition 

parameters. Gómez et al. [5] have shown that for a fixed electrolyte composition, it is 

possible to decrease the Co/Ni ratio in the deposit by increasing the potential. The 

morphology of a deposit can be also varied by both bath composition and deposition 

potential. More homogeneous, fine-grained deposits can be obtained by increasing the 

Co/Ni ratio in the solution, using low deposition potentials and stirring the solution [5,24]. 

Furthermore, the amount of the hexagonal phase (α-Co) and face-centered cubic phase 

(β-Co) is controlled by the alloy concentration in the deposit. Deposits with higher nickel 

concentration have a larger amount of fcc phase. The phase composition exerts a 

significant influence on the magnetic properties of electrodeposited cobalt and CoNi 

alloys because the magnetocrystalline anisotropy energy of the hexagonal phase is 

higher than that of the cubic one.  

 

A mechanism for the anomalous codeposition of CoNi alloys was reported by Gómez [5]. 

Applying the voltammetric technique to study the deposition of cobalt, nickel and CoNi-
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alloy, it has been proposed that when both Ni and Co ions are present in the solution, the 

nickel is always deposited first. The adsorption of Co(II) species over the first 

electrodeposited nickel is responsible for the inhibition of the subsequent nickel 

deposition. In this way the Co(II) adsorption hinders the subsequent deposition of nickel, 

although it does not block it completely.  

 

An anomalous codeposition can be also observed in other alloys of the iron group metals 

(Fe, Co and Ni). The standard potentials of this three elements are -0.447 V for (Fe/Fe2+),      

- 0.280 V for (Co/Co2+), and -0.257 V for (Ni/Ni2+) [25], Nickel being more noble than 

cobalt, and both more noble than Iron. Nickel deposition is inhibited by codeposition of 

iron or cobalt and deposition of cobalt by codeposition of iron. The inhibition of nickel 

deposition is higher with iron than with cobalt and increases with the concentration of the 

codepositing element. A large number of studies on the anomalous codeposition of binary 

NiFe [26], CoFe [27,28] and CoNi [5,29,21,30,31] alloys and ternary CoFeNi [32] alloys 

can be found in the literature. Another example of anomalous codeposition is the one of 

zinc with metals of the iron group, ZnCo [33], ZnFe [34,35,36] and ZnNi [37,38,39], 

where zinc, the less noble metal, is preferential deposited. 

 

The role of additives 
 

In many of the electrodeposition processes additives are introduced into the electrolyte to 

facilitate the deposition, to moderate deposit growth rates and to control the film quality. 

The mechanisms of operation of each additive depend on the additive used and can be 

blocking, ion bridging, ion pairing, interfacial tension modification, hydrogen evolution and 

adsorption, and electrode filming [40]. Most of the applied additives do not enter the 

deposit structure.  
 

Organic compounds are common additives in the electrodeposition process. These 

additives reduce the surface energy and therefore reduce the work of nucleation 

facilitating the nucleation. They are preferentially adsorbed on the cathode surface, 

blocking the attachment of metal ions at those sites and favoring growth at other 

positions. Therefore, the growth is retarded and the effective nucleation rate is increased 

causing consequently a grain refinement. 
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It is also known that additives adsorbed on the cathode can interfere with the nucleation 

process by forcing incoherent nucleation on top of the adsorbed additive. Merchant [40] 

reports about the effect of polyacrylamide addition in the deposition of copper from 

acidified sulfate electrolyte based on the studies of Trofimenko et al. and Kozlov [41,42]. 

In these studies, the influence of the additive on the dislocation density, twin 

concentration and crystallite size on a copper deposit is shown. When increasing the 

additive concentration the dislocation density increases and the twin concentration and 

crystallite size decreases. It was also reported that the dislocations in electrodeposits are 

generated by incoherent nucleation on top of the impurity adsorbents, so that additives 

enhance the deposition overpotential and the dislocation density. By increasing 

incoherent nucleation, the concentration of twins in the deposit decreases and the 

substructure becomes more and more imperfect [40]. Additionally, the stacking faults are 

stimulated by the presence of additives.  

 

Saccharin (C7H5NO3S) is a well-known organic additive; it is used to refine the grains and 

to reduce internal stresses in the deposit. Fisher [ 43 ] studied the internal stress 

dependence on the saccharin concentration in cobalt deposits and found that at initial 

saccharin concentrations (0 g/l, 0.2 g/l, and 0.5 g/l) the stress decrease linearly, however 

an increase in saccharin level to 1.5 g/l causes a less effective reduction of the stress. In 

nickel deposits, saccharin adsorbs weakly at the cathode surface and releases small 

concentrations of sulfur in the deposit. The sulfur can enter into the nickel lattice or form 

sulfides. Beyond the solubility limit of sulfur in nickel, the sulfur can form compounds 

along the grain boundaries.  Saccharin is also known to have a strong effect on the defect 

structure [40]. Although there are several recent papers on the effects of additives in the 

plating of CoFeNi alloys [44,45,46,47], similar work apparently has not been reported for 

pure cobalt or CoNi alloy deposits. Renner [48] studied the effects of saccharin on the 

roughness of electrodeposit layers varying from 1 to 10 nm thickness in pure nickel and 

cobalt.  It was concluded that the saccharin level not only decreases the surface 

roughness, but also interferes on the growth mode of electrodeposited cobalt. 

 

In many electrodeposition processes, boric acid (H3BO3) is introduced on the electrolyte 

to act as a barrier substance. Boric acid buffers the hydrogen ion concentration in the 

cathode film, stabilizing the pH in the near-electrode. If no buffer substance is added, the 

pH value at the cathode film increases very quickly and metal hydroxide precipitates 
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[4,49]. It is also typical to add chloride ions to the electrodeposition bath to prevent 

passivation of anodes and to facilitate anode dissolution.  

 
Process conditions 
 

The second group of parameters influencing the structure and properties of deposits are 

the process conditions, which refer to the variables that have to be controlled during the 

deposition process. These variables are the pH of the solution, the temperature and the 

current density (or overpotential). Additionally deposition can be carried out with or 

without agitation of the bath. These variables must be optimized on their individual basis. 

In many cases, the choice of these parameters is based on previous studies from 

literature or preliminary tests. 

 

In most electrodeposition processes the pH of the electrolyte is continuously monitored 

during the entire deposition process. The pH has to be maintained nearly constant over 

the whole process to avoid hydrogen evolution. The regulation of the pH value is carried 

out by periodic addition of, for example, metal hydroxyl-carbonate or sulfuric acid. The 

hydrogen evolution is not only regulated by the pH value. The rate of hydrogen evolution 

is related with a series of electrochemical factors: (i) the metal, (ii) the pH of the solution, 

(iii) the current density employed, (iv) the temperature of the solution and (v) the cathode 

current efficiency [50]. For a given metal, the highest amount of absorbed hydrogen 

occurs for high current density, low temperature and low pH. If the cathode current 

efficiency is nearly 100% the electrochemical source of hydrogen in electroplating is 

minimized. Additions of nitrates and oxidants minimize hydrogen evolution [51].  

 

It is known that electrodeposition of alloys of the iron-group metals is followed by a local 

pH rise near the electrode surface, which is favored when H2 is developed simultaneously 

with alloy deposition [14,49,50,51,52]. The hydrogen evolution reaction consumes part of 

the applied current and reduces the current efficiency. It affects the pH at the electrode 

surface, modifying the kinetics of metal reduction. The increase of the pH at the electrode 

surface interferes with the formation of the metallic deposit. Further detailed information 

on the role of hydrogen in electrodeposition can be found elsewhere [50,51].  

 

Nakahara [52] has studied the effect of pH on the microstructure of cobalt. He reports that 

at low pH, the microstructure of cobalt electrodeposit consists of mainly fcc phase, which 
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is highly faulted. It was postulated that the fcc cobalt is a metastable cobalt hydride. By 

diffusion of the hydrogen atoms out of the film, the resulting "fcc cobalt" (cobalt hydride) 

becomes unstable at room temperature and transforms martensitically into hcp cobalt. 

Vicenzo [14] also reports the formation of a two phase cobalt structure at lower pH. The 

predominant phase is the fcc β-Co, which is heavily faulted by accumulation of stacking 

faults. It is proposed that these faults are twins on fcc {111} planes. The fraction of 

metastable fcc phase slowly disappears with increasing pH and the [ 0211 ] preferential 

orientation becomes predominant. According to Vicenzo [14] the texture of 

electrodeposited cobalt depends mainly on the solution pH and to a minor extend on the 

temperature and current density applied. Figure 2.4 shows the results from Vicenzo [14] 

of the texture dependence on the pH value of the solution. 

 

 

Figure 2.4: Chance of the [hkl] orientation volume fraction for electrodeposited α-Co 

versus the electrolyte pH. Cobalt deposition from Coα2 1M. (a) and from Coα2 1M; H3BO3 

0.4M solution and (b) at 10 mAcm-2 and 30°C [14]. 

 

The current density controls the overpotential acting on the electrical double layer, and 

consequently on the deposition process. The overpotential limits the reaction rate. A low 

overpotential signifies more time available to form a perfectly crystalline electrodeposited 

structure, consequently a low current density results in lower dislocation and vacancy 

density. Increasing the current density has the effect of increasing the amount of twinning 

and the thickness of the deposit [40]. Another factor arising from differences in current 

density is the alloy composition.  All parameters that increase the concentration potential 

will support the deposition of the less noble metal. For CoNi alloys, for example, it is 

known that the cobalt deposition is controlled by the diffusion overpotential, whereas the 
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Ni electrodeposition is controlled by activation overpotential. An increase in the current 

density leads to the raise of the cathodic overpotential and is accompanied by the 

increase of the activation of electrode reaction. In this way the nickel deposition is favored 

and the Co/Ni ratio in the deposit is decreased. The current density also controls 

hydrogen evolution; a high negative overpotential must be avoided for maintaining the 

hydrogen reaction low. Furthermore, the growth morphology of the deposit is related to 

the current density.  

 

An agitation of the electrolyte solution during the process of deposition is important to 

assure a constant composition throughout the thickness. Especially in the case of alloy 

deposition, when one of the alloy components is in minority in the solution, stirring 

prevents the decrease of its content ensuring a homogeneous concentration throughout 

the thickness. In addition, it collaborates with the pH control of the solution. Stirring 

minimizes the local pH variation and consequently avoid the formation of hydroxides. 

When additives are present in the bath, stirring of the solution allows a uniform grain 

refinement process, and therefore a homogeneous grain size distribution.  

 

The temperature of the electrodeposition bath also influences the deposition reaction. An 

increase of the bath temperature increases the current efficiency of the metal to be 

deposited. However, it also facilitates the hydrogen reaction, which again decreases the 

current efficiency. Jeffrey [53] studied the effect of temperature on the deposition of 

cobalt and concluded that increasing the temperature affects hydrogen evolution more 

than cobalt deposition. The advantage of operating at higher temperatures is that a lower 

potential is required for the deposition. Qiao et al. [24] reported that an increase of the 

bath temperature reduced the cobalt content in CoNi alloys. 
 
 

Type of current applied (wave form) 
 

Another variable that can influence the structure and properties of electrodeposited 

materials is the plating condition, that means the type of current applied (wave form). 

When direct current is used for electrodeposition, a constant current is applied during the 

entire process. The rate of arrival of metal ions on the deposit surface depends on the ion 

diffusion coefficient and on the agitation of the bath. Changing the plating current from 

direct to pulsed current allows the deposition of good quality films at relatively high peak 
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current densities. Consequently, a large magnitude of the overpotential increases the 

nucleation rate and decreases the grain size. The use of a pulsed current can also alter 

the composition of electrodeposited alloys [54,55,56]. By applying a pulsed current, 

deposits with alternate layers of different compositions of the same phase or alternate 

phases could be produced.  

 

The use of pulse reversal plating also results in grain refinement. In this kind of plating, 

the current is alternated between cathodic and anodic current. During the anodic portion 

of the cycle, metal is dissolved, preferentially at outgrowing areas of the surface resulting 

in a leveling of the surface. In addition, during the anodic current the deposit surface is 

passivated facilitating nucleation and therefore finer grained deposits. Further advantages 

of the pulse reverse plating are the possibility of decreasing internal stresses [57] and to 

control the alloy concentration [58]. The application of a pulse reverse current can also 

reduce the anomalous plating of CoNi and FeCo alloys [58]. 

 

 

2.1.4. Electrodeposited CoNi-alloys 

 

Although fcc electrodeposited materials are far more studied than hexagonal ones, there 

is a significant amount of literature reporting on the structure and properties of 

electrodeposited cobalt and several on CoNi electrodeposited alloys. Even though in the 

previous sections a considerable amount of examples of CoNi alloys were given, a review 

of the characteristics of these alloys and its pertinent literature seems essential.  

 

The structure of electrodeposited alloys differs in several aspects from that of cast ones. 

The phases present in electrodeposited alloys are often not those predicted by the 

equilibrium phase diagram. Intermetallic phases frequently do not form, so that solid 

solutions are supersaturated. Even by pure cobalt electrodeposition it is possible to 

obtain two phases, α-Co (hcp) and the β-Co (fcc) at temperatures well below 417°C 

(Fig. 2.4). In electrodeposited CoNi alloys the phase composition also differs from the 

equilibrium one, Fig. 2.4 shows the equilibrium phase diagram of CoNi. In case of 

electrodeposition the concentration interval, where both phases (hcp. and fcc) are 
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coexisting is wider and the concentration region, where there is only hcp phase is 

narrower in comparison with the equilibrium alloys. 

 

α (hex)

β (fcc)

β (fcc)

α (hex)

β (fcc)

β (fcc)

 
Figure 2.5: Binary Co-Ni phase diagram [59]. 

 

Electrodeposited CoNi alloys have attracted attention in two main fields of research: First, 

the interest derived from its potential magnetic properties for MEMS (micro-

electromechanical systems) applications. Second, it derived from its mechanical behavior 

as a nanocrystalline alloy. A common reason for this attention is the fact that CoNi forms 

a solid solution over the entire concentration range. The ability of nickel and cobalt to 

alloy in all proportions enables the potential use of their magnetic properties to be 

explored in a wider range of conditions. This means, for example, the possible shift of the 

magnetic characteristics from soft to hard magnetic materials by adjusting the cobalt 

content of the layer [2,3,60]. Furthermore, the wide solubility of the system and the low 

stacking fault energy of cobalt allows tailoring the crystal structure, to control the stacking 

fault energy and the twin density of the nanocrystalline CoNi alloys [23]. 

 

A possible way of influencing the properties of CoNi alloys is the control of the cobalt 

concentration in the alloy, and therefore the phase composition. As it was mentioned in 

the previous chapter, there are many ways of adjusting the cobalt content, taking into 

account that the codeposition of the alloy is anomalous, and choosing the correct bath 

parameters (pH, current density, solution etc.). Both, the magnetic and mechanical 

properties of electrodeposited CoNi alloys are related with the phase composition of the 

alloy. Nickel is fcc at all temperatures, contrary to cobalt which is fcc only at temperatures 
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above 417°C. At room temperature, cobalt has a hexagonal structure (fig. 2.4). By 

alloying nickel with cobalt the phase transformation temperature decreases. In the case 

of electrodeposited materials even at a nickel content below 30% both phases can 

coexist. 

 

The interest in mechanical properties of nanocrystalline materials will be briefly reviewed 

in the next chapter. However, it is necessary to point out here, that the cobalt 

concentration in nanocrystalline electrodeposited CoNi alloys influences the amount of 

growth twin boundaries. It has been proposed that the mechanisms of deformation 

should, therefore, be different [23]. Additionally, the wear resistance of the alloy is also 

related to its cobalt content. Cobalt rich alloys exhibit lower friction coefficient and higher 

wear resistance [61]. Tensile strength and microhardness are also mainly affected by the 

cobalt content in the alloy [18]. 

 

The dependence of the magnetic properties on the phase composition in the deposit is 

related to the axis of easy magnetization. The hexagonal phase has only one axis of easy 

magnetization, the c-axis [0001], whereas β-Co has four easy axis [111]. In addition, the 

energy of magnetocrystalline anisotropy, which is related to the directions in space, in 

which a magnetic material is easier to magnetize than in others, is much less for β-Co 

than for α-Co [56]. Furthermore, the magnetic properties also depend on the grain size 

and on the amount of stress in the deposit. Small grain size and low stress favor the 

magnetic properties. If the electrodeposited materials with nanoscaled grain size can be 

produced by controlling the deposition parameter, the magnetic properties of 

electrodeposited materials are superior to conventionally prepared materials. However, 

electrodeposited materials are known to have high internal stresses, caused by hydrogen 

codeposition and impurities. Nevertheless, the addition of saccharin or other similar 

additives and the control of deposition parameters provide a decrease of the internal 

stresses and therefore improved magnetic properties.  

 

Electrodeposited CoNi alloys have been produced from different electrolyte solutions, 

Watts [ 62 ,24,23, 63 ], chloride [5,1,4,3,69, 64 ], sulfate [ 65 , 66 ,3], sulfamate [18, 67 ]. 

Daheum in [3] compared the magnetic properties of CoNi alloys from sulfate and chloride 

bath, and found that the structure of the alloy was independent of the type of ions in the 

solution. Due to the anomalous deposition characteristic of the alloy, the composition 
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depends strongly on the Co2+ concentration in the bath. Additionally, it has been reported 

that an increase in the current density and/or an increase of the pH of the solution 

decreases the cobalt concentration in the alloy [18]. Concerning the effect of additives it 

was found that the ratio of Co/Ni in the alloy is independent of the additives. The grain 

size of the alloy, however, is controlled by the amount of additives in the bath, by the 

agitation of the solution and by the overpotential acting in the electrolyte double layer. All 

parameters that increase the nucleation rate decrease the grain size. Internal stresses 

are reduced also by inserting additives like saccharin in the bath and by avoiding 

hydrogen codeposition. The latter is controlled by the pH of the solution.  

 

As it has been explained before, electrodeposited materials usually show a preferential 

crystal orientation (texture). The texture formation is supposed to be related to the 

inhibition of certain crystallographic planes by the codeposition of impurities. Generally, 

these textures are axial (fiber) which means, that a particular crystallographic plane is 

parallel to the film plane. In electrodeposited cobalt the hexagonal α phase often exhibits 

a ( 0211 ) or a ( 0110 ) texture, depending on the deposition conditions. Merchant has 

reported that increasing the current density or decreasing the pH of the solution results in 

[0001] – [ 0211 ] – [ 0110 ] texture axis transformation. When both phases are present in 

the electrodeposited cobalt and cobalt alloys, a texture correspondence between hcp and 

fcc has been reported [60,68]. Hcp α ( 0211 ) and fcc β (110) or α ( 0110 ) and β (221). 

Armyanov [60] additionally reported, that in CoNi alloys two additional pairs of texture 

correspondence can be observed: hcp α (0001) and fcc β (111) or α ( 0110 ) and β (100).  

 

The majority of studies on electrodeposited CoNi alloys deals, however, with the study of 

anomalous codeposition of cobalt and nickel [5,21,30,29] and the parameters of the 

electrodeposition process influencing the structure and morphology of the alloy 

[1,5,20,24,58,63,64,65,54,69,70]. Few studies can be found on the influence of these 

parameters on the magnetic properties [2,3,4,60] and just a minor amount relates some 

of these parameters with the mechanical properties [18,23,61,62,67,68,71]. Additionally, 

information the corrosion resistance [72] and the thermal stability [73] have also been 

reported. 
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2.2. Nanocrystalline metals 
 

 

In recent years a rapid development is occurring in field of nanomaterials, due to their 

existing and/or possible applications in a wide variety of technological areas such as 

electronics, catalysis, ceramics, magnetic data storage, and structural components. The 

technological demand in these areas requires, in some extends, materials in which the 

size scale is reduced to the nanometer. For example, the miniaturization of functional 

electronic devices demands the placement or assembly of nanometer scale components 

into well-defined structures. As the size reduces into the nanometer range, the materials 

exhibit peculiar and interesting mechanical and physical properties, e.g. increased 

mechanical strength, higher specific heat and electrical resistivity compared to their 

conventional coarse grained counterparts. Nanomaterials can be classified into 

nanocrystalline materials and nanoparticles. The former are polycrystalline bulk materials 

with grain sizes in the nanometer range, while the latter refers to ultrafine dispersive 

particles with diameters below 100 nm. Research in nanomaterials is a multidisciplinary 

effort that involves interaction between researchers in the field of physics, chemistry, 

mechanics and materials science.  

 

In the past decade there has been a considerable interest on the structure and properties 

of nanocrystalline metals and alloys. The large amount of recent publications and 

enhanced significance of symposia and conferences on nanocrystalline metals reflects 

this interest. The majority of the research in this field has been concentrated on 

describing the deformation mechanisms in nanocrystalline metals mostly through 

atomistic modeling approaches with molecular dynamics simulation [1,2,3,4,5,6,7], but 

also through experimental approaches [8,9,10,11,12,13]. So far most of these studies 

are concentrated on single phase metals, mostly with face centered cubic (fcc) crystal 

structure.  

 

Nanocrystalline (nc) metals and alloys have been defined [14] as those with an average 

grain size smaller than 100 nm. Metals with an average grain size in the range of 100 - 

1000 nm are defined as ultra-fine grained (ufg) and average dimension of a micrometer 

or larger are microcrystalline (mc) materials. However, other classification based on the 

grain size can also be found in the literature, for example, Meyers [15] classifies ultra-fine 
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grained materials as those with grain size in sub-micrometer range above 500 nm and 

nano-grained materials as those with the grain size below 500 nm. The definition of 

nanocrystalline materials should, however, not only take into account the grain size, but 

also the deformation mechanisms of the materials, since it has been postulated that in 

nanocrystalline material the mechanisms of deformation differs from microcrystalline ones.  

 

Nanocrystalline materials have also been classified according to their dimensionality: 0D 

(nanoclusters), 1D (multilayers), 2D (nanograined layers) and 3D (equiaxed bulk solids) 

[ 16 ], and according to their composition, morphology and distribution of the 

nanocrystalline component [ 17 ]. A further classification can be made based on the 

starting material from which nanomaterials are made: nanomaterials crystallized from an 

amorphous solid or from other method where the starting material is crystalline.  

 
 

2.2.1. Synthesis of nanocrystalline metals 
 

The processing techniques used to produce nanocrystalline materials can be also 

classified in many ways. One of the most common ways is based on the microstructure of 

the starting material used. Nanocrystalline materials can be synthesized either by 

consolidating small clusters (bottom-up approach) or by breaking down the polycrystalline 

bulk material into crystalline units of nanometer dimension (top-down approach). The 

bottom-up approach starts with atoms, ions or molecules, which are arranged to form the 

bulk material. In the top-down approach the bulk microstructure is decomposed into a 

nanoscale structure [18]. 

 

There are several processing techniques available for synthesis of nanocrystalline 

material, the principal ones are: Inert gas consolidation, mechanical alloying, 

electrodeposition, crystallization from amorphous material, severe plastic deformation, 

cryomilling, plasma synthesis, chemical vapor deposition, sputtering, and physical vapor 

deposition. The four most common methods are summarized in table 2.1.  
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Table 2.1.: Summary of the major synthesis processes of nanocrystalline material. 

(where GS: grain size range following the definition of Kumar [14], Lit: Literature 

examples, ufg: ultra-fine grained, nc: nanocrystalline, +: advantages, -: disadvantages)   
 

Synthesis method Process characteristics 
Advantages / 

disadvantages 
GS Lit 

 
Mechanical 
alloying 
 
(top-down) 

Consist of repeated 

deformation of powder 

particle in a dry high-energy 

ball mill until the desired 

composition is achieved and 

consolidation. 

+ reasonable size 

billets 

- purity 

- density 

 

ufg 

 

[19,20,

21,22]

 
Sever plastic 
deformation 
 
(top-down) 

Consist of extensive and 

repeated deformation, where 

the microstructure breaks 

down into finer and finer 

grains.  

Two principal methods: 

equal-channel angular 

pressing (ECAP) and high 

pressure torsion (HPT). 

+ reasonable size 

billets 

+ purity  

+ density 

- highly deformed 

microstructure 

 

ufg 

 

[23,24,

25] 

 
Inert gas 
consolidation 
 
(bottom-up) 

Powder particles of 5-50 nm 

are produced by condensing 

from the vapor phase and 

consolidated using high 

pressures. 

+ texture free 

+ equiaxed grains  

- specimen volume  

- impurities at grain 

boundaries 

- density 

 

nc 

 

[26,27]

 
electrodeposition  
 
(bottom-up) 

A nanocrystalline metal is 

produced by depositing a 

coating on a surface by the 

action of electric current. The 

process dictates the crystal 

structure, the grains size and 

grain morphology. 

+ full density 

+ high production rate 

+ narrow grain size 

distribution  

- size limitation 

- hydrogen 

codeposition 

 

nc 

 

[8,28] 
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It is necessary to point out that the synthesis method has a large effect on the mechanical 

properties of nanocrystalline and ultra-fine materials. Some syntheses method based on 

powder densification yield voids and imperfections at grain boundaries, which 

consequently affect negatively the mechanical properties of the nanocrystalline material. 

Electrodeposition, on the other hand, can produce a high density of growth twins which 

can improve materials ductility.   

 

 

2.2.2. General characteristics of nanocrystalline metals 
 

The interest in nanocrystalline materials is strongly related to the well known fact, that 

grain refinement is a powerful tool to design microstructures with superior properties and 

performance.  This behavior is based on the Hall-Peach relationship, which relates the 

yield stress σy with the grain size d.  
2/1

0
−+= kdy σσ        (eq.2.5) 

 

Here σ0 is the friction stress and k is a constant. The Hall-Petch relationship predicts that 

the yield stress increases with the inverse of the square root of the grain size (eq. 2.5). 

The most commonly cited mechanism which causes the material strengthening with grain 

refinement is the pile-up of dislocation at grain boundaries. When the grain size 

decreases the resistance to plastic flow is enhanced through the higher density of grain 

boundaries. According to the Hall-Petch relation, drastic improvement in strength is 

expected at very fine grain sizes. However there are several models that lead to a Hall-

Petch relation, which are summarized in the work of Morris [29] and Takaki [30]. The pile-

up model has the disadvantage that well defined pile-ups are rarely observed in some 

materials. Another more general model is based on the stress developed at the tip of a 

slip plane across the grain, where a slipped plane acts like a shear crack, which produces 

a crack-tip stress field. An additional interpretation of the Hall-Peach relation is based on 

the correlation between grain size and dislocation density. A further source of Hall-Petch 

behavior is the statistics of the microstructural resistance to dislocation glide [29]. 

 

Although the Hall-Petch relationship describes well the strengthening of metals and alloys 

with average grain size in the micrometer range, as the grain size is refined into ultra-fine 

and nanocrystalline range this relationship invariably breaks down. It has been reported 
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[14,15,31,32] that at the grain size range from 1 µm -100 nm the slope of the Hall-Petch 

relationship decreases and there are reports [8,9,14,15,33,34] of a negative slope for 

grain size smaller than 20nm. Fig. 2.6 shows a schematic representation of the variation 

of the flow stress as a function of the grain size [14]. 

 

 
Figure 2.6: schematic representation of the variation of yield stress as a function of the 

grain size of metals and alloys [14]. 

 

The mechanisms causing this unusual deformation response in nanocrystalline metals 

and alloys has been the subject of most research on these materials. Although several 

mechanisms have been proposed i.e. among others, grain boundary sliding, shear band 

formation, grain boundary dislocation creation and annihilation, mechanical twinning, the 

underlying mechanisms are still not well understood. 

 

Since the mechanical behavior of nanocrystalline material has been a widely studied and 

published topic of the past years, more detailed information on this subject can be found 

elsewhere [3,14,15,35 ,36 ,37 ]. Furthermore, several overview papers, where a com-

prehensive summary on the state of research in this field is presented and discussed can 

be also found in the literature [1,14,15,17,26].  

 

The main characteristics of nanocrystalline metals and alloys are: high yield and fracture 

strength, superior wear resistance, and decreased elongation and toughness. 

Nanocrystalline metals are characterized by a low work-hardening rate, which leads to 

tensile instability and low tensile ductility. Another characteristic is the high strain-rate 

sensitivity to mechanical response. 



NANOCRYSTALLINE METALS 
 

31

It is strongly necessary to point out, that the mechanisms of deformation and the 

properties of nanocrystalline materials not only depend only on the average grain size, 

but are also strongly related to the grain size distribution and to the grain boundary 

structure [14]. However, microstructure characterization has not been systematic 

conducted. Furthermore, texture, grain shape through the cross section, and growth twin 

population have not been well defined. Earlier investigations using orientation microscopy 

on electrodeposited nanocrystalline metals were performed on annealed samples with 

the aim of studying thermal stability, abnormal grain growth or to obtain larger grain sizes 

[38,39,40]. 
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2.3. Grain boundary structure 
 
 
Grain boundaries (GB) are interfaces formed when two crystals of the same crystal 

structure but different orientation meet. They are active structural elements in crystalline 

materials, which together with the grains govern the macroscopic properties of 

polycrystals. A grain boundary has in total eight degrees of freedom; five of these are 

macroscopic and the other three microscopic. The macroscopic degrees of freedom 

characterize the geometry of a grain boundary, which is defined by the orientation of the 

boundary plane with respect to one of the two crystals (two degrees of freedom) and by 

the smallest rotation (θ) required to make the two crystals coincident (three degrees of 

freedom) figure 2.7. The three microscopic degrees of freedom refer to the rigid body 

translations parallel and perpendicular to the boundary.  

A

B
θ

A

B
θ

A

B
θ

 
Figure 2.7: A grain boundary between two crystals misoriented by an angle θ about an 

axis normal to the page [1]. 

 
Grain boundaries can be classified according to their misorientation. Those with a 

misorientation greater than a certain angle are called high angle grain boundaries 

(HAGB) and those with a misorientation smaller than this angle are called low angle grain 

boundaries (LAGB). The angle at which the transition from low to high angle boundaries 

occurs is typically taken as between 15° and 16° and dependent on what properties of the 

boundary are of interest. In general, low angle grain boundaries are considered to be 

composed of arrays of dislocations and their structure and properties are function of their 

misorientation. Therefore low angle grain boundaries can be understood from the point of 

view of dislocation theory. High angle grain boundaries are those whose structure and 

properties do not depend on the misorientation and can not be described by dislocation 
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model. For high angle grain boundaries it is thought that the grain boundary dislocations 

are so close to each other that the boundary is only formed by the overlapping dislocation 

cores. 

 

A grain boundary can be classified as pure twist, pure tilt and general type (mixture of 

twist and tilt). For a twist boundary the axis of rotation is perpendicular to the plane of the 

grain boundary, while for a tilt boundary the axis of rotation is parallel to the plane. A twist 

boundary is formed by two sets of screw dislocation, whereas tilt boundaries by an array 

of pure edge dislocations. A general grain boundary is usually a mixture of tilt and twist 

types and therefore contains several sets of edge and screw dislocations. Figure 2.8 

shows schematically a twist (a) a tilt (b) and a general grain boundary (c).  
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Figure 2.8: Schematic representation of a (a) twist boundary, (b) symmetrical tilt 

boundary and (c) asymmetrical low-angle grain boundary (general GB) [1,2,3]. 

 

If the spacing of the dislocations of Burgers vector b in the boundary is h, then the 

crystals on either side of the boundary are misoriented by a small angle θ, where 

 

h
b

≈θ
      (eq. 2.6) 

 

The energy of such a boundary γs is given as: 

 
γs = γ0θ(A - lnθ)     (eq. 2.7) 
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Where γ0 = Gb/4π (1-v), A= 1+ ln (b/2πr0) and r0 is the radius of the dislocation core 

usually taken as between b and 5b. According to this model the energy of a tilt boundary 

increases with increasing misorientation (decreasing h). Combining these two equations it 

is possible to note that as misorientation increases (θ) the energy per dislocation 

decreases. This shows that the material will achieve a lower energy if the same number 

of dislocations is arranged in fewer, but higher angle boundaries. This theory is in good 

agreement with experimental measurements for small values of θ. When θ exceeds ~ 15°, 

however measurements of grain boundary energy reveal no further change with 

increasing rotation angle. For rotation angles larger than 15° the dislocation model 

becomes unreasonable for describing the boundary energy, because the dislocation 

cores will overlap. A fundamental reason for this failure for large angles of rotation is the 

requirement of a strictly periodic dislocation arrangement to minimize grain boundary 

energy.  

 

The atoms in a perfect crystal will always try to occupy position in which the minimum of 

the free energy is necessary [2]. This must be the case also at the grain boundaries and it 

might be expected that the energy of the boundary would be a minimum for certain 

orientation relationships where the crystallographic plane continue through the grain 

boundary form one crystal to the other. It might be expected that the energy of the 

boundary would be a minimum for an exact coincidence relationship and that it would 

increase as the orientation deviated from this, due to the energy of the network of 

accommodating boundary dislocations. However, the correlation between the geometry 

and the energy of a boundary is more complicated than this. Sutton and Balluffi [4] have 

proposed that there is no simple relationship between the energy of a boundary and the 

overall geometry of the boundary as defined by the macroscopic degrees of freedom. It is 

likely that the boundary energy is determined primarily by the microscopic structure of the 

boundary and that atomic bonding plays an important role. There are several 

experimental and simulation work on energy of grain boundary of cubic material 

[5,6,7,8,9]. The structure and the energy of a grain boundary may also depend on the 

plane of the boundary, the energy of a ∑=3 coherent twin boundary is much smaller than 

that of the non-coherent boundary [1]. 

 

Several materials properties or processes are related to grain boundaries as for example 

recrystallization, grain growth [10], creep, corrosion, magnetic annealing, strength and 
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toughness among others. The importance of grain boundaries has motivated numerous 

studies and even opened a new research field, the so called “grain boundary 

engineering”, which deals with controlling process parameters to optimize the grain 

boundary character distribution and improve materials properties. The structure of a grain 

boundary and it physical behavior controls many of the thermal, mechanical and electrical 

properties of polycrystalline solids, however additional to it, the arrangement of the 

boundaries are also significant for material behavior.  

 

Some grain boundaries are considered special grain boundaries due to their particular 

properties. One of the special grain boundaries are twins boundaries, which are highly 

symmetrical interfaces and with low energy. A twin boundary is a grain boundary between 

two crystals where atoms are shared by the two crystals at regular intervals. A twinned 

crystal consists of two or more components whose mutual orientations are related in a 

precise geometrical manner determined by the geometry of the lattice. The lattice 

structures at a twin boundary are in mirror symmetry with respect to the twinning plane. 

The two crystals are related to each other by a 180° rotation on the twin axis.  

 

Twinning may form in materials during nucleation and crystal growth such as crystal 

growth from a liquid phase, phase transformation or recrystallization of solids (“growth 

twins” and “annealing twins”). Twinning may also form during deformation. There are 

several overview publication on twinning mechanisms particular considering deformation 

twinning, for example the work of Christian and Mahajan [11], Cahn [12], Meyers [13], 

Patridge [14]. 

 
Two grains meet at a grain boundary, which is a surface; three of more grains meet in a 

line. Usually the number of grains that meet in a line is three and the line is known as a 

triple grain junction. Each grain is a polyhedron with facets, edges (triple lines) and 

vertices (corners) fig. 2.9 (a). Consider the three grains 1, 2, 3 shown in figure 2.9 (b). If 

the boundary energies are γ12, γ13 and γ23, at equilibrium these energies are equivalent to 

boundary tensions per unit length. The stable condition for these three boundaries is  

 
γ12 γ13 γ23

sin α3 sin α2 sin α1
= =

γ12 γ13 γ23

sin α3 sin α2 sin α1
= =

     (eq. 2.8) 
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For many high angle grain boundaries, the energy does not vary strongly with 

misorientation. In this case all boundaries have the same energy and the equation shows 

that the three grains will meet at angles of 120°. 
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Figure 2.9: Schematic representation of grin structure (a) and (b) the forces at a 

boundary triple point. 

 

The defect character and other microstructural elements of triple junctions are expected 

to have a significant influence on the bulk properties of materials. Palumbo and Aust [15] 

have, for example, shown that the triple junctions of polycrystalline nickel are attacked by 

sulfuric acid or sodium sulfate, and that the propensity for attack varies from junction to 

junction, suggesting that the junctions have distinct chemical activities. Triple junction 

distributions are most conveniently determined using electron backscatter diffraction 

(EBSD). Single misorientation measurements around triple junctions can also produce 

triple junction character distributions. Several publications [ 16 , 17 , 18 ] deal with the 

characterization of triple junctions consisting of special grain boundaries, which provide 

particular properties to the materials (for example coincident site lattice or CSL 

boundaries).  

 

Grain boundary properties also depend on their inclination (the boundary plane indices). 

It has been mentioned before that a grain boundary has five macroscopic degrees of 

freedom (dof). When grain A and B join to create a grain boundary, its geometry can be 

expressed in misorientation axis (2 dof), misorientation angle (1 dof), and boundary plane 

indices in grain A (2 dof). Another equivalent way of describing is boundary plane indices 

in grain A (2 dof) and grain B (2 dof), twist angle (1 dof). 
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There are two major techniques to determine the grain boundary plane: serial sectioning 

or two surfaces analysis. The principle of the sectioning techniques relies on the trace of 

the plane being evaluated on at least two sections through the specimen. The grain 

boundary displacement on the specimen surface can be measured and the angle of 

inclination ϕ can be found from the displacement over a specific depth. The two surface 

technique relies on polishing two mutually perpendicular and adjoining surfaces so that 

the plane trace is revealed on both surfaces. Both surfaces must be etched to reveal the 

boundary traces, the edge grains will show the position of a boundary on both surface as 

illustrated schematically fig. 2.10. By measuring the angle that both these traces make 

with the common edge (α and β) the direction of the boundary normal can be deduced 

[19]. 
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Figure 2.10: Schematic diagram of the grain boundary trace on two adjoining specimen 

surface. X, Y, Z are the specimen axes [19,3] 

 

 

Phase boundaries 

 

Phase boundaries are interfaces between adjacent crystals with different crystal structure 

besides a different crystal orientation. When both lattice parameter are only slightly 

different the plane in both crystals my have a perfect match and a coherent phase 

boundary will form. With increasing difference in lattice parameter, the lattice mismatch 

can favor the formation of lattice dislocations which compensates this mismatch. In this 

case a partially coherent boundary will form. An incoherent phase boundary forms when 

the coherency of the interface is completely lost [2]. 
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2.4. Phase transformation in Co and Co-alloys 
 

 

The element Co has a hexagonal crystal structure at room temperature and transforms 

martensitically into the face centered cubic (fcc) structure at 422oC. The hexagonal (hcp) 

↔ fcc transformation in Co is first order, as attested by small change in enthalpy (ΔH = 

113 cal mol-1on heating) and volume (ΔV/V ≅ 3.3x10-3) and by a singularity of the specific 

heat [1]. Therefore the transformation is characterized by superheating (hcp → fcc) or 

supercooling (fcc → hcp). The transformation temperature Tm, as well as the amount of 

transformed material is affected by external stresses [2] or the alloy composition. Nickel 

and Platinum are examples of fcc stabilizing elements, as it can be seen in the Co-Ni 

phase diagram fig. 2.5 (subchapter 2.1). The fcc phase becomes stable at lower 

temperature as the Ni content increases. The fcc stabilizing elements cause the c/a ratio 

of the cobalt hexagonal structure (c/a = 1.623) to approach the ideal value of 1.633, 

which in turn makes it energetically easier for the crystallites to form with either a 

hexagonal or fcc stacking [3]. 

 

The unit cells and the stacking sequence of hexagonal and fcc structure are shown in 

fig. 2.11. It can be seen that the hexagonal structure is formed by stacking the close 

packed planes in the sequence ABABAB…, while the fcc structure is formed by stacking 

the close packed planes in the sequence ABCABCABC…, where the letters represent the 

position of the centers of the atoms of each plane, as shown in the figure. Any error in the 

order of the stacking of the close packed planes is referred to as a stacking fault. A 

stacking fault in a hexagonal phase produces a thin portion of an fcc phase, for example 

ABABCBCBCB..., where the underlined planes represent the fcc portion. Stacking faults 

are an intrinsic property of a material and exist in all close packed structures though the 

energy of formation differs from one alloy to another. Pure cobalt, with hexagonal crystal 

structure at room temperature, has a very low stacking fault energy (27± 4 mJm-2) [4] 

compared with titanium (> 300 mJm-2) or magnesium (50-80 mJm-2). Stacking faults can 

be classified as either growth faults or deformation faults. A growth fault occurs by 

incorrect stacking during the growth of the hcp or fcc phase. A deformation fault is caused 

by a shearing of the close packed plane as a result of resolved shear stress. Such a 

stress could also be due to a lattice mismatch at the interface.  
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Figure 2.11: Unit cell of the fcc structure, (b) Unit cell of the hcp structure, (c) Stacking of 

(111) planes (d) of (0002) planes [3]. 

 

The transformation mechanism involves the motion of Shockley partial dislocations of 

type 1/6 〈 211 〉fcc (martensitic transformation) and 1/3 〈 0011 〉hcp (reverse transformation), 

which glide on every other (111) fcc// (0001) hcp plane (the habit plane) (fig. 2.12). In this 

way, the fcc stacking sequence, ABC, is changed to the hexagonal stacking order, AB, 

and vice versa. The martensitic transformation results in largely coherent lamellae of the 

new phase fcc, having the (111) habit plane with the following orientation relationship 

(0001)hcp // (111)fcc and 〈 0211 〉hcp // 〈110〉fcc.  

 

B

A

C

B

A

C

B

A

C

B

A

C

B

A

B

A

A

C

B

A

B

A

B

A

B

A

B

A

B

A

B

A

a/6 [112]

a/6 [112]

a/6 [112]

Face centered cubic Hexagonal close packed

B

A

C

B

A

C

B

A

C

B

A

C

B

A

B

A

A

C

B

A

B

A

B

A

B

A

B

A

B

A

B

A

a/6 [112]a/6 [112]

a/6 [112]a/6 [112]

a/6 [112]a/6 [112]

Face centered cubic Hexagonal close packed  
Figure 2.12: Schematic representation of the transformation by a/6 [ 211 ] displacement 

on alternate planes. 
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Every close packed plane of the fcc and hexagonal lattice can have any one of three 

possible Shockley partial Burgers vectors (bi; I = 1,2,3). When the sequence of the bi on 

every other close packed plane is correlated on an atomic scale, two transformation 

modes can occur. The Shockley partial dislocations (partials) can be either identical or 

they have alternating sequence of the Burgers vector b. In the first case the accumulation 

of microscopic shear strain leads to a long range internal stress field and the martensitic 

plates appear lens shaped, like strain induced martensit. The literature refers to this 

condition as transformation mode A [5,6]. In the second case the partials can cancel their 

long range strain fields, and the martensit plates appear lath shaped without shear 

component and the transformation does not produces crystal shape distortion. This 

transformation is known as Mode B (fig 2.13). Waitz studied the phase transformation on 

CoNi-alloy by transmission electron microscopy (TEM) and atom force microscopy (AFM) 

and concluded that the mode A occurs during the phase transformation fcc → hcp, but in 

case of the reverse transformation hcp → fcc, partials of all three Burgers vectors 

compensate their long range strain field, mode B.  

 

(a)

(b)

(a)

(b)

 
 

Figure 2.13: Martensitic fcc → hcp phase transformation with and without macroscopic 

shear. (a) Martensitic plates appears with lens shape with long range internal stress 

(Mode A). (b) Martensit plates appear lath shaped without shear component and the 

transformation does not produces crystal shape distortion (mode B) [6]. 

 

The mechanisms of the fcc ↔ hcp martensitic transformation in CoNi alloys have been 

studied previously by means of TEM [5,7,8,9], optical microscopy [5,10], atomic force 

microscopy [5], neutron scattering spectrometry [ 11 ] and thermomechanical testing 

[12,13]. A more detailed overview on the theory of the martensitic transformation of 

cobalt has been published by Toledano et al. [1].  
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In electrodeposited polycrystalline cobalt and CoNi-alloy, unlike thermomechanically 

produced material, the stability of the fcc or hcp phases at room temperature depends 

strongly on the electrodeposition parameters as has been discussed in section 2.4. For 

example, adding organic surfactants or ions of metals with fcc structure to the bath as well as 

co-deposition of hydrogen on the cathode favors the fcc structure [14]. However, so far the effect 

of plating parameters on the stability of the fcc phase in nanocrystalline cobalt and cobalt alloy 

electrodeposits has not been studied.  
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2.5. Basic concepts of EBSD-based orientation microscopy 
 

 

Electron backscatter diffraction (EBSD) was developed as a practical experimental tool in 

the early 1980s [ 1 ] and is nowadays the most applied technique for microtexture 

investigation. This diffraction technique, which is based on the acquisition and 

interpretation of backscatter Kikuchi patterns in a scanning electron microscope (SEM), 

enables individual grain orientations, local texture and point-to-point orientation 

correlations to be determined in bulk surfaces of polycrystalline materials.  

 

Basically, the EBSD-based orientation microscopy technique consists of a stepwise 

movement of electron beam on a grid and the automated analysis of Kikuchi pattern from 

a crystalline sample, which is placed strongly tilted into a scanning electron microscope 

(SEM).   

 

Basic principle of electron backscatter diffraction (EBSD) 

 

When the primary electron beam penetrates a crystalline solid, it is diffusely and 

inelastically scattered in all directions. In a second step the electrons interact elastically 

with the atoms in the material. There will always be some electrons which arrive on the 

lattice planes at the Bragg angle; these electrons will then be diffracted according to 

Bragg’s law: 

 

λ=θ nsind2 B     (eq. 2.9) 

 

where d is the interplanar spacing, θB is the Bragg angle, n is the order of reflection and λ 

is the electron wavelength. Bragg diffraction gives rise to two cones of electron radiation 

for each family of lattice planes. The cones of diffracted electrons extends about the 

normal of the reflecting atomic planes with an opening angle of 180° - 2θB and an angle 

between the cones of 2θB. Since the Bragg angle θB is very small (in order of 0.5°), the 

cones are very large and almost flat. A section through the pair of diffraction cones is a 

pair of approximately straight and parallel lines, the so called Kikuchi lines. Hence each 

pair of Kikuchi lines (known as Kikuchi band) represents a plane in the crystal; the actual 

trace of the plane is equidistant between the pairs. The spacing between the Kikuchi lines 
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is proportional to the interplanar spacing (fig. 2.14). The entire EBSD Kikuchi pattern 

consists of pairs of parallel lines where each pair has a distinct width and corresponds to 

a distinct crystallographic plane. The regions where several planes intersect are called 

zone axes or poles and appear in the Kikuchi pattern as intersection of Kikuchi line pairs. 

The symmetry of the crystal lattice is reflected in the Kikuchi pattern, which embodies all 

the angular relationships in a crystal, both, interzonal and interplanar angles. The 

orientation of the pattern and hence of the volume from which it has arisen is evaluated 

by identifying the poles and bands in the pattern and calculation the relationship between 

these and some chosen reference axes. 
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Figure 2.14: Sketch illustrating the origin of Kikuchi lines during electron backscatter 

diffraction in the SEM with the sample inclined at 20° to the beam [2]. 

 

High energy electrons are strongly forward scattered when impinging on a bulk surface. 

In order to enhance the proportion of backscattered electrons able to undergo diffraction 

and escape from the specimen surface, the specimen is positioned in the SEM chamber 

such that a small angle, usually 20°, is made between the incident electron beam and the 

specimen surface (fig. 2.14). The resulting diffraction patterns are captured by a highly 

light-sensitive camera interfaced to a transparent phosphor screen, positioned in close 

proximity to the tilted sample. The CCD camera transmits the acquired image to a 

computer, where the diffraction pattern can be further processed. The same computer 

controls the beam position as it is moved stepwise over the sample surface acquiring at 
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every position a pattern. More details on the principles of EBSD can be found elsewhere 

[3,4]. 
 

Specimen requirements 
 

The specimen surface has to be relatively flat to avoid shadowing during the EBSD 

measurement. Even more important than a flat surface, is that the surface should be free 

of any deformation created by polishing and from surface layers, such as oxide layers or 

contaminations. The latter arise from the fact that the penetration depth of back-scattered 

electrons contributing to the patterns is less than 20 nm [5]. The higher is the deformation 

the worse is the pattern quality. Lattice defects (e.g. dislocations) disturb the formation of 

clear patters, however the actual position of the zone axes remain unchanged and so, in 

some cases ,it is still possible to analyze the pattern even though it is weak. This 

relationship can be in some extend, used to map the density of lattice defect in the 

sample. The pattern quality also depends on the studied material, the scattering intensity 

increases with increasing atomic weight and increasing bonding forces. 
 

Microscope requirements  
 

Additionally to the sample surface and material, the pattern quality also depends on the 

microscope characteristics, namely the accelerating voltage, beam current, state of 

vacuum, filament quality and alignment. The best EBSD performance is achieved from a 

microscope with thermal field emission gun with high beam current at small beam 

diameter. The high beam current allows reaching either a very high measurement speed 

at still acceptable noise level in the pattern or the acquisition of very detailed pattern at 

low speed. The small beam diameter contributes to achieve high spatial resolution, which 

however, also depends on the penetration depth of the beam into the material, i.e. the 

acceleration voltage and sample density.  

 

Automated indexing 
 

The software for automated indexing of EBSD patters is based on two essential parts. The first 

part is an algorithm for the detection of Kikuchi bands. The second part is the indexing 

algorithm. In 1992 Krieger-Lassen et al. [6] has introduced a software algorithm applying 

the so called Hough transform, for the automatic detection of the Kikuchi bands in EBSD 
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patterns. Basically the Hough-transform converts bands in an image to points in Hough 

space.  

;sincos θθρ ⋅+⋅= yx          [ ]πθ ,0∈ , [ ]RR,−∈ρ   (eq. 2.10) 

 

where, ρ is a distance of a line from the origin in x-y space, θ is the angle to the ordinate 

and R is the radius of diffraction image. Following equation 2.10, a line in x - y space is 

represented as a point in the ρ - φ space, fig. 2.15. 
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Figure 2.15: Schematic of the Hough transform parameter. (a) x-y space and (b) positive 

ρ portion of the Hough space [7]. 

 

The Hough transform is designed to find lines of high intensity in an image. However, the 

diffraction bands are not sharp lines but are band of high intensity bordered by bands of 

low intensity. Thus, a typical band in the image space will appear as a peak bordered by 

two valleys (in the ρ direction). In order to draw out a peak of this characteristic shape, 

the Hough transform is convoluted with a “butterfly shaped mask” [6]. 

 

In order to index the Kikuchi patterns the algorithm must deal with false or imprecisely 

detected bands and ambiguities. For a given diffraction pattern, several possible 

orientations may be found which satisfy the diffraction bands detected by the image 

analysis routines. In the algorithms from TSL-OIM software the orientations are 

calculated from all combination of three bands, and therefore several different 

orientations are obtained with different amounts of votes. The values used to decide for 

the right solution are related to either the number of votes that a certain solution receives 

for indexing of different band combinations or the angular deviations between 
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recalculated and detected bands (fit). The software ranks these orientations using voting 

scheme. The confidence index is given as CI = (V1-V2)/Vtotal where V1 and V2 are the 

number of votes for the first and second solution and Vtotal is the total possible number of 

votes from the detected band. The confidence index expresses how certain the software 

is that out of a set of possible orientations it has chosen the correct one. The confidence 

index ranges from 0 to 1, a confidence index of 0 means that V1 = V2, both solution are at 

the same amount possible, one of them is possible correct and an EBSD patter that could 

not be analyzed has a value of -1.  
 

Spatial resolution 
 

The spatial resolution of EBSD is related to the minimum lateral distance between two 

different orientations which still can be separately indexed. It varies with the accelerating 

voltage, beam current, working distance and spot size of the SEM. Additionally it varies 

with the atomic number of the sample material and the strain state of the material. The 

spatial resolution can be differentiate in two types the physical and the effective resolution. 

The physical resolution indicates how far away from a large angle grain boundary one 

obtains diffracted intensities from both crystals. The effective resolution, which depends 

on the physical one, indicates the smallest distance between two points which an 

orientation microscopy system may resolve a large angle grain boundary using software 

algorithms to deconvolute overlapping patters. The effective resolution is usually better 

than the physical, but for heavily deformed materials or low angle grain boundaries the 

latter may be the significant one [5]. 

 

The spatial resolution is anisotropic due to the interaction of the beam with a specimen 

which is tilted to 70°. The area from which an EBSD pattern is acquired is approximately 

elliptical, with the major axis perpendicular to the tilt axis. A better resolution is obtained 

in the direction parallel to the tilt axis rather than in the direction perpendicular to it. 

 

Angular resolution 
 

When applying EBSD to characterize a subgrain microstructure, the angular resolution is 

of particular importance because the misorientations between subgrains may approach 

the limit of angular resolution of the technique. The accuracy of determination of the 
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absolute orientation is typically 0.5 - 1° and depends upon calibration, sample alignment, 

Hough transform and pattern acquisition parameter. Additionally the accuracy of 

determining the relative orientation between adjacent data points is also related to the 

probe current as was shown by Humphreys et al. [ 8 , 9 ]. Furthermore the angular 

resolution is related with the pattern quality and the latter varies with sample, microscope 

operating conditions and camera.  
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3. Experimental details 
 
In this chapter the experimental details will be presented. Starting with a short description 

of the electrodeposition parameters applied by the manufacture of the CoNi samples, and 

followed by the explanation of the characterization techniques applied in this work. 

 
 

3.1. Electrodeposition 
 
The three electrodeposited CoNi samples characterized in this work were prepared in a 

previous research of Wu [ 1 ]. For this reason, just the essential information on the 

deposition process is presented in this section. Further details on the deposition 

procedure can be found in [1,2]. The three studied CoNi specimens were produced by 

the same conditions, differing only in the level of saccharin added to the bath. 

 

CoNi samples were electrodeposited on a commercial purity titanium plate with an area 

of 6.5 cm2. The mirror finished substrate surface was mounted such that only the polished 

surface was in contact with the deposition solution. Two parallel nickel and cobalt anodes 

of 99.995 % purity were used, and the deposition bath was continually stirred by a 

magnetic stirrer. The pH value of the bath was monitored during the entire deposition 

process by a digital pH meter. The solution composition of the Watts electrolyte and the 

process parameters are given in table 3.1. Boric acid was added to the solution as pH 

buffer. A pulsed current was applied, where the on-time and off-time were each set to 5 

msec. After the deposition the sample was removed from the titanium substrate.  

 

Table 3.1: Chemical composition of the electrodeposition bath and the process condition.  

Composition of electrolyte Concentration  [gl-1] Process conditions 

NiSO4·6H2O 30 Cathodic current density:   5.1 A dm-2

CoSO4·7H2O 30 Temperature:  35 °C 

NiCl2·6H2O 15 Cathode substrate: Titanium 

H3BO3 15  

NaCl 10  

Saccharin 0.01 – 0.04  
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3.2. CoNi samples  
 

The three electrodeposited CoNi alloys produced, showed a composition of 

approximately 20 at %Ni and 80 at % Co, determined by energy dispersive x-ray 

spectroscopy (EDS). Table 3.2 gives the sample identification and the respective 

amounts of saccharin level in the bath. Since the samples were previous studied by Wu 

[1] the sample identification-number used in his work are shown on the table 3.2, 

however to facilitate the relationship between sample and saccharin concentration a new 

nomenclature has been given to these samples and will be applied throughout these work. 

This new classification is based on the saccharin concentration in the electrolyte bath and 

was selected as follow: 

CoNi-X
Alloy Saccharin concentration after the comma 

(saccharin concentration of 0.01g/l , X=01)  
 

Table 3.2:  Sample identification and the amount of saccharin added in the electrolyte. 

Sample previous 
identification [1] 

Sample identification 
(throughout this work) 

Amount of saccharin in  
the electrolyte [gl-1] 

CoNi47 CoNi-01 0.01 

CoNi44 CoNi-02 0.02 

CoNi46 CoNi-04 0.04 

 

All samples were approximately 3 cm2 large and 100 µm thick. The major part of this 

work will deal with the characterization of the sample produced by the electrodeposition 

process describe above with the addition of 0.02 g/l of saccharin (sample CoNi-02). The 

remaining samples (CoNi-01 and CoNi-04) will be presented in a separated chapter 4.5 

(Dependence on the amount of saccharin), where the results of the three samples are 

compared and discussed with respect to the saccharin concentration in the electrolyte 

bath.  

 

In order to understand the three dimensional topography of the texture, grain structure, 

and misorientation distribution of electrodeposited materials, it is necessary to investigate 

three distinct sections of the sample, namely the interface that was originally attached to 

the substrate (deposit-substrate interface - DSI), the growing surface that was in contact 

with the deposit-bath (deposit-bath interface - DBI) and the cross section (CS). Fig. 3.1 
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schematically shows the three sample sections studied. These three sections of the 

deposit were investigated for all three CoNi samples presented in this study. 

 
ND// Growth direction

Deposit bath interface (DBI)

Cross section (CS)

Deposit substrate interface (DSI)

Substrate: Titanium

Normal plane interface

ND// Growth direction

Deposit bath interface (DBI)

Cross section (CS)

Deposit substrate interface (DSI)

Substrate: Titanium

Normal plane interface

 
 
Figure 3.1: Schematic view of the three sample sections studied. 

 

3.3. Sample preparation 
 

All samples and all sections (cross section, deposit substrate and bath interface) were 

mechanically polished until an EBSD suitable surface finishing was achieved. The last 

polishing step was performed using a 50 nm silica solution. The cross-sections were 

prepared by fixing the thin film between two steel holders and screwing those together, 

therefore the cross sections were first grinded and than polished. In some case, following 

the mechanical polishing an ion milling of the cross section in a focused ion beam 

microscope was necessary because the surface presented polishing artifacts and 

rounded borders. The ion polishing was performed only in some small areas that were 

afterwards analyzed by EBSD. 

 

Sample preparation for cross section transmission electron microscope (TEM) 
 

In order to observe the finest details of the cross-section microstructure a sample wase 

prepared for transmission electron microscope (TEM) using a focused ion beam 

microscope. This TEM sample was prepared from the last slice of the 3D-EBSD study 

performed in sample CoNi-02 (chapter 3D-EBSD). 

 

First two corners of the sample were grinded and polished. The sample was then 

mounted into a cross section sample holder in a way that both corners stood free. The 

holder was placed inside the microscope (FIB – SEM) with one surface perpendicular to 

the ion beam column fig. 3.2 (a) (surface Sb); the other surface (Sa) perpendicular to Sb. A 

TEM-lamella was prepared from Sa. An area of approximately 10 µm behind the TEM-
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lamella (in surface Sb) was ion milled, so that only a thin layer of approximately 2 µm 

remained partiality free (fig.3.2 (b)). Subsequently, the sample was positioned in a way 

that the surface, where the TEM-lamella was still connected to the bulk sample, was 

perpendicular to the ion beam (fig. 3.2 (c)). At this position, a sample manipulator was 

attached to the TEM-lamella by depositing using a precursor gas injection, a tungsten film 

connecting the sample to the manipulator (fig. 3.2 (d)). Once the lamella was fixed, the 

remaining connection between the TEM-lamella and the bulk was cut (fig. 3.2 (e)), 

making the lamella being only fixed by manipulator (fig. 3.2 (f) and fig. 3.3 (a) and 3.3 (b)). 

At this point, the microscope chamber was opened and a half circle TEM sample grid was 

introduced into the microscope. The TEM-lamella was than attached to this grid fig.3.2 (g) 

using again a tungsten deposition. When the sample was securely fixed on the holder, 

the manipulator tip was milled off from the sample fig. 3.3 (c). This thick TEM sample was, 

subsequently ion milled from both sides, until a thin TEM-lamella (of approximately 

100 nm) was obtained. The thinning of the sample was repeated four times, along the 

cross-section as it is shown in fig. 3.3 (d). The latter was necessary to maintain the 

stability of the thin sample and even so, to be able to analyze a large area of the cross-

section, which was approximately 100 µm long. 
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Figure 3.2: Schematic representation of the TEM sample preparation in a dual beam 

microscope of the cross section. 
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The TEM-lamella preparation was performed at an accelerating voltage of 30 KV, the 

beam current for milling the thick TEM-lamella from the bulk sample was between 2 nA 

and 500pA depending on the amount of sample removed. For thinning the TEM-lamella 

to a thickness of approximately 100 nm a beam current between 50 pA and 10 pA was 

applied. The time required for preparation of this TEM-lamella, from removing the thick 

sample from the bulk material until all for areas were thin enough for TEM investigation 

was of approximately 40 hours.   
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Figure 3.3: TEM sample preparation by focused ion beam. (a) TEM lamella been 

removed from the bulk sample. (b) Thick TEM lamella attached to the sample manipulator, 

(c) lamella attached to the half circle TEM sample grid (d) four TEM samples of 

approximately 100 nm thickness attached to the TEM sample grid. 
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3.4. Characterization techniques 
 

The three electrodeposited CoNi samples were basically characterized by the classical 

two dimensional EBSD technique. Additionally to this conventional orientation microscopy 

technique the CoNi-02 sample was studied by a newly developed three dimensional 

EBSD technique and transmission electron microscopy. 
 

2D Orientation microscopy 

 
Crystal orientation maps were measured in a high-resolution, high-intensity field emission 

gun scanning electron microscope (FEGSEM) JEOL JSM 6500F and on a Zeiss XB1560 

crossbeam instrument (FIB – SEM). A high-speed CCD camera (DigiView) for pattern 

acquisition and the TSL OIM analysis software were used. Orientation information was 

acquired on a hexagonal grid, using a step size in the range of 10 - 50 nm, which is at the 

resolution limit of the technique. To achieve a correct differentiation between the fcc and 

the hexagonal cobalt phase, all 20 peaks were considered for indexing both phases. Also 

the reflectors table was tested and individual reflectors were chosen to correct 

differentiate between fcc and hcp patterns.  

 

Set-up of the FIB-SEM experiment for 3D-EBSD-based orientation 
 

The automated 3D-EBSD study was conducted using a joint high-resolution field 

emission SEM/EBSD set-up together with a focused ion beam (FIB) system in a Zeiss 

XB1560 crossbeam instrument. The instrument is equipped with detectors for secondary 

electrons, backscattered electrons, scanning transmission electrons, EBSD and energy 

dispersive X-ray spectroscopy. The integrated scanning Ga+ FIB device allows the 

observation with ion-induced secondary electrons as well as sputtering (milling) for serial 

sectioning, transmission electron microscopy thin-foil preparation, and deposition of 

various types of films (W, Pt, SiO2) from organic precursor gasses. Figure 3.4 shows 

schematically the microscope set-up. One particularity of this microscope set-up is the 

position of the EBSD detector, which is located opposite to the FIB column. This position 

allows the quick and precise change between FIB milling and EBSD mapping without 

involving stage rotation. 
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Figure 3.4: Schematic representation of the experimental set-up for the 3D - FIB/EBSD. 

The 3D-EBSD analysis involves highly precise and fully automated serial sectioning with 

the FIB and subsequently 2D orientation microscopy on each of these layers using high-

resolution EBSD. The spatial resolution of the 3D pixels depends on the required 

magnification and sample volume. The spatial resolution of the current system is 

prospected to reach about 50 x 50 x 50 nm3.  

 

Every slice of the automated measurement consists of a cycle of processes which are: (i) 

performance of an orientation map, (ii) movement of the CCD camera in and out of the 

microscope chamber, (iii) moving and tilting the stage between milling and EBSD position, 

(iv) finding the correct position for further milling and EBSD map, (v) moving the FIB 

beam for every slice the desired z-step size forward, (vi) moving the SEM beam for every 

slice the according z-step size backwards. All this processes are first manually pre-

defined and subsequently inserted in the 3D measurement software developed by 

Zaefferer. During an automated measurement all processes are controlled by the 3D 

measurement software, and the measurement can run without human interaction for 

several days.  

 

Set up of the FIB-SEM experiment for 3D-EBSD experiment on CoNi-02 
 

Due to the columnar morphology of the grains on the CoNi-02 sample, 3D orientation 

microscopy was performed on the sample cross section, so that in every EBSD map of 
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the serial sections, the entire cross section was analyzed. Only in this way, the 

microstructure development with the growth of the film could be studied in three 

dimensions and the number of necessary slices could be kept at a reasonable number.   

 

Before starting the 3D-EBSD analysis, the sample was mechanical grinded and polished, 

so that a sharp rectangular corner of two cross sections was prepared. Both cross 

sections were perpendicular to each other. The sample was then mounted in a cross 

section sample holder in a way that both corners stand free. Figure 3.5 shows an SEM 

image of the two perpendicular cross sections. The holder was placed in a high pre tilted 

stage (70° tilt) and insert in the microscope (Zeiss XB1560 dual beam, SEM-FIB).  

 

Growth direction

Growth direction

 
Figure 3.5 Secondary electron image of the cross section of the NiCo-02 thin film ready 

for 3D orientation microscopy. The rectangular edge has been prepared by mechanical 

grinding and polishing. The front side surface corresponds to the film-bath interface, the 

back side to the film-substrate interface. Note that due to grinding the typical growth 

surface has been erased.  
 

Preliminary to the automated 3D-EBSD measurement the sample and the instruments 

were adjusted to run the automated process appropriately. For the analysis of the CoNi-

02 sample first the sample was aligned at the EBSD position (0° stage tilt, 70° sample tilt) 

so that the growth direction was perfectly lined up from left to right on the microscope 

screen.  Since the milling strategy for this 3D-EBSD measurement was the gracing 
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incident ion milling, in which one surface at the edge of a sample is milled, the stage was 

then tilted to the milling position at 34°. At this tilt angle the SEM and FIB beam cross-

over point was determined by adjusting the sample hight and the milling position was 

saved. For finding precisely the same position at every new cycle a position marker is 

required. For this a cross was milled close to the measurement area into the sample 

surface. At every new cycle this marker was detected and placed into the reference 

position by applying a shift of the FIB beam. The milling field of 90 µm x 5 µm was then 

defined applying a milling current of 500 pA for 30 minutes. To avoid shadowing from the 

remaining sample area, underneath the analyzed surface as the milling depth increases, 

another milling field was defined applying a milling current of 2 nA for 5 minutes. The 

latter milling procedure was always performed before the fine milling, so that re-

deposition on the analysis surface could be avoided. After every cycle the milling field 

was moved 100 nm toward the sample, so that always a slice of 100 nm was removed 

from the sample surface. 

 

After the milling process was completely adjusted, the sample was tilted back to the 

EBSD position (stage tilt of 0°, sample tilt of 70°). The position was saved and a 

reference image was taken, so that by cross correlation and beam shift the marker on the 

surface could be correctly positioned before every orientation map. The EBSD CCD 

camera was then inserted into the microscope chamber and the camera control 

parameters, the Hough transform, and scan field (85 µm x 20 µm by a step size of 

100nm) were defined. EBSD measurements were performed at a high measurement rate 

of 65 to 70 patterns per second. This could only be accomplished by minimizing pattern 

indexing calculation time. To this end only one phase (the fcc-phase) was used for on-line 

pattern indexing. The complete indexing was then performed off-line from the recorded 

Hough-peak data using the full crystallographic information. In this way the on-line pattern 

indexing required only 60 min. 

 

After all parameters were adjusted, the automated process was started. For this on the 

3D measurement program the saved positions, the number of slices, the milling depth, 

and the images, which should be saved for documentation of the process, were defined. 

For the CoNi-02 sample, the number of slices was set to 61, the milling depth per step to 

100nm and an image was save after every milling process and before every EBSD map.  
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Energy dispersive spectroscopy (EDS) analysis 
 

The EDS analysis of the cross section were performed in a high-intensity field emission 

gun scanning electron microscope (FEGSEM) JEOL JSM 6500F equipped with Genesis 

EDAX-TSL system. The quantification was done using a standard less ZAF algorithm 

procedure. 
 

X-Ray diffraction 
The macrotexture study was performed on the deposit substrate and bath interface by 

means of x-ray diffractrometry using a Bouker D8 with are detector diffractometer with 

standard θ - 2θ geometry and using a Co-Kα radiation with a wave length of 1.7902A°. 

From the individual frames Debey Scherer cone section were extracted and used for pole 

figure construction using the program Multex-Area by Helming. 
 

TEM 
TEM investigations were carried out on a FEI CM20 TEM at 200 kV. For measurement of 

crystal orientations and phases the program Toca [3] was used.  
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 4. Experimental results and discussion 

 

The experimental results of the characterization of CoNi electrodeposited material will be 

presented in five subchapters. In the first three subchapters the microstructure, texture 

and boundary characteristics of an electrodeposited CoNi sample produced in a bath with 

0.02g/l of saccharin (CoNi-02) will be presented and shortly discussed. In a fourth 

subchapter, the three dimensional orientation microscopy study of this sample will be 

described and the formation and stabilization of the microstructure will be discussed. In 

the final subchapter the characteristics of electrodeposited CoNi films depending on the 

additive level in the electrolyte will be presented and additive influence on the 

microstructure, texture and boundary characteristics of electrodeposited CoNi will be 

discussed. 

 
 
4.1. Microstructure 
 
In this first chapter the microstructure of the electrodeposited CoNi sample produced in a 

bath with addition of 0.02 g/l of saccharin will be first described by scanning electron 

microscopy (SEM). Following the general description, the phase composition and 

distribution determined by electron backscatter diffraction (EBSD) will be presented. 

Subsequently, the results of grain size, grain shape and grain size distribution also 

determined by EBSD will be introduced and discussed. 
 

 

4.1.1. General description 
 
As mentioned in chapter 3 the sample was studied in three distinct sections, (see fig. 3.1) 

the plane normal interface (substrate and bath interface) and the cross-section. Figs. 

4.1 (a) and (b) shows backscatter electron (BSE) micrographs of the deposit-substrate 

and deposit-bath interfaces, respectively. Both microstructures show similarities such as 

sub-micrometer grain size with even finer lamellar structure of a width of few tenths of 

nanometers inside some grains, twins and a significant inhomogeneity in the grain size 
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distribution. The grain size at the deposit-bath interface is, however, significantly larger 

than at the substrate interface. The cross sectional microstructure is illustrated in fig. 

4.1 (c) as observed by ion channeling contrast in a focused ion beam (FIB) microscope. 

The image reveals the columnar morphology of the material. The arrow indicates a 

columnar grain which extends almost through the entire deposit with a length of 

approximately 40 µm. Although most of the grains show such columnar grain morphology 

parallel to the grain growth direction, some smaller grains, mostly occurring in clusters, 

can be seen in the microstructure, as for example in the highlighted area in fig. 4.1 (c). 

Consequently, when viewed in the cross section the microstructure shows a distinct 

bimodal grain size distribution. The unpolished, freely growing deposit-bath interface is 

displayed in fig. 4.1 (d). A major feature of the free surface is the occurrence of pyramidal 

grains with three fold growth symmetry which are formed by three columns that grow 

together. Furthermore, the growing columns show small, regular and parallel steps on 

their surface (fig. 4.2). 
 

(a) (b)

(c) (d)

(a) (b)

(c) (d)

 
Figure 4.1: (a) Backscatter electron micrograph (BSE) of the deposit-substrate interface 

(b) of the deposit-bath interface. (c) FIB micrograph of a cross section. (d) SEM 

micrograph of free growing surface.  
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200 nm200 nm200 nm
 

Figure 4.2: SEM image of the free growing surface showing pyramidal grains with small 

regular parallel steps on the surface. 

 

Figure 4.3 (a) reveals some details of deposit-substrate interface microstructure at higher 

magnification. A sub-micrometer lamellar or twin-like structure (highlighted areas) can be 

observed in several grains, but not in every one. The spacing between these lamellas 

varies between less than 10 nm and 100 nm. These twin-like substructures are similar to 

the nano-scaled twins observed by Wu et al. [1] in the material by TEM. The same kind of 

substructure is observed also in the deposit-bath interface fig. 4.2 (b), although with lower 

frequency. The spacing between the lamella does not vary significantly between both 

interfaces. 

 

200 nm

(a) (b)

200 nm200 nm

(a) (b)

200 nm
 

Figure 4.3: (a) BSE micrograph of the deposit-substrate interface (b) of the deposit-bath 

interface showing the twin-like substructure (highlighted areas). 
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At higher magnification, lamellar substructures can be identified within several grains also 

in the cross section. The spacing between these substructures corresponds to the 

spacing between the small parallel steps observed on the free growing surface (fig. 4.2). 

This in-grain topography is visible in fig. 4.4 (ion channeling contrast) and appears to be a 

slip-line-type substructure. These substructures are present in several grains 

independent of their length and will be further discussed in chapter 4.2. Often the grain 

boundary between two columnar grains appears to be a twin boundary and the slip-line-

type substructure appears to be mirrored in the neighbor grain (with arrow highlighted 

grains in fig. 4.4). Several clusters of smaller, slightly elongated grains are observed 

among the columnar ones (highlighted grain in fig. 4.4).   
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Figure 4.4: Ion channeling contrast image of the cross-section details.  

 
 

4.1.2. Phase distribution  

 
X-ray diffraction (XRD) analysis of CoNi electrodeposited material suggested first a single 

phase-structure (only hexagonal α- phase) [1]. In contrast to this preliminary result, the 

EBSD analysis shows that the sample exhibits a dual-phase structure, where the fcc 

cobalt phase (β-phase) amounts to approximately 6 area% at the deposit-substrate 

interface but to only 1 area% at the deposit-bath interface. The area fraction of the fcc 

phase in the cross section depends on the deposit thickness, and decreases with 

increasing distance from the substrate interface.  
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It has also been observed that the fraction of β-phase at the substrate interface is not 

always homogeneous. In some regions of the sample a higher fraction of fcc grains at the 

beginning of the growth have been observed. Figure 4.5 (c) shows a cross section phase 

and boundary map of one of these regions. In such areas the fraction of fcc phase, in the 

first 10 µm film thickness, amounts to approximately 40%. However, the majority of the 

sample reveals a smaller concentration of β-cobalt. Figure 4.5 (a and b) shows EBSD 

boundary maps of the microstructure and phase distribution of the deposit-bath and 

substrate interface, respectively. The fcc cobalt phase is highlighted in gray, the grain 

boundaries with misorientation higher than 15° are shown in black and the ones with 

misorientation between 2° and 15° are shown in gray. Figure 4.5 (c and d) presents this 

distribution over the sample cross-section where (c) represent areas with higher fcc 

concentration and (d) the general appearance of the sample. 
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Figures 4.5: EBSD phase and boundary maps of the deposit-bath interface (a), deposit-

substrate interface (b) and of the cross section (c and d) respectively, where the fcc 

phase is highlighted in gray color.  
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For analyzing the phase distribution along the film thickness the orientation maps of the 

cross section were divided into segments of equal length. Since the deposit thickness 

was not homogeneous throughout the sample the cross section maps were divided in 

parts of approximately 17 µm in length, whereas three segments were analyzed in areas 

where total thickness was of 50 µm and five in areas where the total thickness was of 90 

µm. For each segment the fraction of fcc phase was determined and plotted in terms of 

deposit thickness. Figure 4.6 (a) reveals that the fraction of fcc phase decreases 

continuously with the increasing deposit thickness. As it can be observed in (a) at the 

lower film layers there is a large scatter on the fraction of fcc phase. This is due to 

inhomogeneity on the concentration of fcc-cobalt in regions close to the substrate 

interface throughout the sample. By analyzing the phase dependence on the thickness in 

areas with higher fcc concentration at the beginning of the growth figure 4.6 (b) (see fig. 

4.5 (c) for example) separated from those areas with lower concentration figure 4.6 (c) 

(see fig. 4.5 (d) for example) the scatter in the data decreases significantly. In areas of 

large amount of fcc the phase concentration drops drastically in the first 45 µm of the film 

from 48% to 5 %, decreasing with a smaller slope from 5% to approximately 0% in the 

further 45 µm of the film. In areas of small amount of fcc the phase concentration also 

strongly decreases in the first 30 µm of the film from 7% to 3 %, however this drop is not 

comparable to the one presented in (b). By further increase in film thickness the decrease 

in concentration becomes slower. 
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Figure 4.6: Concentration of fcc phase along the film thickness: (a) for all measured 

areas (b) for areas with large concentration of fcc phase in the beginning of the growth, 

(c) for areas of small concentration of fcc phase in the beginning of the growth. 

 

In order to verify whether the higher concentration of fcc phase in the beginning of the 

growth is related to the heterogeneity of the alloy composition throughout the film 

thickness, energy dispersive spectroscopy (EDS) analyses were performed on the 

sample cross section. To obtain the quantitative alloy concentration depending on the 

distance from the substrate, six areas of 2 x 50 µm (high x width) were chosen along the 

film thickness to perform EDS analysis. Each area was illuminated over 10 minutes with 

an amplification time of the multi-channel analyzer of 50 µs. These areas were chosen 

sporadically over the sample. The average concentration of Co and Ni measured on 

several sample regions is presented in table 4.1. The quantification was done using a 

standard-less ZAF procedure. Figure 4.7 show the nickel content along the film thickness. 

 
Table 4.1: Alloy concentration depending on the distance from the substrate. 

Distance from the substrate [µm] Cobalt content % Nickel content % 

2 75.8 24.2 

4.5 78.8 21.6 

12 81.6 18.4 

27 83.6 16.2 

39 83.9 16.1 

50 85.3 14.7 
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Figure 4.7: Nickel content along the film thickness. 

 

The fraction of nickel on the deposit is much higher at the beginning of the growth and 

decreases continuously with the film thickness, whereas in the first 10 µm the drop is 

more pronounced. The alloy concentration varies up to 10 at% throughout the film. Since 

the EDS analysis was not performed in conjunction with EBSD no correlation between 

the areas with higher fcc concentration in different regions of the film with the Ni-content 

in this areas could be study. However, the results of the Nickel concentration in the film 

did not show a large scatter, this gives evidence that the Nickel concentration does not 

varies significantly with the analyzed area but only with the thickness of the film. 

 

 

4.1.3. Grain size and grain size distribution 

 

A common interest of the current research on electrodeposited nanocrystalline materials 

is to obtain a homogeneous grain size distribution, average grain size below 100 nm, and 

large angle grain boundaries. The properties of nanocrystalline materials are increasingly 

dominated by the grain size distribution and by grain boundaries [2,3]. In this section, a 

detailed analysis of the grain size, shape and distribution will be presented. The grain 

boundary character distribution will be described in chapter 4.3.  
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General aspect of grain size determination via EBSD 
 

Before presenting the results of the grain size calculations it is necessary to introduce the 

definition of a grain, and explain the main considerations that have to be taken into 

account to determine the grain size with orientation microscopy via EBSD. The main 

considerations are: (i) minimum misorientation between grains, (ii) minimum amount of 

data points that form a grain, (iii) influence of the step size, (iv) influence of the clean up, 

(v) grain size, (vi) grain distribution type. 

 

A grain, as defined in orientation microscopy, is a region which is entirely surrounded by 

grain boundaries with more than a defined degree of misorientation and which contains at 

least a certain amount of data points taken at a defined step size. The grain size is then 

reconstructed in a way that, for each data point, the misorientations of neighboring points 

is checked and if this misorientation is smaller than the specified limit, the neighboring 

point is assigned to the same grain as the reference point. This procedure continues until 

a complete grain which is delimited by boundaries with misorientation higher than the 

limiting value has been defined [4,5].  

 

In studies on deformed or recrystallized materials small angle grain boundaries are often 

omitted when reconstructing grains because it is thought that these boundaries affect the 

mechanical properties of the material less than high angle grain boundaries do. In this 

situation the misorientation limiting a grain depends on the misorientation which 

constitutes a high-angle boundary, which is in many studies selected to be 15°. However, 

in studies of grain nucleation and growth processes, the small angles grain boundaries 

should be also taken into account, because different grains with small misorientation can 

possibly grow as neighbors. In this case, the limiting misorientation has to be set to a 

value sufficiently above the orientation noise of the measurement, which is in the range of 

0.5°.  

 

The definition of the minimum amount of data points that form a grain is related to the 

step size selected during the EBSD measurement. In most cases, this value is set to be 2 

data points, which means that a grain has at least 2 data points with a misorientation 

smaller than the defined grain boundary orientation. However, when the step size applied 

during the measurement is at the limit of the spatial resolution of the technique, this value 

has to be reconsidered. The smallest grain size can not be smaller than the spatial 



MICROSTRUCTURE 73

resolution of the technique and at the same time this value should not be too large in 

order not to exclude grains from the calculation.  

 

The calculation of the grain size after grain reconstruction is made from the number of 

data points in the grain and from the known pixel step size. In this case the grain area is 

obtained. The grain diameter is then calculated from the grain area, through the 

“Equivalent Circle Diameter”, which is the diameter of a circle having the same area than 

the grain. The calculation of the grain size diameter should, however, only be applied for 

equiaxed grains.  

 
The step size applied during an EBSD measurement also influences the grain size. 

Humphreys [11] has studied the influence of the step size on the grain size for a single-

phase aluminum alloy and showed that to ensure accuracy a minimum amount of data 

points across a grain is required to define the grain size. To obtain an accuracy of 10% at 

least 5 pixels per grain are required [11]. Additionally to the step size a minimum number 

of grains are necessary for a correct determination of the average grain size.  

 

In most orientation maps a certain amount of non-indexed points is found.  These points 

may originate on grain boundaries due to superposed diffraction patterns or due to 

uneven topography, among others. When the number of non-indexed points is small then 

the data may be “repaired” or cleaned by assigning an orientation of a neighboring point 

to the non-indexed point. Clean up has, however, to be applied with caution, so that the 

real microstructure is not altered by this procedure. The cleaning of EBSD data is related 

to the analyzed microstructure feature. It is recommended to experiment with the clean 

up routines for every new microstructure, to avoid introducing any artificial trends into the 

data. Excessive clean up must also be avoided.  

 

A further aspect of grain size calculation is the type of distribution studied. Grain size as a 

function of the area fraction should be used when physical properties of materials are 

studied, grain size as a function of the number of grain should be considered when for 

example growth behavior is to be understood. Further discussion on this subject can be 

found in later in this chapter. 

 

Another method for grain size determination is the line intersection method, where the 

grain size is measured by the distance between two consecutive boundaries with a 
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misorientation larger than the defined misorientation limit. Here a tool was developed 

which drew line across the microstructure and calculate the distance between two grain 

boundaries. This method is well suited for the determination of non equiaxed grain size 

because such profiles can be drawn along the shortest or the longest grain axis. 

Furthermore allows the study of the grain size evolution along the film growth direction. 
 

Grain size depending on the step size 

 

Since some microstructure features as well as the grain size of the nanostructured CoNi 

sample approach the lateral spatial resolution of the EBSD technique prior to the grain 

size calculation some tests were performed to determine the appropriated step size to be 

applied on EBSD measurements. These tests were performed on the deposit-substrate 

interface, since the microstructure observation of this section reveals the smallest grain 

size. 

 

In terms of grain size calculation, a grain was defined as a region which is first entirely 

surrounded by grain boundaries with more than 2° of misorientation and second contains 

at least three orientation data points measured at step size of 10, 30 or 50 nm. The 

selection of 2° as the smallest misorientation between grains derives from the fact that in 

this work the microstructure characterization is related to the description of the grain 

growth of electrodeposited film, independent of the misorientation between the grains. 

Additionally the film reveals a sharp fiber texture (see chapter 4.2) and it is clear that 

many independently growing grains will by chance have small angle grain boundaries 

with each other. Furthermore small misorientations inside grains are mostly not forming 

subgrains (see fig. 4.9). The average grain size was analyzed over an area of 3300 µm2 

distributed upon the sample surface. Incomplete measured grains on the border of the 

map were excluded from the analysis. The average grain size was analyzed as a function 

of the number of grains in the map and as a function of the area fraction of these grains. 

 

Table 4.2 and figure 4.8 reveals the results of the average grain size calculation 

depending on the step size applied during the EBSD measurements. The average grain 

size diameter increases when it is calculated using the step size of 30 and 50 nm 

compared to the one obtained using 10 nm, especially when calculated with respect to 
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the number of grains. The scattering of the data is also considerably larger for the 

smallest step size.  

 

Table 4.2: Average grain size of the deposit-substrate interface determined for the 

number of grains and for the area fraction of grains depending on the step size chosen 

for the orientation maps.  

 
 
Average grain size diameter [nm] determined for 

Step size Number of grains Area fraction of grains 

   

10 nm 233 ± 42 385 ± 65 

30 nm 319 ± 7 436 ± 8 

50nm 313 ± 1 416 ± 1 
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Figure 4.8: Grain size of the deposit-substrate interface in diameter as a function of the 

number and area fraction of grains for different measurement step size. 

 

In this context two points have to be mentioned: first that the larger step size gave better 

statistics. When a step size of 10 nm is applied, the time consumption for a measurement 

becomes too large, consequently the measured area must be reduced to save 

microscope time and to avoid extremely large data files; also microscope stability 
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becomes an issue. Second, these measurements were distributed over the sample 

surface, meaning that not the same group of grains was analyzed for different step size. 

In this way the sampling error or a possible inhomogeneity in the grain size distribution 

cannot be avoided.  

 

Based on the grain size dependence of the step size and on the spatial resolution of the 

EBSD technique, a step size of 30 nm was chosen for further experiments. This value 

yielded a good compromise between a high lateral resolution and the investigation of 

large sample areas. 

 

Figure 4.9 shows that the choice of 2° for the minimum misorientation between grains did 

not interferes in the results of the grain size calculation. Figure 4.9 (a) show grain 

boundary map of a section of the microstructure where boundaries with a misorientation 

between 2° and  5° are shown in pink, between 5° and 15° in gray and with misorientation 

larger than 15° in black.  Fig. 4.9 (b to d) shows unique grain color maps of the same 

microstructure where each grain is shaded with a random color and a grain was defined 

as a region which is entirely surrounded by grain boundaries with more than 2°, 5° and 

15° of misorientation respectively and contains at least 3 orientation data points.  From 

these image becomes evident that misorientation smaller than 5° are seldom interfaces 

between grains or subgrain but only sharp orientation changes inside grain. The 

assumption of a minimum misorientation between grain of 15°, in contrast, causes a 

drastic increase in the grain size, because several grain interfaces have misorientations 

smaller than 15° (see for example grains 1 and 2 (c)) . To demonstrate that grains 1 and 

2 in fig. 4.9 (c) are independent grains the inverse pole figure maps of the same 

microstructure is shown fig. 4.10 (a to c). 
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Figure 4.9: Analysis of the minimum misorientation between grains. (a)  grain boundary 

map showing boundaries with a misorientation between 2° and  5° are shown in pink, 

between 5° and 15° in gray and with misorientation larger than 15° in black.  Unique grain 

color where a grain is defined as a region which is entirely surrounded by grain 

boundaries with more than 2°(b), 5° (c) and 15° (d) . 
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Figure 4.10: Inverse pole figure map colour coded for (a) the crystal direction parallel to 

the growth direction (b) and (c) perpendicular to the growth direction.  
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4.1.3.1. Substrate and bath interfaces of electrodeposited CoNi 
 

 

Owing to the differences in the microstructure between the deposit-plane normal 

interfaces (DSI and DBI) and the cross section, it was necessary to study the grain size in 

these sections separately.  

 

 

a) Grain size  
 

Before analyzing orientation data, all data points were treated with respect to their 

confidence indices (CI). A clean up algorithm was applied to associate higher CI to those 

points with low CI within areas of equal orientation (clean up: CI standardization), by 

assigning the highest CI value found inside a grain to all points in this grain. In this way it 

is made sure that no correctly measured data point is erased during subsequent clean up 

due to low CI value. After this procedure, all data points with confidence index below 0.1 

were excluded from the data. Additionally, a grain was defined as a region entirely 

surrounded by grain boundaries with a misorientation larger than 2° and containing at 

least 3 data points with the same orientation using a step size 30 nm. On this data a 

further clean up routine was applied to adjust missing data points within a grain (grain 

dilation). This algorithm was applied with only one iteration, the minimum number of 

points which must be in a cluster if it is to be cleaned was set to 3.  

 

The average grain size was determined with respect to the number of grains for different 

grain size classes and the area fraction of grains for different size classes. The analyzed 

sample area amounts to 3000 µm2 and 2000 µm2 for the deposit-substrate and the 

deposit-bath interface, respectively. In order to also account for the differences between 

small angle and large angle grain boundaries, average grain size and distributions were 

additionally determined from the same data sets considering only high angle grain 

boundaries with an orientation change θ above 15° using the same procedures described 

above. Table 4.3 summarizes the different measures for the average grain. Figure 4.11 

shows the graphic representation of these results. 

 



MICROSTRUCTURE 79

Table 4.3: Average grain size determined for the number of grains and for the area 

fraction of grains considering either all grain boundaries above 2° (small angle and large 

angle grain boundaries) or only all high angle grain boundaries above 15°. The data are 

given for the deposit-substrate interface (DSI) and for the deposit-bath interface (DBI) (θ 

indicates the orientation change across the grain boundary). 

  

Average grain size diameter [nm] 
(EBSD step size 30 nm) 

 Deposit-substrate interface Deposit-bath interface 
     

Determined for  θ >2° θ >15° θ >2° θ >15° 

Number of grains 275 ± 16 287 ± 19 298 ± 31 318 ± 37 

Area fraction of grains 396 ± 5 433 ± 3 579 ± 66 665 ± 85 
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Figure 4.11: Comparison of the average grain size at the substrate (DSI) and bath 

interface (DBI) as a function of the number of grains (a) and of the area fraction (b) 

considering all grain boundaries with a misorientation higher than 2° and considering only 

high angle grain boundaries θ >15°. 

 

The difference in the average grain size calculated with respect to the number of grains 

or to the area fraction of grains will be discussed in more detail in the next section (grain 

size distribution), but already the present result suggest that the grain size can not be 
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described with only one distribution. The average grain size, independent of the 

quantification method used, always increases with the thickness of the film. The increase 

in the average grain size is, however, more evident when the area fraction of the grains 

are considered for the calculation. This derives from the fact that the two distinct grain 

classes become more evident with increasing thickness. Additionally, considering the 

effect of the misorientation angle when ignoring the low angle grain boundaries the 

average grain size for both quantification methods (number, area fraction of grains) 

increases by nearly 5% (number of grains) and 10% (area fraction), respectively.  

 

To verify if the clean up routines were causing any error on the average grain size of the 

specimen, the grain size was also calculated without cleaning the data. First the average 

grain size was determined eliminating only points with confidence index (CI) smaller than 

0.1 and then eliminating only grains with less than 3 data points. Again, this verification 

was only performed on the deposit substrate interface, which reveals the smallest and 

consequently more critical grain size. The results are shown in table 4.4. 

 

Table 4.4: Average grain size determined for the number of grains and for the area 

fraction of grains with and without applying clean up routines. (θ indicates the orientation 

change across the grain boundary, CI is the confidence index, CI-Std. represent the clean 

up routine CI standardization and GD 1 Inter. represents the clean up routine grain 

dilation with only one interaction).  
   

  Grain size diameter [nm] determined for: 

Clean up Grain definition Number of grains Area fraction of grains 
    

CI Std and 

GD 1 Inter. 

θ >2°and 3 points 

and CI >0.1 
275 ± 16 396 ± 5 

No clean up CI >0.1 250 ± 25 382 ± 7 

No clean up θ >2°and 3 points 240 ± 29 378 ± 7 

 

These results show that the filtering of the data applying the above described clean-up 

routines did not add any large error to the grain size calculation. The average grain size 

increases when clean up is applied, but remains within the scattering range of the non 

cleaned data. 
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b) Grain size dependence on crystallographic phase 
 

Due to the two phase microstructure, it is also necessary to determine the grain size of 

the two phases separately. Table 4.5 gives the average grain size of the α- and β-phase 

as a function of the number and area fraction of the grains determined on the normal-

planar interface. The grain definition applied in this calculation was the same than the 

above described when both phases were considered together. It must be, however, 

pointed out that the average grain size estimation for the β-phase at the bath interface 

was calculated from a small amount of grains (only 480 grain) compared if the substrate 

interface where over 6000 grains were considered for this estimation. These derives from 

the fact that the fcc β-phase amount to approximately 3% at the end of the film growth. 

 

Table 4.5: Grain size of the fcc and hexagonal phase at the substrate and at the bath 

interface as a function of either the number of grains or the area fraction of the grains.  
   

  Grain size diameter [nm] 
    

  Number of grains Area fraction of grains 

Substrate interface 172 ± 01 231 ±19 β-phase 

 (fcc) Bath interface 117 ± 17 169 ± 24 

Substrate interface 295 ± 09 407 ± 08 α-phase 

(hex) Bath interface 325 ± 39 550 ± 57 

 
 

 

(c) Grain size distribution  
 

Figure 4.12 (a) shows an OIM grain size map of the deposit-substrate interface, color 

coded with respect to the grain size. The grain boundaries are colored according to their 

misorientation, white color represents misorientations between 2 and 15° and black color 

misorientations higher than 15°. Figure 4.12 (b and c) shows the grain size distribution as 

a function of the number of grains and area fraction, respectively. Grains smaller than 

300 nm in diameter are represented in white, and larger than 300 nm in gray. This 

threshold of 300 nm for the separation of the two grain classes was chosen, because this 
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value is approximately the average grain size of the microstructure (see table 4.3 grain 

size as a function of the number of grain for both interfaces). 

 

A
re

a 
fr

ac
tio

n

Grain size diameter [µm]

(c)

N
um

be
r o

f g
ra

in
s

Grain size diameter [µm]

(b)

2 µm

Grain size diameter < 300 nm

Grain size diameter > 300 nm

(a)

A
re

a 
fr

ac
tio

n

Grain size diameter [µm]

(c)

A
re

a 
fr

ac
tio

n

Grain size diameter [µm]

(c)

N
um

be
r o

f g
ra

in
s

Grain size diameter [µm]

(b)

N
um

be
r o

f g
ra

in
s

Grain size diameter [µm]

(b)

2 µm2 µm

Grain size diameter < 300 nm

Grain size diameter > 300 nm

(a)

 
Figure 4.12: (a) grain size map of the substrate-interface colored according to the grain 

size diameter. Grain diameter smaller than 300 nm are represented in white and larger 

than 300 nm in gray. (b) Grain size distribution with respect to the number of grains (c) 

with respect to the area fraction of grains, both distributions colored according to the grain 

diameter. 

 

When the grain size was calculated with respect to the number of grains, an average 

diameter of 275 nm was obtained, in this case the white grains in fig. 4.12 (a and b) are 

the ones that play the most important role in the grain size. These grains are present in 

large quantity; however they represent only a small volume of the microstructure. When 

estimating the grain size according to the area fraction of the grains, the average 

increases to 396 nm, the grains colored in gray outweigh the calculation (fig. 4.12 (a and 

c)). The two classes of grain are mostly clustered; however these clusters are relatively 
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homogeneously distributed over the sample surface. Figure 4.13 (a, b and c) shows the 

same representation for the deposit-bath interface (approximately 45 µm film thickness).  
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Figure 4.13: (a) grain size map of the bath-interface colored according to the grain size 

diameter. Grain diameter smaller than 300 nm are represented in white and larger than 

300 nm in gray. (b) Grain size distribution with respect to the number of grains (c) with 

respect to the area fraction of grains, both distributions colored according to the grain 

diameter. 

 

The amount of grains with a diameter smaller than 300 nm decreases considerable with 

the film thickness (see figs. 4.12 (b) and 4.13 (b)). However these grains do not 

disappear completely from the microstructure. Table 4.6 reveals the average fraction of 

these two types of grains (smaller and larger than 300 nm in diameter) for the substrate 

and bath interface calculated from several EBSD maps of a total area of 3000 µm2 and 

2000 µm2, respectively. The fraction of smaller grains decreases with the thickness from 

27% to 13%, but remains homogeneously distributed over the microstructure. 
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Table 4.6: Fraction of grains smaller and larger than 300 nm in diameter for the substrate 

and bath interface. 

 Fraction of grain with average size 
 < 300 nm > 300 nm 

Substrate interface 0.27 ± 0.01 0.73 ± 0.01 

Bath interface 0.13 ± 0.03 0.87 ± 0.03 

 

The grain size distribution obtained by the two approaches (number and area fraction of 

grains) over several areas of the substrate and bath interface is shown in fig. 4.14 (a and 

b). While the grain size distribution depends on the film thickness (see gray and black 

curves), no significant inhomogeneity was found in the distribution over different areas of 

the same planar interface. At the beginning of the growth a large amount of grains fills a 

relatively small area of the sample. When the film thickness increases the grain size 

distribution is shifted to a smaller amount of grains with larger volume. This shift of the 

grain size distribution causes the large difference in the average grain size related to the 

area fraction of grains.  
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Figure 4.14: (a) Number of grains for different grain size classes. (b) Area fraction of 

grains for different grain size classes. Both distributions were taken from the deposit-

substrate and deposit-bath interface using EBSD measurements with a step size of 30 

nm over an area of 3000 µm2 and 2000 µm2, respectively. 
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4.1.3.2. Cross section of electrodeposited CoNi 
 

The description of the grain size of the cross section microstructure is much more 

complicated due to the bimodal grain size distribution and to the largely elongated shape 

of one of the two grain fractions. For the separation of the two grain morphologies, the 

aspect ratio (shortest to longest grain axis) and the grain area were calculated. 

Subsequently, the grains were classified into crystals with an aspect ratio below and 

above 0.2 and with a grain size area below and above 20% of the area, respectively. The 

size of the grains in the cross section was determined considering a grain as a region 

entirely surrounded by grain boundaries with more than 2° misorientation and containing 

at least 5 data points with a step size of 30 nm. The same clean up procedure as the one 

described above (section 4.1.3.1 (a)), were also applied in this case. 
 

 

a) Grain size 
 

The average grain size in area of the two grain classes is given in table 4.7. Due to the 

columnar grain morphology of the cross section, the major and minor axes of several 

columnar and non-columnar grains were determined to obtain the grain size parallel and 

perpendicular to the growth direction. Additionally the aspect ratio was also determined. 

Table 4.7 shows the results measured on an area of approximately 5900 µm². 

 
Table 4.7: Average grain size in terms of the grain size area; length of the major and 

minor axis; aspect ratio of the columnar and non-columnar grains for the sample cross-

section.  

 Averages 

 Columnar grains Non-columnar grains 

Grain size area [µm2] 6.92 ± 12.6 0.53 ± 0.38 

Major axis [µm] 4.25 ± 3.6 0.70 ± 0.30 

Minor axis [µm] 0.39 ± 0.26 0.22 ± 0.08 

Aspect ratio 0.12 ± 0.06 0.34 ± 0.12 
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The results in table 4.7 show that the grain size of the columnar grains is not 

homogeneous. The standard deviation of the grain size in area is larger than the average 

itself. The length of the major and minor axis also varies significantly. Some columnar 

grains grow throughout the entire film thickness, whereas other grains are elongated but 

reach a length of only few micrometers. It was found that the large variation in grain sizes 

and length is related to the grain orientation and to the misorientation inside them. This 

relationship will be discussed in detail in chapter 4.2.  Another important result shown in 

table 4.7 is that the columnar grains are, with respect to their area and length in growth 

direction, one order of magnitude larger than the non columnar ones. The grain size 

perpendicular to the growth direction is also significantly larger for the columnar grains 

than for the non columnar. This strong bimodal character is relatively constant over the 

entire film thickness, being, however, slightly more pronounced on the upper deposit 

layer. Table 4.8 reveals the fraction of non columnar grains along the growth direction, 

calculated by dividing the cross-section along the growth in three regions of equal length and 

calculating the fraction of the two grain types for each of the regions. 

 

Table 4.8: Fraction of non columnar grains along the growth. 

Fraction of non columnar grains along the film thickness [%] 

Lower layer Middle layer Upper layer 

12 ± 1 10 ± 6 15 ± 8 

 

 

b) Grain size distribution 
 

Figure 4.15 (a) presents an orientation map of the cross section microstructure; the color 

code applied was white (non columnar grains: aspect ration > 0.2, grain area < 20%) and 

gray (columnar grains: aspect ration < 0.2, grain area > 20%). The twins inside the grains 

were excluded from the grain definition. The plots in figure 4.15 show the grain size 

distribution of the non columnar (b and d) and columnar (c and e) grains as a function of 

the number (b and c) and area fraction (d and e) of the grains. The grain size in area of 

the non columnar grains varies from 0.01 µm2 to almost 2 µm2, whereas the columnar 

grains do from 2 µm2 up to 100 µm2. The fraction of non columnar grains amounts to 13% 

of the entire cross section.  
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Figure 4.15: (a) grain size map of the cross section colored according to the two grain 

fractions (white represent non columnar grains and gray columnar ones). (b) Grain size 

area as a function of the number of non columnar grains. (c) Grain size area as a function 

of the number of columnar grains. (d) Grain size area as a function of the area fraction of 

non columnar grains. (e) Grain size area as a function of the area fraction of columnar 

grains. 

 
 

c) Grain size evolution with the thickness 
 

Since the grain size increases with the thickness of the film, the evolution of the grain size 

in the cross section was study. For this purpose an image software was developed, which 

measure the distance between grain boundaries along a lines drawn perpendicular to the 

film growth direction and along the film thickness (line intersection method). To analyze 

the grain size evolution of columnar grains separately from non columnar ones, these two 

classes of grains were first separated in the orientation maps according to their aspect 

ratio and grain size area (see above). For each map and each grain classes a grain 
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boundary map containing all boundaries between identified grain with misorientations 

larger  2° were saved. These boundaries were represented in black and the grains in 

white. These images were than analyzed with the image software, which measured the 

distance between consecutive black areas in the binary image. The grain size 

perpendicular to the growth direction was than determined for every micrometer of the 

film thickness. The twins inside the grains were excluded from the orientation map and 

were not considered in this calculation. Figure 4.16 shows the grain size evolution 

perpendicular to the growth direction throughout the film thickness for columnar and non 

columnar grains.  
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Figure 4.16: Evolution of the grain size perpendicular to film growth direction with the film 

thickness for columnar and non columnar grain. 

 

The grain size of both grain classes does not differ significantly on the first 5 µm of the 

film, however by further increase in thickness the columnar grains become wider, 

whereas the non columnar grain maintain their size. The average diameter of columnar 

grain varies continuously from 300 nm at the beginning of the film growth to almost 

700 nm at a thickness of approximately 40 µm. As the film thickness increases further, 

the scatter on the size of the columnar grain increases and the average diameter varies 

from layer to layer between 500 nm and 1.2 µm, at the same time the non columnar 

grains also improve in size to an average diameter of 500 nm. The fact that after 40 µm 

film thickness the diameter of the columnar grain starts to vary strongly is related to the 

inhomogeneous film thickness. Several areas of the electrodeposited film reveals a 
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maximum thickness of 90 µm, however the majority of the film was only 50 µm thick. The 

amount of data for larger film thickness is therefore smaller and consequently the statistic.  

 

 

4.1.4. Discussion 
 

Electrodeposition is known to produce nanocrystalline materials with small and 

homogeneous grain size. However, as it has been explained in the theoretical 

background of this work, whether electrodeposition leads to nanocrystalline material 

depends strongly on the deposition conditions. Those which seem to have particularly 

large relevance for the resulting microstructure are the composition of the bath, electrical 

conditions, bath stirring, and substrate condition. 

 

Although the formation of columnar grains during electrodeposition is known, most of the 

studies on nanocrystalline deposited films have been carried out only on the deposit 

surface which faces the deposition bath. The few investigations conducted on the cross 

sections of electrodeposited nanostructured material, have been typically employing only 

transmission electron microscopy (TEM), which cannot cover the entire film thickness 

owing to the limited volume that can be inspected when using this technique.  

 

Although the properties of metallic materials are strongly related to their microstructure, 

no systematic study of the microstructure of nanostructure electrodeposited metals in 

detail, with appropriate statistical information and covering the entire film thickness is 

available in the literature. An appropriate characterization of electrodeposited material 

requires a technique of sufficient lateral resolution that is able to qualify and quantify the 

microstructure characteristics with good statistical relevance. Orientation microscopy 

based on EBSD patterns is a possible technique as long as the grains are not smaller 

than approximately 30 to 50 nm (for medium atomic numbers) and do not contain a too 

high defect density. In the here investigated material both conditions are fulfilled and a 

successfully characterization could be achieved. Additionally, the study of large areas on 

the three major sample sections of electrodeposited materials provides helpful 

information for the understanding of crystal growth during the electrodeposition process.   
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The microstructure observation of the three interfaces has first of all revealed the 

columnar shape of the grains and its preferential growth, perpendicular to the substrate. 

Furthermore, the microstructure does not consist of only columnar grain, but also of more 

equiaxed grains appearing in form of clusters among the columnar ones. These two 

observations are already an essential result of the current characterization because only 

the equiaxed grains may be considered nanocrystalline while the columnar ones just 

appear nanocrystalline or sub-microcrystalline as long as they are observed from the 

normal-plane interface.  

 

The normal-plane interface reveals grain sizes in the sub micrometer range, with further, 

smaller features in form of fine twin-like substructures with less than 80 nm width. In a 

previous study [1] from the group of Schuh, which has also produced the samples under 

inspection here, this two-scale microstructure was also reported. In their studies evidence 

of a two-scale structure was obtained by the discrepancy between the average grain size 

calculated using the line intercept method on focused ion beam (FIB) microscope images 

and the grain size determined by XRD peak broadening [1]. The difference in size ranged 

from 50 nm obtained with XRD to 800 nm with FIB on a sample which was produced 

without the addition of saccharin to the bath. The grain size for the CoNi sample 

presented in this chapter of the work (produced in a bath with 0.02 g/l of saccharin) 

estimated by XRD, was approximately between 30 and 50 nm. The XRD values are the 

effective grain sizes [1], which means, including the nanoscale twins as well as the high-

angle grain boundaries. In this current work, the twin-like substructure was not 

considered for the determination of the grain size because the majority of those could not 

be successful analyzed with EBSD. These substructures are only in part at the resolution 

limit of the EBSD technique. However, a few of them were analyzed, particularly 

regarding its misorientation to the neighboring grain, and will be discussed in chapter 4.3.  

 

The fact that a small amount of fcc phase existing in the sample was not previously 

detected by the X-ray diffraction measurement has two explanations: First, the fcc and 

hexagonal peaks overlap and cannot be separately identified. Second, the error in phase 

identification by the X-ray diffraction method amounts to about 4 vol.% which matches the 

amount of fcc phase identified in the sample via EBSD. Furthermore, because of the 

strong fiber texture of the deposit, some peaks may not be visible in an X-ray diffraction 

experiment depending on the chosen integration method. The use of EBSD for the 

sample characterization allows one, not only to identify the fcc phase, but also to quantify 
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the area fraction of phases, depending on the probe position in the sample. A further 

advantage of this method lies in its capability to also characterize and quantify the 

boundaries between phases, which will be discussed in a further chapter.  

 

The amount of fcc phase was not homogeneously distributed along the growth direction 

and also not over the sample. First, with increasing film thickness the fraction of fcc 

quickly decreases in the first 10 µm of the growth, slowing down its drop with further 

deposition. Second, there is also inhomogeneity on the concentration of fcc-cobalt in 

regions close to the substrate interface throughout the sample.  

 

The drop of the fraction of fcc with the thickness is most probably related to the alloy 

composition throughout the film. The fraction of α- and β- phases is controlled by the alloy 

composition, higher nickel content favors the formation of β-Co (fcc). A higher nickel 

concentration was always found (EDS-analyses, section 4.1.2) close to the substrate 

interface, which explains the easy formation of fcc in this area, considering the 

equilibrium phase diagram (fig. 2.5 theoretical background). Additionally, Gomez [6] has 

reported on the mechanisms of anomalous codeposition of CoNi alloys. It was proposed 

that nickel is first preferentially deposited and subsequently being inhibited by the 

adsorption of cobalt ions, although they do not hinder the deposition of nickel completely. 

It could be that the higher Ni concentration at the beginning of sample growth is related to 

the effect proposed by Gomez. However it must be pointed out that since the deposition 

growth occurs at an atomistic level it is most probable that the nickel rich layer amounts 

only to a few atom layers and does not influence the sample composition. For 

understanding and correlating the results of this work with those of Gomez, further 

investigations have to be done, especially regarding the quantification of this preferential 

nickel deposition layer. Another possible cause for the higher nickel concentration and 

consequently higher fraction of fcc at the beginning of the growth is the relationship 

between deposit potential and alloy concentration. The nickel concentration is favored by 

a decrease in the applied deposit potential, because the discharge of nickel ions 

proceeds under activation control while that of cobalt ions under diffusion control. The 

decrease in the potential diminishes the great nickel polarization favoring its deposition. A 

change in the overpotential during the process of electrodeposition could have caused 

the inhomogeneity of the alloy composition throughout the film. Furthermore, at the initial 
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stage of the growth the overpotential is usually higher which favors formation of defects, 

like dislocation and stacking faults. 

 

The inhomogeneity on the fcc fraction along the substrate interface is most probably 

related to insufficient stirring of the bath causing, either higher nickel concentration in 

those regions or local pH variation. It has been reported [7,8], that the fraction of fcc-

phase is, additionally to the alloy composition, also related to the pH value of the solution 

where lower pH favors fcc formation. Although the deposition bath was continuously 

agitated during the process, some microstructure features like clustering of smaller grains, 

difference in film thickness and higher concentration of fcc cobalt in certain sample areas 

suggest that the agitation was not sufficient to guaranty homogeneity. 

 

It must be pointed out that it is not unusual that electrodeposited Co and CoNi alloys 

show a two phase microstructure. During electrodeposition many defects are built into the 

crystal structure, which generate stacking faults and therefore, in case of cobalt and 

cobalt nickel alloy, induce a phase transformation. Any error in the order of the stacking 

sequence of the hexagonal phase produces a small portion of an fcc phase. The 

probability of stacking faults is related to their formation energy, which is relatively low for 

cobalt. These defects are generated during electrocrystallization of the film by hydrogen 

codeposition, by additives adsorbed at the interface film-bath and by overpotential, which 

also affects the nucleation rate.  

 

Grain size determination is always an important issue when the average grain size 

approaches the technique’s resolution. The detection limit of the fine twin-like 

substructure shows that the spatial resolution of the EBSD technique of our equipment on 

the current material is approximately 30-50 nm. This value has also been shown by 

Zaefferer [9,10]. Following Humphreys [11] an accuracy of 10% in the determination of 

the grain size requires to identify at least 5 pixels per grain by the EBSD method. In the 

case that the step size approaches the limit of the spatial resolution of the EBSD method, 

the error in determining the grain size is less than 10% if the average grain size is ten 

times lager than the spatial resolution perpendicular to the tilt axis. This means that in the 

current study, an average grain size above 300 nm would correspond to an accuracy of 

more than 90%. In contrast, most of the grains smaller than 50 nm in width usually cannot 

be detected at all. This detection limit may be the reason for the discrepancies in the 
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average grain size obtained earlier by the group of Schuh [1] using x-ray analysis and this 

investigation. 

 

Additionally to the spatial resolution of the technique two further important issues have to 

be considered when determining grain sizes from orientation maps. First, the grains have 

to be correctly defined (number of EBSD data points and minimum misorientation 

between grains), as previously explained section 4.1.3. Second, whether average grain 

sizes should be calculated with respect to the grain area (or grain volume) or to the grain 

number. This distinction is important because both values have different meaning. 

Physical properties (e.g. mechanical behavior, electrical conductivity) of a sample depend 

on the volume fraction of grains with certain properties. Moreover X-ray diffraction data 

are measured by volume fraction as well. Therefore, when comparing EBSD results on 

the grain size to those obtained by X-ray measurements or when describing integral 

material properties the area fraction of the grain size is the most reasonable value to use. 

However, for the analysis of the growth behavior (nucleation rate, growth rate), it is 

important to know how many grains of a certain type are formed. In this case the average 

of the grain number is the most appropriate quantity. 

 

Since the goal of this work is to characterize in detail the microstructure of 

electrodeposited materials, both criteria to calculate the grain size were studied. 

Therefore the results presented here can be applied for description of physical properties 

and/or growth behavior. For the same reason, all grain boundaries as well as only those 

boundaries with a misorientation angle higher than 15° were considered. In addition to 

this last point, the step size of the EBSD measurement and the clean up procedure 

applied to the data were tested. Both examinations have shown that no considerable 

error has been added to the data, and that the results are reliable.   

 

Combining all the results presented in this chapter, the microstructure formation and 

evolution during film growth can be clearly understood. At the beginning of the film growth 

the grain size is relatively homogeneous, as the small scattering of the average grain size 

shows (table 4.3 and fig. 4.11). Although a homogeneous microstructure is formed, two 

grain fraction can still be recognized. They are distinguished by the difference in the 

average grain size with respect to the number and area fraction of the grains (table 4.3). 

The number of grains with diameter smaller than the average diameter is considerably 

large, but those grains represent only 27% of the entire microstructure. With further 
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deposition several grains grow strongly along the film growth direction, generating a 

columnar morphology. The grain growth perpendicular to the film growth direction is 

continuous and significant throughout the film thickness. Since enough nuclei are 

available and able to growth, with increasing thickness the growth perpendicular to film 

growth direction slows down. The growth along the growth direction is, on the other hand, 

not inhibited and some grains grow throughout the entire film thickness. The length of the 

grains is, however, very inconsistent and depends as it will be shown later on their 

orientation and on the orientation gradient inside them. The majority of grains have a 

length of less than 10 µm, but some grains can grow up to several tens of micrometer. 

Additionally to this preferential growth normal to the substrate, sporadic nucleation seems 

to take place, and clusters of more equiaxed grains are developed in the microstructure. 

These clusters appear over the entire film, being slightly more frequent closer to the bath 

interface.  

 

At the bath interface the grain size related to the number of grains in the microstructure 

has increased slightly compared to the initial growth stage, however the majority of grains 

are significantly larger, which causes an average grain size twice as large as at the 

substrate interface, when the area fraction is considered. This means that the bimodal 

character of the grain size distribution becomes more significant with the film thickness. 

This is probably related to the increase in surface roughness with increasing thickness. 

Due to the unevenness of the surface the deposition condition is changed locally and the 

microstructure is changed. The fraction of the microstructure with grain diameter smaller 

than 300 nm is reduced to less than 15%. Although the deposit shows inhomogeneity in 

the grain size along the growth direction, no considerable inconsistency in the grain size 

distribution is found perpendicular to the grain growth. The distribution shows the two 

classes of grains, but theses classes are relative uniformly distributed over the 

microstructure. 

 

The grains with fcc structure in contrary to the hexagonal ones, do no show an increase 

in size between the initial and final stage of the growth. Furthermore no pronounced 

columnar morphology can be observed through the film thickness for the fcc grains. This 

result is most probable related to the fact that the fcc structure derives from a phase 

transformation of the hexagonal phase and although it is favored to form is not favored for 

growth. 
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4.2. Crystallographic texture 

 

The electrodeposited CoNi sample produced in a bath with addition of 0.02 g/l of 

saccharin (CoNi-02) will be described in this chapter with regards to its microtexture 

determine by EBSD. Microtexture is the texture approach which allows microstructure-

related texture analysis of individual grain population also taking into account the spatial 

location of these grains. The microtexture study was again performed on three sections of 

the sample; the deposit substrate interface, bath interface and cross-section (fig. 3.1). A 

macrotexture analyses by x-ray texture determination will be discussed in a later section 

(section 4.5), where all three CoNi samples investigated in this work are compared and 

the relationship between saccharin concentration in the electrodeposition process and the 

microstructure and texture characteristics is discussed.   

 

As it has been pointed out in the theoretical background of electrodeposition (section 

2.1), electrodeposited materials frequently reveal preferential orientations. In cobalt 

electrodeposits the hexagonal phase often shows a ( 0211 ) or a ( 0110 ) fiber texture 

(indicated in terms of the crystallographic plane parallel to the deposit-bath interface) 

depending on the electrolysis conditions. If both phases (fcc, hexagonal) are co-

deposited, the fcc phase shows a (220) or (211) texture [1].   

 

All three electrodeposited CoNi samples investigated in this work reveal a ( 0211 ) 

preferential orientation of the hexagonal cobalt phase, where the most densely populated 

atom row in the most densely populated atom plane is perpendicular to the substrate 

(outward growth).  

 

4.2.1. Microtexture 

 

The inverse pole figure maps of the three characteristic sections of the electrodeposited 

CoNi-02 sample are shown in fig. 4.16, where the growth direction (GD) is the reference 

direction and boundaries with misorientation between 2° and 15° are shown in gray and 

with misorientation higher than 15° are shown in black. Fig. 4.17 (b) reveals the ( 0211 ) 
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preferential orientation of the crystals in the beginning of the film growth (deposit-

substrate interface); this texture component remains the major crystallographic 

orientation throughout the film growth as shown in the inverse pole figure maps of the 

cross section (fig. 4.17 (c)) and of the deposit-bath interface (fig. 4.17 (a)). Additionally to 

the ( 0211 ) oriented grains clusters of smaller grain with different crystallographic 

orientation are observed on all three surfaces (for example areas highlighted in red). The 

fcc grains are highlighted with hatched patterns on the maps and reveal a (220) texture. 

Furthermore, twins crossing the columnar grains perpendicular to the growth direction 

can be observed on the cross section map (fig. 4.17(c)), arrows points out some of these 

twins in the map.   

 
(a)

(b)

5 µm

(c)

1 µm

1 µm

2°< θ <15°
θ>15°

GD//ND

(a)

(b)

5 µm5 µm

(c)

1 µm1 µm

1 µm1 µm

2°< θ <15°
θ>15°
2°< θ <15°
θ>15°

GD//ND

 
Figure 4.17: Orientation maps: (a) deposit-substrate interface, (b) deposit-bath interface, 

(c) cross section. All maps are color coded for the crystal direction parallel to the normal 

direction of the deposit. 
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The pole figures of the hexagonal and fcc phase are shown in figure 4.18 (a and b). The 

major texture components are the ( 0211 ) and the ( )220  fibers for the hexagonal and fcc 

phase, respectively. To ensure statistic relevance of texture data, both pole figures were 

calculated by combining the data of several EBSD maps over the sample surface. In this 

way the pole figure were calculated for over 15,000 and 6,000 grains for the hexagonal 

and fcc phase, respectively.  

 

(b)(a) (b)(a)

 
Figure 4.18: Pole figure: (a) Cobalt hexagonal α-phase and (b) fcc β-phase.  

 

Fig. 4.19 (a and b) illustrates the inverse pole figure of the substrate interface (a) and 

bath interface (b), as a result from several orientation maps over the respective surface. 

A comparison between the inverse pole figure of the beginning of the growth (fig. 4.19 

(a)) and the end of the growth (fig. 4.19 (b)) indicates that the texture becomes sharper 

with increasing deposit thickness. This result is confirmed by analysis of the full width at 

half maximum (FWHM) of the orientation spread of the ( 0211 ) texture component, which 

decreases from 11.4° at the deposit-substrate to 2.1° at the deposit-bath interface.  
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(a) (b)(a) (b)

 
Figure 4.19: Inverse pole figures: (a) deposit-substrate interface and (b) deposit-bath 

interface 

 

The inverse pole figure map (fig. 4.17 (c)) shows that the two classes of grains, namely, 

columnar and non-columnar grains reveal different crystallographic textures. Since the 

microtexture analysis allows the separation of this two grain classes, the textures of both 

were studied separately. Again to achieve enough statistically reliable results, from 

several cross section maps (measured over a sample area of 10,000 µm2) the grains 

were separated according to its aspect ratio and area, and afterward the texture was 

individually calculated. Subsequently, all texture data for each class obtain for each map 

were combined and the inverse pole figures in fig. 4.20 (a and b) were calculated for 

1,200 columnar and 8,500 non columnar grains. Additional intensities at 〈 0110 〉||GD 

(where GD//ND and means growth direction) and 〈 2211 〉||GD can be observed when the 

inverse pole figure for the non columnar grains (fig. 4.20 (b)) is plotted separately from 

that for the columnar grains (fig. 4.20(a)).  

 
(a) (b)(a) (b)

 
Figure 4.20: Inverse pole figures: (a) columnar grains and (b) non columnar grains in the 

cross section. 
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4.2.2. Orientation gradients 
 

Most of the grains reveal a considerably misorientation along the growth direction. This 

in-grain misorientation is indicated by the color gradients in the orientation maps 

displayed in figs. 4.21 (a to c). Fig. 4.21 (a) shows a map with a color coding for 

maximum misorientations up to 3°, (b) maximum misorientation up to 5° and (c) 

maximum up to 10°. An ion channeling image of the sample cross section is displayed in 

fig. 4.21 (d), where this in-grain misorientation can be observed in form of slip-like 

substructure inside the grains.  

0 3° 0 5° 0 10°

5 µm5 µm 5 µm

(a) (b) (c)

GD

θ>15°
2°<θ<15°

110257o

110285o

0 3°0 3° 0 5°0 5° 0 10°0 10°

5 µm5 µm5 µm5 µm 5 µm5 µm

(a) (b) (c)

GD

θ>15°
2°<θ<15°

110257o

110285o

 
 

(d)

2 µm

(d)

2 µm  
Figure 4.21: Orientation maps showing misorientation gradients inside the grains. (a) 

Color coding for a maximum gradient of 3°, (b) a maximum gradient of 5°, (c) for a 

maximum gradient of 10° and (d) Ion channeling image of the cross section. 
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A relationship between the in-grain misorientation and the grain length is observable in 

fig. 4.21 (a to c). For studying such relationship several misorientation profiles were 

measured inside grains of different length. Figure 4.22 illustrates such measurement for 

six grains of distinct length, varying from 2 µm up to 35 µm. Fig. 4.22 (a) illustrates a 

boundary map of the sample cross section where misorientation profiles were measured 

from the highlighted grains (dashed line). The letters in fig. 4.22 (a) indicate the grains 

which correspond to the misorientation plots over the grain length in fig. 4.22 (b to g). The 

two extreme cases are the grain (B) with a length of 35 µm and an accumulated 

misorientation of 18° and grain (E) with a length of less than 2 µm and misorientation of 

3° (misorientation along the dashed line in fig. 4.22 (a)). It is clear that the longer is the 

length the higher is the accumulated misorientation. However, the slope of the 

misorientation profile, which is equivalent to the orientation gradient (in units of orientation 

change per µm) is the higher the shorter the grain is. Table 4.9 gives the calculated 

orientation gradient (maximum misorientation divided by the maximal length of the grain) 

for these six grains shown in fig. 4.22 (a to g). Figure 4.23 (a) summarizes the results of 

the orientation gradient measurements for over 200 grains as a function of their length in 

growth direction and fig. 4.23 (b) gives the average orientation gradient for different 

classes of grain lengths.  
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Figure 4.22: (a) Boundary map of the cross section; (b) misorientation profile from point 

to origin of grain B, (c) of grain C, (d) of grain D, (e) of grain E, (f) of grain F, and (g) of 

grain G shown in (a). 

 

Table 4.9: Grain length, accumulated misorientation and orientation gradient of grains B 

to G in figure 4.22. 

Grain Maximum length Accumulated misorientation Orientation gradient 

B 33.6 17.8 0.53 
C 2.4 10.7 4.46 
D 4.5 3.5 0.77 
E 1.2 3.3 2.75 
F 8.3 2.5 0.30 
G 13.1 6.4 0.49 
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(a) (b)(a) (b)

 
Figure 4.23: (a) Orientation gradient of 205 grains as a function of the grain length in 

growth direction, (b) average orientation gradient for different classes of grain lengths. 
 

The in-grain topography of the orientation gradient appears to occur in the form of small 

steps and it seems to correspond in terms of position and spacing to the slip-line-type 

substructures visible in the ion channeling image (fig. 4.21(d)) and to the small steps 

observed on the surface of the growth columns (fig. 4.1(d)). Figure 4.24 shows the plane 

trace analysis of these slip-line-type substructures in several grains (in this analysis no 

rotation of the sample coordinate was performed). In figure 4.24 (a to f) these seven 

grains were colored according to their orientation deviation from the grain average 

orientation to a maximum of 13° (grains 1 to 7). Additionally to the in-grain misorientation 

the plane traces of the (0001) plane is shown in (b), ( 0110 ) plane in (c), ( 1110 ) plane in 

(d), ( 2110 ) plane in (e) and ( 1021 ) plane in (f), where the length of the trace lines is 

proportional to the inclination of the plane relative to the sample surface (the longer the 

trace the large the inclination). Furthermore, the plane trace shows the common crystal 

plane of an interface, when the plane trace of a certain crystallographic plane is parallel 

to the misorientation gradient (color gradient). In the grains shown in fig. 4.24 it is 

possible to observe that the plane of rotation is either the ( 1021 ) plane or ( 2110 ) plane. 

In grain (2), (6) and (7) it seems that the rotation of the lattice occurs on the ( 1021 ) plane 

and in grain (3), (4) and (5) on the ( 2110 ), in contrary, grain (1) appears to rotate on the 

( 1110 ) plane. Figure 4.25 illustrates the crystal rotation of grain (1), (2) and (3) in form of 

lattice rotation, here the reference coordinate is the growth direction. From this 

perspective it becomes clear that these grains reveal a crystal rotation on more than one 

lattice plane. This result suggests that the rotation must occur by dislocation with both 

twist and tilt component causing a continuous rotation of the crystal. A TEM study of this 
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slip-like type orientation gradient has unfortunately not clarified the origin of this lattice 

rotation. The high defect density of these grains has not allowed interpreting the results, 

which are shown in a future chapter (3D-EBSD). 

 

5 µm(d)

1110(        )

(c)

0110(        )

(a)

(b)

5 µm
1

2 6
3

54

7

0001(        )

5 µm(d)

1110(        )1110(        )

(c)

0110(        )0110(        )

(a)

(b)

5 µm
1

2 6
3

54

7

0001(        )0001(        )

 

 



CRYSTALLOGRAPHIC TEXTURE 105

0211(        )

(e)

(f)

2110(        )

0211(        )0211(        )

(e)

(f)

2110(        )2110(        )

 
 

Figure 4.24: Grain reference orientation gradient map to maximum of 13°(a) and 

boundary traces of the (0001) plane (b), ( 0110 ) plane (c), ( 1110 ) plane (d), ( 2110 ) 

plane (e) and ( 1021 ) plane in (f). 
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Figure 4.25: Crystal rotation with film growth.  
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4.2.3. Discussion 

 

The general growth behavior of the material is best reflected in its texture evolution. The 

strongest texture component in the material is a 〈 0211 〉||ND fiber texture where the ND is 

parallel to the growth direction. This texture and its sharpening with increasing deposit 

thickness indicates that the strongest crystal growth occurs along the 〈 0211 〉 direction 

and that there is an intense growth selection process. This process is responsible for the 

increase in the grain size (see section 4.1). The grain size increases because only grains 

with a suitable orientation survive and only relatively few grains nucleate in the course of 

the growth process.  

 

Although most grains grow columnar some nucleation events are observed inside the 

deposit and the majority of these new grains do not grow columnar. In order to check 

whether the new grains origin in an oriented nucleation process the texture of only the 

small grains (those with aspect ratio higher than 0.2) i.e. grains which did not grow 

successfully, has been calculated. The results have shown that additionally to the 

dominating 〈 0211 〉 fiber orientation a clear 〈 0110 〉 fiber becomes visible and intensity on 

〈 2211 〉 crystal direction is also observed. However, no texture component with a 

significant tilt of the <0001> direction out of the deposit plane was found. This is an 

indication that the nucleation process of grains on the already existing 〈 0211 〉 grains is 

not random and that growth of the <0001> direction is particularly slow. 

 

Two hypotheses have been proposed for the texture formation in electrodeposited 

materials. Pangarov [2] has related the preferential growth with the work of formation of 

the crystal plane and Reddy [3] and Amblard [4] have verified that the texture is related to 

growth inhibition of certain crystallographic planes. The microtexture study of the CoNi-02 

has shown evidence of both hypotheses. First the absence of the 〈0001〉 texture 

component could be related to a high work of formation of this specific crystallographic 

plane. Second the formation of grains with crystal orientation differing from the 〈 0211 〉 

which are not favored to grow gives evidence of a preferential inhibition of certain 

crystallographic planes. 

 

In this way texture formation in this specific electrodeposited sample is related to both 

hypotheses. In one hand the electrochemical conditions during electrodeposition 
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facilitates the formation of 〈 0211 〉 crystal orientation and impedes the formation of 〈0001〉, 

but does not hinder all other crystallographic orientation components to form. On the 

other hand the codeposition of species like hydrogen, hydrides, hydroxides or organic 

complexes restricts the growth of crystals with orientation different from the 〈 0211 〉. At the 

studied electrodeposition conditions the 〈 0211 〉 crystal direction is favored to form and to 

grow, the 〈 0110 〉 and 〈 2211 〉 crystal directions are capable to form but are strongly 

inhibited to grow and 〈0001〉 crystal direction is impede to form. Therefore the 

thermodynamic as well as the Kinetic of the deposition process plays a role on the texture 

formation of this electrodeposits. 

 

As indicated by the grain size evolution (fig. 4.16) the grain size increases with the 

thickness of the film. Nevertheless, randomly small grains nucleate and disappear again. 

The fraction of these grains, in general, increases with the deposit thickness. A number of 

reasons are conceivable to explain this effect. Generally it might be assumed that the 

bath conditions, in particular in terms of composition change with increasing deposition 

thickness, may be responsible for this effect. Furthermore, it is conceivable that due to 

the rough deposition surface areas of different bath composition and electrical conditions 

form which lead to heterogeneous deposition conditions. In particular, the saccharin 

content which is generally low in the bath may change locally which is known to influence 

the nucleation process and the surface conditions of the deposition. Also local changes in 

the pH value may effectively influence the deposition conditions. EDS element analysis of 

columnar and non-columnar areas did not show any heterogeneity in the concentration of 

nickel and cobalt.  

 

Disregarding the sharp preferred growth direction, all growing grains show a slow but 

continuous change of orientation with increasing length. This process gradually re-orients 

them from their optimum growth direction so that they can be overgrown by other 

crystals. The slope of the orientation change in these grains is not constant and it is a 

natural consequence that grains with a steeper gradient are shorter because the higher is 

the defect density the faster is the reorientation. Grains with orientations different from the 

preferential growth direction reveal the highest orientation gradient. This is caused by the 

strongest inhibition of these lattice planes by incorporation of impurities, which facilitate 

formation of defects. The rotation of the grains probably occurs by dislocations with a tilt 
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and a twist component, which causes the crystal to rotate around a combination several 

lattice planes (see subchapter 3D-EBSD for more detail). 
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4.3. Grain boundary 

 
 

Grain boundaries obviously play a very important role for the physical properties of 

nanoscaled materials owing to the high volume portion they occupy and mechanical role 

they play when producing, reducing, or impeding dislocations [1,2,3,4,5,6]. Since EBSD 

allows the characterization and quantification of grain boundaries with respect to their 

misorientation, the precise characterization of grain boundaries was of particular interest 

in this study. In this chapter the boundaries will be first characterized and subsequently 

their distribution over the film thickness will be presented. Additionally triple junctions will 

be discussed. A further analysis regarding the grain boundary planes and relationship 

between the triple junctions and the formation of columnar grains will be detailed 

discussed in a subsequent chapter (3D-EBSD). 

 

 

4.3.1. Grain boundary character 
 

One of the most important advantages of EBSD for materials characterization is the 

possibility of describing misorientation between grains with large statistical relevance. 

The analysis of the misorientation between the α- phase (hcp) and β- phase (fcc) have 

shown that the orientation relationship across the phase boundary is of 56.6°〈 4151 〉. This 

relationship corresponds to the matching planes and directions (111)fcc // (0002)hcp and 

[110]fcc // [ 0211 ]hcp. The pattern quality and phase map of the deposit-substrate interface 

is shown in figure 4.26, where misorientation between 2° and 15° are shown in gray, 

above 15° in black and boundaries with the above described relationship are shown in 

yellow.  
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Figure 4.26: Pattern quality map of the deposit-substrate interface showing the 

hexagonal (gray) and fcc (green) cobalt phase as well as the low angle (gray), high angle 

(black) and boundary with an orientation relationship (111)fcc
 // (0002)hcp and 

[110]fcc // [ 0211 ]hcp
 (yellow). 

 

In many grains a twin-like substructure were observed in backscatter electron micrograph 

(see fig. 4.3). The spacing between these substructures ranges from 10 nm to 

approximately 100 nm. Most of these substructures could not be detected by EBSD due 

to its limited resolution (30-50 nm), however as fig. 4.27 illustrates, some of the larger 

substructure were resolved and were found not to be twins but phase boundaries (area 

indicated with arrows). The misorientation between the lamellar substructure and the 

matrix around it, corresponds to the martensitic orientation relationship described above 

as 56.6°〈 4151 〉. In this particular example the martensitic needle has been partially 

resolved by EBSD as it reveals a thickness of approximately 50 nm. Although the EBSD 

scan shown in (b) was measured at a step size of 10 nm, no better spatial resolution 

could be achieved by reducing the step size of the measurement. This result confirms the 

spatial resolution of EBSD of approximately 30 nm for the material in consideration. The 

grain indicated with (1) in fig. 4.27 (a) also reveals such twin like substructure, however in 

this case the spacing between the lamellae is smaller than the resolution of the technique 

and no boundary could be indexed (b).  
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Figure 4.27: (a) SEM micrograph of the fine grain structure of the deposit-substrate 

interface. (b) Corresponding EBSD pattern quality map displaying the different phases 

(fcc: green, hexagonal: gray) and the crystallographic boundary character between the α 

and β grains (yellow) and the twin boundaries (red), respectively. (c) Detail of (b). 

 

The fact that whenever such substructure was resolved by EBSD no twin boundary was 

identified, indicates that this twin-like substructure are most likely no twins but martensitic 

substructures. Another indication for a phase boundary was obtained by studying the 

traces of these substructure interfaces. It was observed that these substructures are 

related by a common (111)fcc boundary plane with the fcc matrix or by a common 

(0002)hcp hexagonal matrix. Since no twin on the basal plane of the hexagonal phase is 

known and the phase transformation fcc ↔ hcp occurs on the basal plane, these 

substructures within the grains are boundaries between the cobalt phases with the 

orientation relationship (111)fcc // (0002)hcp and [110]fcc // [ 1021 ]hcp 

 

While the substructure inside the grains appears not to be twins, there are several other 

boundaries which show a twin relationship. These growth twin boundaries are colored 

according to their character in the orientation maps fig. 4.28 (a to c). Table 4.10 gives the 

twin relationship of this boundaries and the color schema used to illustrate these in the 

orientation maps. 
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Figure 4.28: Boundary map of the deposit-bath interface (a), deposit-substrate interface 

(b) and cross section (c) displaying the different phases (fcc: green, hexagonal: white), 

the boundary character between the α and β grains and twin boundaries (see also the 

scheme in table 4.10 for additional details). 

 

Table 4.10: Twin relationship and color coding applied in orientation maps. 

Plane Direction Axis-angle Color (in OIM-maps) 

{ 1110 } 〈 2110 〉 〈 1102 〉 57° red 

{ 2110 } 〈 1110 〉 〈 1102 〉 85° green 

 

 

4.3.2. Boundary character distribution 
 

Since the properties of nanostructured materials depend strongly on the grain boundaries, 

it is not only important to characterize the misorientation between grains, but also to 
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quantify the boundaries and their distribution. Table 4.11 gives the fraction of low angle, 

high angle, twin and phase boundaries at the deposit substrate and bath interface of the 

CoNi-02 sample.  

 

Table 4.11: Fraction of low angle (LAGB), high angle (HAGB), twin and phase 

boundaries (PB indicates all phase boundaries, those o56.6 4151  orientation relationship 

and general ones) to the total amount of boundaries at the substrate and bath interfaces 

(θ indicates the orientation change across the grain boundary). 

  Fraction [%] 

 Boundary character Substrate interface Bath interface 

 LAGB (2 <θ<15°) 12.3 ± 6.2 19.0 ± 8.6 

 HAGB (15° <θ) 87.7 ±  5.8 81.1 ± 9.0 

o57 1102  17.8 ± 2.2 13.2 ± 5.4 Twin 

boundary o85 1102  1.1 ± 0.6 10.8 ± 7.5 

o56.6 4151  11.5  ± 2.6 4.8 ± 3.1 Phase 

boundary PB 20.0 ±  3.8 7.8 ± 5.0 

 

The fraction of low angle grain boundaries shown in table 4.11 was calculated 

considering all grain boundaries with misorientation between 2° and 15° (those between 

grains and also those inside the grains). This gives the result that the fraction of low angle 

grain boundaries slightly increases with the thickness of the film. However, when this 

fraction is calculated considering only boundaries between identified grains (where a 

grain was defined as an area completely surrounded by grain boundaries with a 

misorientation larger than 2° and containing at least 3 data points) the amount of low 

angle grain boundaries decreases to 4.8% at the substrate interface and 5.7% at the 

deposit interface (compare to table 4.11). In this case the increase in the fraction of low 

angle grain boundaries with film thickness becomes even smaller. The large difference in 

the amount of low angle grain boundaries depending on its definition derives from the fact 

that many grains shows areas of small misorientation boundaries inside them with 

orientation changes between 2 and 4.9°. The fraction of low angle grain boundaries 

considering only misorientations between 5 and 15° does not change depending on this 

definition. 
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At the beginning of the growth (substrate interface) the fraction of twin boundaries 

amounts to 19% whereas at the deposit interface it amounts to 24% of all grain 

boundaries. In general the twinning on { 1110 } planes is the most common one, although 

with increasing thickness the fraction of twins on { 2110 } planes increases significantly 

from 1% to 11%. The twins on the { 2110 } planes differ significantly from the ones on the 

{ 1110 } plane: the latter corresponds mostly to twin boundaries between the columnar 

grains, whereas the first corresponds to twin boundaries inside of these grains. Fig. 4.29 

show a high resolution map of the cross section, where both twin boundaries can be 

identified. 
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Figure 4.29: High resolution boundary map of the cross section showing phase and twin 

boundaries.  

 

The average fraction of phase boundaries from all boundaries is 20% at the substrate 

interface; from these, 58% have a misorientation of 56.6° with the orientation relationship 

(111)fcc //(0002)hcp and [110]fcc // [ 0211 ]hcp However, the fraction of these martensitic 

phase boundaries amounts to only 12% of the total grain boundary fraction. Since the 

amount of fcc phase decreases with the thickness of the film, the fraction of phase 

boundaries consequently decreases as well. 

 

The smaller the grain size of a polycrystalline material, the larger the fraction of grain 

boundaries. The high volume fraction of grain boundary of the studied sample is easily 

illustrated by comparing the length of grain boundaries segment per sample area of this 

sample with a sample with an average grain size of for example 1.4 µm. In this example 

the length of all boundary segments was calculated over an area of 800 µm2 for both 

samples. The nanostructured electrodeposited sample has 8,340 µm of interfaces in this 

area, which gives 10.4 µm boundaries per sample square micrometer whereas the 

sample with larger grain size has 920 µm and only 1.2 µm boundaries per sample square 

micrometer.  
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An analysis of the length of boundary segments on the electrodeposited CoNi-02 sample 

depending on the boundary character and on the sample interface was performed. Table 

4.12 gives the length of grain boundaries per square micrometer of the microstructure. At 

the substrate interface every film square micrometer contains almost 8 µm of grain 

interfaces, from these interfaces 1.4 µm have a twin relationship and 0.8 µm are 

boundaries between phases. Due to the larger grain size at the deposit interface the 

length of grain interfaces decreases to approximately 6 µm per film square micrometer, 

however the length of interfaces per area with a twin relationship increases to 5.8 µm. 

 

Table 4.12: Grain boundary length per square micrometer of the surface. 

 Boundary length per area [µm-1] 
Boundary character Substrate interface Bath interface 

LAGB (2 <θ<15°) 0.38 0.31 

HAGB (15° <θ) 7.57 5.14 

Twin boundaries 1.42 5.82 

Phase Boundaries 0.8 0.1 

Total of Boundaries 7.95 6.34 

 
 

4.3.3. Triple junctions 
 
A topographic analysis of the locations of the twin boundaries in the deposit-substrate 

interface and in the deposit-bath interface shows that in many cases two 〈 1102 〉 57° twins 

occur together with one 63° to 69° boundary in a triple point with a common 〈 0211 〉 

rotation axis. Fig. 4.30 (a) shows a pattern quality map of the deposit-bath interface 

where the arrangement of these triple junctions are highlighted with white triangles. 

These structures are identical to three-fold growth columns observed on the freely grown 

surface fig. 4.30 (b). In fig. 4.31 one example of a triple junction (a and b) and its 

corresponding { 0211 } pole figure (c) are shown. Fig. 4.31 (a) shows the pattern quality 

map of three grains having the boundary configuration described above. These grains 

have been highlighted and are shown in (b) in three different colors. Fig. 4.31 (c) shows 

the pole figure plot of these three grains, where the colors correspond to the colored 

grains in (b). The boundary misorientation (1), (2) and (3) in fig. 4.31 (b and c) are 

described by the following angle axis 57.1°〈 0121 〉, 56.8°〈 0112 〉 and 66.1°〈 1021 〉, 
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respectively. The pole figure plot reveals the almost perfect 180° rotation of these three 

grains about the common 〈 0211 〉 axis, which is, in fact, the preferential growth direction of 

these grains. 
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Figure 4.30: (a) Pattern quality map of the deposit-bath interface showing the triple 

junctions (highlighted with white triangles) formed by two twin boundaries of 〈 1102 〉 57° 

(red) and a third boundary of 63° to 69° misorientation (blue). (b) SEM micrograph of the 

deposit-bath interface showing the surface morphology of the deposit with three 

pyramidal grains growing together with three fold symmetry. 
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Figure 4.31: (a) Highly magnified pattern quality map of a triple junction of two 〈 1102 〉 

57° twin boundaries (red) and a third boundary of 66° misorientation (blue). (b) Three 

highlighted grains showing such triple junction arrangement and its corresponding pole 

figure (c). The colors in (b) were given to the grains for facilitating its recognition on the 

pole figure plot in (c). 
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This type of triple junction configuration has been observed throughout the entire film 

thickness. The pattern quality map of the substrate interface is shown in figure 4.32 (a), 

where some examples of triple junctions are highlighted with white and light blue triangle. 

A common observation at the substrate interface is the presence of fcc grains forming 

another triple junction configuration with the grain boundary which does not have a twin 

relationship in the first set of three grains (blue triangle in fig. 4.32 (a) and highlighted 

area in (b). Fig. 4.32 (c) shows the highlighted three hexagonal grains having the 

boundary configuration described above and the fcc grain fig. 4.32 (d) illustrates the 

common rotation axis and the 180° arrangement of these three hexagonal grains.  
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Figure 4.32: (a) Pattern quality map of the substrate interface showing triple junction 

(highlighted areas). (b) Magnified triple junction of two 〈 1102 〉 57° twin boundaries (red) 

and a third boundary of 66° misorientation (blue) and a fcc grain (green). (c) Three 

highlighted grains showing such triple junction arrangement and its corresponding pole 

figure (d). The colors in (c) were given to the grains for facilitating its recognition on the 

pole figure plot in (d). 

 

The fraction of the triple points which are formed by a set of two twin boundaries defined 

by axis angle of 〈 1102 〉 57° and third boundary of 66° to 69° misorientation has been 

estimated for the deposit-substrate and bath interface. To perform such calculation the 

triple points of every map of both interfaces were first exported form the TSL-OIM 

software. All triple points considering only the grains with hcp structure containing two 

grain boundaries with a misorientation varying from 53° to 61° and a grain boundary with 

a misorientation varying from 60° to 69° were counted and the fraction was calculated. 
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Due to missing software possibilities, the rotation axes of these grain boundaries could 

not be considered in this statistic study. However, comparisons between the estimated 

fraction using the above described method and the visual analysis of the triple points 

performed in smaller area of the sample have shown excellent agreement. Table 4.13 

gives the average fraction and density of these triple points determined from a sample 

area of 3,300 µm2 and of 2,000 µm2 for the deposit-substrate and bath interface, 

respectively. 

 

Table 4.13: Fraction of triple points formed by two boundaries of misorientation between 

53° and 61° and one boundary of misorientation between 60° and 69° and the density of 

these triple points in one square micrometer of the deposit-substrate and bath interface.    

Deposit interface 
 Substrate Bath 

Fraction of triple points (57°/57°/66°) [%] 7.9 ± 3.1 6.6 ± 3.5 
   

Density of triple points (57°/57°/66°)  
[Number/µm2] 

0.9 ± 0.3 0.7 ± 0.5 

 

The fraction of triple points formed by two twin boundaries of 57° and a third boundary of 

approximately 66° with a common 〈 0211 〉 rotation axis does not vary significantly from the 

substrate interface to the bath interface. The fraction is lower than 10%, of the total 

amount of triple junctions in the plane surface. However, in every square micrometer 

almost one set of these three grains is formed on the substrate interface. 
 

Triple junctions and columnar grains 
 

The fact that the particular triple junction configuration is found all over the sample planar 

interface and that two columnar grain are most frequently separated by one twin 

boundary of 〈 1102 〉 57° or by a boundary with a misorientation of 66° to 69°, has given 

indication that this boundary configuration stabilizes the growth of columnar grains. The 

surface morphology consisting of three pyramidal grains growing together with three fold 

symmetry reinforces this supposition. 
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In order to confirm the relationship between columnar grain growth and formation of these 

triple junctions and to determine the boundary plane of this configuration, a three 

dimensional EBSD study of the electrodeposited CoNi-02 sample was performed. The 

results of this investigation are presented in the following chapter (3D-EBSD).   

 

4.3.4. Discussion 
 

The role of the grain boundary fraction on the mechanical behavior of polycrystalline 

material is well known. However, not only the fraction of grain boundaries influences its 

mechanical and physical properties, but also the nature and distribution of these internal 

interfaces. The possibility to describe the grain boundary character and distribution by 

application of EBSD has in many cases facilitated the understanding of certain materials 

properties with significant statistics and has allowed the design of materials with specific 

grain boundary characteristics. The latter is the so called grain boundary engineering 

concept, which is nowadays widely applied in materials science and deals with 

optimization of grain boundary character distribution to improve materials properties. The 

CoNi sample presented in this part of the work has, due to its nanostructured grain size 

perpendicular to the growth direction, a high fraction of grain boundaries and triple 

junctions. The application of EBSD to characterize nanostructured electrodeposited 

material has allowed the determination of the nature of these interfaces, the quantification 

and the study of its distribution over the film. 

 

Nanocrystalline materials produced by electrodeposition have, in contrary to those 

produced by severe plastic deformation methods, large fraction of high angle grain 

boundaries. Since low angle grain boundaries are considered to play a less significant 

role in the mechanical behavior of polycrystalline materials, the mechanical properties of 

nanocrystalline electrodeposited materials have been extensively studied. However, no 

significant study has been performed to describe the grain boundaries misorientations as 

well as its character distribution.  

 

The electrodeposited CoNi-02 produced in a bath with a level of 0.02g/l of saccharin has, 

as expected, a high fraction of grain boundaries with misorientations higher than 15°. 

When considering only grain boundaries between defined grains approximately 95% of all 

grain boundaries of planar interfaces are high angle grain boundaries with misorientation 
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higher than 15°. Considering all misorientation higher than 2° however, this fraction 

reduces to 88% at the substrate interface and 81% at the bath interface. As explained 

before, approximately 8% of the low angle boundaries are not interfaces between grains 

but sharp orientation changes with less than 5° misorientation inside grains. These 

orientation changes derive from periodic crystal dislocation arrangements, which are 

probably formed during the deposition process by incoherent nucleation [7]. The fraction 

of this crystallographic defects increases with the film thickness. The increase in 

crystallographic defects in electrodeposited materials is, in most cases, related to an 

increase in the overpotential during the deposition process.   

 

It was expected that the amount of low angle grain boundaries between identified grains 

would increase with the film thickness, since many grains with similar orientation would 

meet during the film growth, due to growth selection process. However, no significantly 

increase with the thickness was observed (4.8% at the substrate interface and 5.7% at 

the bath interface). This result shows that although many grains with similar orientation 

meet, most of them have high misorientation to each other. The sharpening of the 

crystallographic texture and the increase in the grain size with the thickness of the film 

does not cause a direct change in the fraction of low angle and high angle grain 

boundaries. Evidently, due to the increase in the grain size, the total fraction of grain 

boundaries decreases with the film thickness.  

 

The analysis of the length of grain boundary segments per area of the substrate and bath 

interface showed that 8 µm and 6 µm of grain boundaries exist in every square 

micrometer of the respective surfaces. When this calculation is performed on the cross 

section, however the length of boundaries segment is reduced to 3 µm per surface area. 

This result is expected, since the grain size in growth direction can be even one order of 

magnitude larger than at the planar interfaces. Regarding the high interest in 

nanocrystalline electrodeposited materials due to its promising mechanical behavior 

which is related to the high fraction of grain boundaries, this result gives once more 

evidence that the anisotropy of the microstructure is crucial. It is clear that the expected 

advantage of a high fraction of grain boundaries is lost by the formation of columnar 

grains.  

 

As it was discussed before in the sub-chapter microstructure, the studied CoNi sample 

exhibits a dual-phase structure with different concentration of both phases throughout the 
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thickness.  The study of the phase boundary character by EBSD has shown the 

occurrence of crystallographically well-defined phase boundaries between the fcc and 

hexagonal regions. The orientation relationship is characterized by parallel, close-packed 

planes and close-packed directions (111)fcc //(0002) hcp and [110]fcc // [ 0211 ]hcp This is the 

well known phase relationship between fcc and hexagonal cobalt [8, 9,10] formed by the 

β-α martensitic transformation. Further support of the assumption of a martensitic 

transformation is given by the straight shape of most of these boundaries including also 

the small nanoscale, twin-like substructures. Therefore, it can be assumed that the fcc 

phase forms by a martensitic transformation from the parent hexagonal phase (which is, 

in fact, the inverse transformation usually observed during the cooling of cobalt). It is 

conceivable that the hydrogen content that is usually high in electrodeposited materials 

plays a role in this structure transformation. 

 

As it has been mentioned before, several grains show fine lamellar type interfaces inside 

them. These grain boundaries were first thought to be twins [ 11 ], but the results 

presented in this work shows that they are most certainly phase boundaries.  However, 

since the spacing between this lamellas are in the order of the spatial resolution of EBSD 

not all boundaries were measured and consequently not all were considered in the 

calculation of the fraction of phase boundaries. If all of these twin-like boundaries are in 

fact phase boundary the total fraction of phase boundaries in the electrodeposited sample 

would increase significantly. Zheng et al. [12] has simulated the deformation behavior of 

nanocrystalline electrodeposited cobalt and found that although the stacking fault energy 

of nanocrystalline cobalt is small, mechanical twinning is rarely observed during plastic 

deformation processes, even at high stress levels and that the deformation induced 

allotropic phase transformation is significant dominant. Dille et al. [13] have observed on 

TEM the presence of substructure, which are correlated to each other by the basal plane. 

Wu et al. [8] studied the deformation microstructure of electrodeposited cobalt subjected 

to a surface mechanical attrition treatment and also observed thin-lamellar martensite 

platelets with the (0001) habit plane [14]. These observations reinforce the suggestion 

that these substructures are not formed by twinning but by martensitic phase 

transformation.  

 

Although the results of the grain boundary character and distribution in electrodeposited 

material is of great importance, the most important out coming of this study was the 
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observation of the triplets of grain boundaries around one common triple point arranged 

together in a group of three grains, each of which forming a pie-type sections of 

approximately 180°. These triple points, consisting of two twins of the type 〈 1102 〉 57° 

and a third boundary of approximately 66°, are found in almost every square micrometer 

of the sample planar interface. The fact that the columnar grains are mostly separated by 

one of these two types of boundaries and that the free growing surface reveals also such 

sets of three grains with exactly this boundary configuration, has brought up the 

suggestion that the formation of such low energy boundary configuration stabilizes the 

growth of the columnar grains. 

 

The two dimensional boundary characterization presented in this chapter has given the 

suggestion that one grain in such assembly nucleates first and that by the twinning of this 

parent grain the two other grains on either side are formed. These twins would then meet 

each other with a 66° arbitrary grain boundary. The three dimensional EBSD study, 

however has shown that this suggestion was not correct. In the following chapter the 3D-

EBSD analysis will be described and the formation of these triple junctions will be 

explained. 

 

The existence of fcc grains forming a secondary triple junction with the random high 

angle grain boundary of the first triple at the beginning of the growth, could also be 

related to the low energy of this boundary configuration. Since the overpotential is higher 

at the early stage of the growth, a higher rate of atoms arrives at the growing interface at 

this stage. This increases the probability of incorporation of additive molecules into the 

lattice, because a molecule can be easily trapped into the film when the rate of 

incorporated atoms surround it is high.  The incorporated molecule causes a lattice 

distortion, which increases the probability of stacking faults and consequently formation of 

fcc grains. Since cobalt and nickel atoms are preferential absorbed on sites of low energy 

(low energy grain boundaries), the probability of molecule incorporation is also higher in 

those sites and consequently fcc grains are easily formed. 
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4.4. 3D-EBSD   
 

A three dimensional EBSD analyses was performed on the electrodeposited CoNi-02 

sample to analyze some microstructure characteristics in three dimensions and also to 

study the formation of clusters of three columnar grains and its relationship to the growth 

twin boundaries. 

 

Three dimensional analysis methods are of great interest in material research. The 

description of microstructure characteristics as real grain size, grain shape and 

distribution in a sample volume are examples of interesting information that can be 

obtained by three dimensional analysis techniques. Information about porosity, phase, 

inclusion and crack distribution are other possibilities of this type of analysis. All these 

examples can be studied by serial sectioning and subsequent light or electron 

microscopy or, in some cases, by transmitting radiation through a specimen with X-rays, 

electrons or neutrons. However, the nature of grain boundaries can only be studied with 

sufficient precision by serial sectioning and subsequent orientation microscopy. A 

conventional way to perform serial sectioning is the removal of surface layers 

mechanically, chemically or electrochemically and performing orientation microscopy on 

each surface layer. This method has, however, the disadvantage of low resolution in 

depth, relative imprecise depth removal, difficulty in precise localization and positioning of 

some microstructure features.  

 

The use of the FIB technique for serial sectioning allows the highly controlled removal of 

thin layers of materials with a minimum slice thickness of approximately 50 nm. The 

combination of EBSD-based orientation microscopy with serial sectioning via FIB in a 

dual beam microscope allows the microstructure related crystallographic characterization 

of a sample with spatial resolution of about 50 x 50 x 50 nm3. 

 

The two dimensional EBSD study of three distinct section of the microstructure of 

electrodeposited CoNi has already permitted a reasonable understanding of its three 

dimensional microstructure. However, the formation of grain clusters with special triple 

junction configuration and it apparent relationship to the columnar grain morphology could 

only be understood by reconstructing the three dimensional microstructure from a large 

volume of the film, including the entire film thickness. Additionally, the nature of these 
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grain interfaces and triples junctions, regarding its plane may only be studied in the third 

dimension. 

 

As explained in detail in the experimental description (chapter 3.4), the entire cross 

section was analyzed in three dimensions with a resolution of 100 x 100 x 100 nm3. The 

milling strategy used was the gracing incidence milling method (the analyzed surface was 

on the edge of the sample). The fully automated 3D orientation microscopy was 

performed on a sample volume of 20 x 85 x 6 µm3. Previously to the 3D analysis several 

test were performed to ensure that the Ga+- ion beam with 30 kV accelerating voltage did 

not influence the microstructure of the sample by the milling process. Figure 4.33 (a) 

shows the inverse pole figure maps of the studied sample volume in form of a material 

block. In (a) the growth direction is the reference direction and grain boundaries with 

misorientations between 2° and 15° are shown in gray and those with misorientation 

larger than 15° in black. Figure 4.33 (b) shows the sample volume colored according to 

the inverse pole figure of a direction in the deposit plane, in (b) general large angle grain 

boundaries are colored black while possible twin boundaries are shown by white lines. 
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Figure 4.33: (a) Three dimensional inverse pole figure map of electrodeposited CoNi, 

where the growth direction is the reference direction, black lines represent large angle 

and gray low angle grain boundaries (b) colored according to the inverse pole figure of a 

direction in the deposit plane, white boundaries represent possible twin boundaries, black 

large angle and gray low angle grain boundaries [1]. 
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A typical twin triple, which has been completely measured inside this analyzed volume, 

was chosen for the characterization of the grain boundaries planes. Figure 4.34 shows 

the three dimensional model of these chosen grains, reconstructed with IMOD software 

[ 2 ]. Figure 4.35 (cut a to c) shows another representation of the studied grains by 

showing three cut perpendicular to the growth direction, where the highlighted areas 

show the triple inside the sample volume. 
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Figure 4.34: Representation of the three grains analyzed in the microstructure volume. 

Grains reconstructed with IMOD software [2]. The colors are chosen arbitrarily and serve 

only to separate the three grains. 
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Figure 4.35: Cuts (perpendicular to the growth direction) in the three dimensional 

microstructure showing the arrangement of the three analyzed grains in growth direction. 

Cut (a) shows position ΙΙ, where grain (3) nucleates and starts growing as a fine cylinder. 

Cut (b) shows the position ΙΙΙ. At this film thickness (approximately 20 µm) the grain 

boundary planes were analyzed (figure 4.36). Cut (c) shows three grains at a film 

thickness of 30 µm [1]. 
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Observing the formation of these three grains along the growth direction it is possible to 

recognize that grain (2) nucleates first and twins to grain (1) after approximately 500 nm 

further film growth. At these film thickness both grains coexists. These two grain are 

related to each other by a sharp 57°< 0211 > twin relation already when grain (1) is first 

observed into the measurement (position Ι in fig. 4.37). Only after further 5 µm film growth 

the grain (3) occurs and grows parallel to grain (1) and (2) as a very fine cylinder (position 

ΙΙ in figure 4.35 and 4.37). After further 10 µm film growth, grain (3) expands and 

becomes larger perpendicular to the growth direction. At this position all three grains 

have the 〈 0211 〉 crystallographic direction parallel to the macroscopic film growth 

direction. The grain boundary characteristic of these triple junctions was studied at this 

position (figure 4.35 and 4.37 position ΙΙΙ). Figure 4.36 shows the schematic 

representation of this triple with its grain boundaries. 
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Figure 4.36: Schematic representation of the twin-triples frequently observed in the 

deposits as determined by 3D orientation microscopy. Grain (1) and (2) form a coherent 

57°< 0211 > compression-type twin. Grain (3) is in a non-coherent twin relation to grain (2) 

but it has no special relationship with (1). Note the occurrence of basal planes as 

boundary planes between (2) and (3) and (1) and (3) [1,3]. 

 

Figure 4.37 (a) shows the 3D-microstructure and a cut (A) along a plane which contains 

the twin triple. In this three dimensional view grain (2) is not visible as it is on the top of 

grain (1). Figure 4.37 (b) shows the 3D model representation of cut (A) as a 

reconstructed with IMOD, where only grain (1) and (3) can be observed. From (a) and (b) 

it becomes visible that the triple is not growing in a straight line through the film, but is 

strongly curved. In figure 4.37(c) the position of grain (1), (2) and (3) is illustrate as a 2 

dimension slice in the volume. In 2 dimensions the curvature of these grains can not be 

observed. 
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Figure 4.37: (a) Three dimensional inverse pole figure map of a direction perpendicular 

to film growth showing a cut along the plane marked in the image. At this representation 

grain (2) is not visible as it is on the top of grain (1). (b) Model showing the grain 

curvature at cut (A). (c) 2D inverse pole figure map showing grain (2) on top of grain (1). 

In (a) and (c) possible twin boundaries are shown in white, high angle grain boundaries in 

black and low angle grain boundaries in gray [1]. 

 

As observed in the conventional two dimensional orientation microscopy study of the 

electrodeposited CoNi-02 sample, all grains reveal a strong in-grain orientation gradient.  

Figure 4.38 (a) shows the orientation gradient of the grains along the growth direction in 

this three dimensional volume. The colors indicate in-grain orientation deviations to a 

maximum of 20° taking the average orientation of the each individual grain as reference. 
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Figure 4.38: Three dimensional orientation gradient map for a maximum gradient of 20° 

from the grain average orientation. Possible twin boundaries are shown in white, high 

angle grain boundaries in black and low angle grain boundaries in gray [1]. 
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This in grain orientation deviation is caused by the regular occurrence of lattice defects in 

the crystal, which deviate the 〈 0211 〉 crystal direction from the macroscopic growth 

direction. As it has been explained in section 4.2 (crystallographic texture) the length of 

the grain is related to the density of these defects. TEM observations have shown that 

these defects are dislocations and stacking faults. Grains with higher defect density 

deviate faster from the preferential growth direction and are overgrown by grains with 

fewer defects. 

 

After performing the three dimensional EBSD-based orientation microscopy, a sample for 

transmission electron microscopy (TEM) was prepared by focused ion beam (FIB) from 

the last slice of the measurement (slice 61). The TEM sample preparation has been 

described in chapter 3.3 (sample preparation). Summarizing this process, the sample 

preparation consisted in removing a thick foil (approximately 2 µm) of the sample cross 

section containing the last slice of the 3D-EBSD measurement and thinning this foil to a 

final thickness of 80 to 100 nm. Figure 4.39 (a) shows the 2D-EBSD map of the last slice 

while (b) shows a TEM micrograph of the highlighted area in (a). A small difference in the 

microstructure of both images can be recognized, which is due to the necessary thinning 

of the TEM lamella to a thickness of approximately 100 nm and due to the tilt angle of the 

TEM sample. The microstructure seen in the TEM is approximately 1 µm deeper in the 

bulk sample as the EBSD map. The bright field image (b) shows a section of three 

columnar grains (A to C). The grain (C) is illustrated again in figure 4.39 (c). The bright 

and dark contrast observed in this grain is equivalent to the misorientation along the 

growth direction observed by 2D and 3D EBSD and indicates a periodic rotation of the 

crystal. The trace analysis of the interface between bright and dark contrast reveals a 

common ( 0211 ) plane and a rotation about the 〈 0110 〉 axes.  By following the orientation 

gradient throughout the grain (from point 1 to 13 in fig. 4.39 (e)) a continuous rotation of 

the crystal can be observed (f). Due to the complexity of this lattice rotation and to the 

high defect density of the sample it is difficult to extract from this analysis the possible 

reason for the crystal rotation. It can only be speculated that the rotation is cause by set 

of dislocations which are continually built into the crystal lattice by incoherent nucleation. 

Figure 4.39 (d) shows a grain, which did not growth columnar, with high density of regular 

defects. The trace analysis of these ordered interfaces reveals that their common (0001) 

planes, which indicates either a stacking fault on the (0001) basal plane or a phase 

boundary between fcc and hcp cobalt phase. However, the complexity of image 
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interpretation in the TEM and the high density of defects make it difficult to differentiate 

between these two types of defects in this sample. A direct comparison between both 

grains shown in (c) and (d), reveals that the non columnar grain (d) has a significantly 

higher density of these defects as the columnar grain (c) has. The density of these lattice 

defects appears to determine the length of the grain. 
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Figure 4.39: (a) Inverse pole figure map of the last slice of the 3D-EBSD study. The 

colors indicate the crystal orientation, taking as reference a direction perpendicular to the 

film growth direction. (b) TEM micrograph of the highlighted area in (a). (c) Analysis of the 

boundary traces in the columnar grain (C). (d) Stacking fault traces analysis in a non 

columnar grain. (e) Columnar grain C and points where orientation analysis was 

performed, (f) pole figure plot showing the continuous rotation of the grain C. Orientation 

measurements of point 1 to 13 [1]. 
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4.4.1. Discussion 
 

The three dimensional orientation microscopy study of a relative large volume and with 

high resolution (100 nm3 in all three dimension) was performed fully automatically on 

electrodeposited CoNi. The analysis of the three dimensional microstructure allowed the 

determination of the grain boundary plane of the frequently observed triple junctions and 

permitted further understanding of the formation of columnar grains in this deposit films. 

The observation of triples consisting of 3 grains with two 57°〈 0211 〉 twin boundaries and a 

third arbitrary boundary with misorientation of approximately 66° by conventional two 

dimensional EBSD first suggested the following mechanism of triple junction formation: A 

primary crystal twins independently with the same twin relationship (57°〈 0211 〉) into two 

twin variants such that all three crystals show the 〈 0211 〉 direction parallel to the film 

growth direction.  The third boundary would then be automatically fixed to a 66°〈 0211 〉 

relationship [4]. The results of three dimensional analyze showed that this proposal was 

not entirely correct. The triple is formed by boundaries of quite different quality, a 

coherent and an incoherent twin and a conventional large angle grain boundary, all of 

them related to each other by a rotation about the 〈 0211 〉 direction. However, it seams 

that the twin plane as well as the (0001) basal plane forms low energy grain interfaces, 

the latter in case of an incoherent twin and a conventional large angle grain boundary.  

 

During the deposition process ions from the plating solution migrate to the substrate (or 

free film) interface. The positively charged ions receive electrons and become atoms. 

When suitable sites for incorporation to the lattice exist the atoms are built-in to the 

crystal lattice and the latter is extended (film growth occurs). The formation of these low 

energy grain boundaries should promote the crystal growth in those sites. More energy 

will be required to form new atom rows in sites of higher energy and therefore the growth 

on those low energy boundaries regions should be easer. The nucleation of new grains 

will require more energy and consequently the probability of formation of columnar grains 

will increase. 

  

The length of the columnar grains however, is not only related to the formation of low 

energy triple junctions, but also to the defect density in the crystal lattice. The free 

growing surface of electrodeposited CoNi from baths with low additive concentration 

reveals a considerably higher fraction of triple grain pyramids than fraction of columnar 
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grains. This means several triple forms but do not all of them becomes growth columnar. 

Additionally the length of the columnar triples scatters significantly.  

 

The formation of columnar grains on electrodeposited CoNi samples is therefore related 

to two competitive processes. On the one hand low energy grain boundaries facilitate the 

incorporation of atoms in these sites promoting a localized growth. On the other hand, by 

the incorporation atoms high density of defects is built into the lattice, which leads to a 

faster deflection of the crystal from the preferential crystal growth direction and further 

growth becomes difficult. Grains with high defect densities are overgrowth by grains with 

low defect density. Additionally, the texture of electrodeposits is related to the inhibition of 

certain lattice planes by incorporation of additives, when a grain is deflected from the 

preferential growth direction, and grow slower, additives can easily incorporated into the 

crystal lattice increasing the defect density and slowing down its growth. 
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4.5. Dependence on the amount of saccharin 
 

In the process of electrodeposition it is typical to control the grain size using organic 

additives (chapter 2.1). These additives facilitate the deposition and control deposit 

growth rates. In the case of the CoNi samples studied in this work, the additive used for 

the deposition process was saccharin, which is known to refine the grain size [1,2,3] and 

to reduce internal stresses [4,5] on the film. Up to this part of the work, the microstructure, 

texture and grain boundaries characteristic only of the sample produced in a bath with 

addition of 0.02 g/l of saccharin has been discussed. In this chapter a comparison 

between this sample and samples produced in a bath with lower and higher saccharin 

levels will be presented and discussed. All other bath parameters were maintained 

constant during the production of these three CoNi-samples [ 6 , 7 ], so that only the 

influence of saccharin in the microstructure, texture and grain boundary character will 

play a role.  
 

 

4.5.1. Microstructure 
 

4.5.1.1. General description 
  

Figure 4.40 illustrates the free growing surface of the three CoNi samples magnified 

5,000 (a, c and e) and 20,000 times (b, d and f). The free growing surface of the CoNi-01 

(sample produced in a bath with saccharin level of 0.01 g/l) is shown in fig. 4.40 (a and b), 

the CoNi-02 (sample produced in a bath with saccharin level of 0.02 g/l) is shown in 

fig. 4.40 (c and d), and CoNi-04 (sample produced in a bath with saccharin level of 0.04 

g/l) in fig 4.40 (e and f). The increase in the saccharin concentration von 0.01 g/l to 0.02 

g/l did not produced any change in the morphology of the free growing surface. Clusters 

of pyramidal grains with three fold symmetry can be observed over the entire surface in 

both samples. A further increase on the saccharin level to 0.04 g/l, however, essentially 

caused the disappearance of these pyramidal clusters of three grains. The surface 

became smoother, exhibiting bubble-like morphology. The size of these surface bubbles 

varies from approximately 10 to 30 µm. Fig. 4.40 (f) shows that even at higher 

magnification, no clustering can be observed. 
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Figure 4.40: The effect of saccharin in the surface morphology electrodeposited CoNi. 

Saccharin level in the electrolyte (a and b) 0.01g/l, (c and d) 0.02 g/l, and (e and f) 0.04g/l. 

 

In figure 4.41 (a to d) the microstructure of the CoNi samples at the deposit-substrate 

interface is illustrated. No significant difference on the microstructure can be found 

between the samples produced in a bath with a saccharin level of 0.01 (a) and 0.02 g/l (b). 

When 0.04 g/l of saccharin was added to the bath, the microstructure of the deposit 

changed significantly fig. 4.41 (c). Islands of grain clusters can be identified. These 

islands are distributed over the entire sample surface fig. 4.41 (d). 
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Figure 4.41: Backscatter electron micrograph of the deposit-substrate interface. (a) CoNi-

01, (b) CoNi-02, (c and d) CoNi-04. 

 

The cross section microstructure of the three electrodeposited CoNi sample is shown in 

figure 4.42 in form of ion channeling contrast images. The columnar grain morphology 

with extended grains in film growth direction can be observed in all three samples. In the 

sample produced in a bath with saccharin concentration of 0.04 g/l (c), the columnar 

grains do not extend throughout the entire film thickness as it is the case at lower 

saccharin level (a) 0.01 g/l and (b) 0.02 g/l. Additionally to the orientation contrast of the 

grains a further contrast in the cross section region close to the deposit bath interface can 

be observed in the CoNi-04 sample (fig. 4.42 (c)). This contrast can only be recognized 

on the ion induced secondary electron image (fig. 4.42 (c)) but not in the backscatter 

electron image (fig. 4.42 (d)). The size of these areas is nearly the same as the size of 

the bubble-like surface morphology observed on the free growing surface (fig. 4.40 (e,f)).   
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Figure 4.42: Cross section ion channeling contrast images of CoNi samples produced in 

a bath with a saccharin level of (a) 0.01 g/l (b) 0.02 g/l (c) 0.04 g/l. (d) Backscatter 

electron image of the sample electrodeposited with addition of 0.04 g/l of saccharin. 

 

The cross section image reveals that the higher saccharin concentration in the bath 

(0.04 g/l) has not completely suppressed the formation of columnar grains. At the very 

beginning of the growth all grains nucleated and grow with a columnar morphology. After 

approximately 15 µm the further increase in length of these grains in film growth direction 

stops in the majority of grains. However the columnar growth was not completely 

interrupted and few grains grew further up to a film thickness of approximately 35 µm. In 

areas where no columnar grains can be observed, the microstructure appears extremely 

fine. The resolution of the SEM does not allow resolving this microstructure.  
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In several areas of the CoNi-04 cross section, a discontinuity in the growth is observed; 

these crack-like empty regions are parallel to the substrate interface. Fig. 4.43 (a) 

illustrates one imperfection in film density that was observed along the cross section of 

the sample. These defects cause again formation of columnar morphology in growth 

direction, as if a new film starts to grow in these regions. Fig. 4.43 (b) shows, at larger 

magnification, the highlighted area in fig. 4.43 (a). The formation of columnar grains at 

larger film thickness is not restricted to the areas with imperfections, but extends into 

areas close to these defects.   
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Figure 4.43: Ion channeling contrast image of the CoNi-04 cross section showing defects 

and new formation of columnar grains (a). (b) Highlighted area in (a). 

 

From the cross section microstructure in fig 4.42 (c) it becomes clear that the 

microstructure of the deposit-substrate interface shown in fig. 4.41 (c) (CoNi-04) does not 

reveal the very beginning of the film growth, but corresponds to the microstructure 

several micrometers away from the substrate interface. This becomes comprehensible 

since at the substrate interface the entire microstructure reveals columnar grains, which 

can be resolved by scanning electron microscopy; in contrast in fig. 4.41 (c) only some 

island of grains can be recognized. The reason for this is the mechanical preparation of 

the sample, causing the removal of approximately 15 µm of the film. The islands of grain 

clusters in fig. 4.41 (c) are those columnar grains which reveal lengths in growth direction 

larger than 15 µm. Since not all columnar grains reach such lengths, only island can be 

observed on the normal plane interface. Since the latter effect could not be avoided 

completely, further characterization of the CoNi-04 was performed exclusively on the 

cross section. 
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4.5.1.2. Phase distribution 
 
Figure 4.44 show the cross section boundary and phase map of the electrodeposited 

CoNi-01 (a) CoNi-02 (b) and CoNi-04 (c), where the fcc grains are highlighted in gray and 

boundaries with misorientation between 2 and 15° are shown in gray and such with 

higher misorientation than 15° in black. All three samples reveal higher fcc concentration 

at the beginning of the film growth (close to the substrate interface).  
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Figure 4.44: Phase distribution over the deposit cross section for samples produced in 

electrolyte with saccharin level of 0.01 g/l (a) 0.02 g/l (b) and 0.04 g/l (c). Fcc phase 

highlighted in gray.  

 

In order to compare the fraction of fcc phase along the film thickness, the cross section 

maps were divided into three segments of equal length as described in section 4.1.2. 

Figure 4.45 gives the average fraction of fcc phase depending on the film thickness as a 
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function of the saccharin level in the electrolyte. Due to the impossibility of achieving 

diffraction information from the sample with higher saccharin concentration at a film 

thickness larger than 15 µm, the fraction of fcc was calculated for this sample only at the 

deposit layer close to the substrate (0 to 15 µm thickness). The fraction of fcc phase in 

the first 15 µm of the deposit is significantly higher for the sample produced in the 

electrolyte with 0.04 g/l of saccharin. However, the phase concentration does not appear 

to be related to the saccharin level of the bath. As it can be seen in figure 4.45, the 

fraction of fcc phase at the lower deposit layer is inferior for the sample with intermediate 

saccharin concentration. Common to all samples is the decrease in fcc concentration with 

increasing thickness (fig. 4.44 and 4.45).  
 

CoNi-01 CoNi-02 CoNi-04CoNi-01 CoNi-02 CoNi-04  
Figure 4.45: Fraction of fcc phase along the film thickness depending on the saccharin 

level in the electrolyte, where CoNi-01 sample saccharin level of 0.01 g/l, CoNi-02 of 

0.02 g/l and CoNi-04 of 0.04 g/l. 

 

Since the phase composition of CoNi alloys is related to the nickel concentration in the 

alloy, this was determined through the film thickness for all three samples via EDS 

(energy dispersive x-ray spectroscopy). Figure 4.46 shows a higher nickel concentration 

in all samples at the layer close to the substrate. All samples show a similar characteristic 

of the alloy concentration throughout the film thickness. In the first 3 µm of the film all 

samples reveals a nickel concentration of approximately 24%. This concentration 

decreases steeply in the first 10 µm of the film slowing down its decrease during further 

deposition.  The nickel content in the alloy is, however higher, the higher is the saccharin 

concentration in the electrolyte.  
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CoNi-01 CoNi-02 CoNi-04CoNi-01 CoNi-02 CoNi-04  
Figure 4.46: Nickel content along the film thickness depending on the saccharin level in 

the electrolyte bath, where CoNi-01 sample saccharin level of 0.01 g/l, CoNi-02 of 0.02 g/l 

and CoNi-04 of 0.04 g/l. 

 

4.5.1.3. Grain size 
 

The importance of the grain size and grain size distribution in nanostructured materials 

have been pointed out previously in this work. Although an extensive study was 

performed to determine the average grain size of the sample CoNi-02 (from a deposit 

bath with 0.02 g/l of saccharin chapter 4.1.3), it was found that it is complex to establish 

this value. The size of the grains depends on the surface under consideration (normal or 

transversal) and on the thickness of the film. Additionally, two grain classes exist in the 

microstructure, columnar and non columnar grains. The microstructure of the CoNi 

sample from a bath with 0.01 g/l of saccharin is similar to the CoNi-02. The grains grow 

columnar throughout the film and a bimodal grain size distribution is evident. 

 

The microstructure evolution along the growth direction of the CoNi-01 sample has been 

studied by continuous repetition of surface polishing. Fig 4.47 (a) shows a schematic 

overview of the studied plane interfaces. Several EBSD scans were measured in every 

surface, and examples of the phase and boundary maps of those surfaces are shown in 

fig 4.47 (b to e), all of them at the same magnification. In fig 4.47 (b) the planar interface 

is shown after mechanical polishing the substrate interface with silica solution of 0.25 µm 

and subsequently 5 minutes of on polishing with Gatan PECSTM 682 precision etching 

(film thickness of approximately 2 µm). Fig 4.47 (c) shows the planar surface (b) after 
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further mechanical grinding with 4000 SiC paper and mechanical polishing with 3 µm 

diamond suspension and 0.25 µm silica solution (film thickness of approximately 10 µm). 

Fig 4.47 (d) reveals the sample planar interface after another extra grinding and polishing 

of the surface (c) (film thickness of approximately 20 µm). Fig 4.47 (e) shows the planar 

interface after mechanical grinding and polishing the bath interface and subsequently 5 

minutes of ion polishing (film thickness of approximately 60 µm).  
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Figure 4.47: Grain boundary and phase maps of the CoNi-01 sample (saccharin level in 

bath of 0.01 g/l) at different film thickness. Boundaries with misorientation between 2° and 

15° are shown in gray and with misorientation higher than 15° in black. The fcc phase is 

highlighted in gray. (a) Approximately 2 µm (b) ~ 10 µm (c) ~ 20 µm (d) ~ 60 µm from the 

substrate interface. 

 

The drastic change in grain size and fcc concentration throughout the film can be 

recognized when comparing the maps in fig 4.47 (b to e). Table 4.14 displays the grain 

size and phase concentration for every interface shown in fig 4.47.  
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Table 4.14: Average grain size in diameter and fraction of fcc phase as a function of the 

film thickness for CoNi-01 (saccharin level in bath of 0.01 g/l). Grain size calculated as a 

function of the number of grains and area fraction of these grains. 

Film thickness Average grain size diameter [µm] 

 µm 

Analyzed surface 

area  [µm2] Area fraction Number of grains 

Fraction of fcc 

phase [%] 

(b) ~ 2 525 0.16 ± 0.01 0.12 ±0.01 98.6 

(c) ~ 10 1080 0.23 ± 0.05 0.17 ± 0.01 29.4 

(d) ~ 20 820 1.13 ± 0.10 0.38 ± 0.06 1.4 

(e) ~ 60 2660 1.33 ± 0.16 0.43 ± 0.05 0.3 
 

As it was observed on the CoNi-02, the grain size of the sample CoNi-01 produced in a 

bath with 0.01 g/l of saccharin also increases significantly with the increase in deposit 

thickness. Due to this grain size dependence on the thickness it is difficult to compare the 

average grain size of these two samples unless the same film thickness in both samples 

is analyzed. To achieve this, a 10 µm surface layer from the bath interface of both 

samples was removed by FIB (Focused ion beam) and measured by EBSD. Table 4.15 

gives the average grain size of both samples at this specific surface layer for an area of 

approximately 300 µm2 on each sample. The average grain size is given considering all 

grain boundaries with a misorientation higher than 2° and calculated considering either 

the area fraction of the grains or the number of grains. Additionally, the grain size was 

calculated including or excluding the twin boundaries 〈 1102 〉 85°, because these 

boundaries fragments the parent grains into two or more smaller grains and are very 

frequent in the layers close to the bath interface.   

 

Table 4.15: Comparison between the average grain size of CoNi-01 (saccharin level in 

bath of 0.01 g/l) and CoNi-02 (saccharin level in bath of 0.02 g/l) as a function of either 

the number of grain or the area fraction of grains for a film thickness of approximately 

50 µm. 

  Average grain size diameter [µm] 
  Area fraction Number of grains 

CoNi-01 1.50 0.45 Including 

〈 1021 〉 85° twins CoNi-02 0.95 0.36 

CoNi-01 1.64 0.50 Excluding 

〈 1021 〉 85° twins CoNi-02 1.08 0.39 



DEPENDENCE ON THE AMOUNT OF SACCHARIN 145

The results of table 4.15 show that at the bath interface the average grain size, as 

expected, decreases with increasing additive concentration in the electrolyte. However, 

this result derivates from a very small area of the sample, and can only be treated as a 

qualitative result. From a visual analysis of the cross section of both samples (CoNi-01 

and -02), it is reasonable to suggest that the grain size perpendicular to the growth 

direction decreases as well with increasing saccharin concentration in the bath. With the 

aim of comparing the grain size perpendicular to the growth direction at different film 

thickness of all three samples, the grain size evolution with the thickness was determined. 

For this purpose the image software described in section 4.1.3.2 (c) was applied to 

calculate the grain size evolution throughout the thickness of all samples for columnar 

and non columnar grain separately. The grain size perpendicular to the growth direction 

was than determined for every micrometer of the film thickness. Since this analyze was 

performed from EBSD boundary maps and no orientation information could be obtained 

from the CoNi-04 sample for film thickness larger than 35 µm, the grain size evolution of 

this sample could only be studied for the first 35 µm of the film.  The twins inside the 

grains were excluded from the orientation map and were not considered in this 

calculation. Figure 4.48 shows the grain size dependence on the film thickness for all 

three samples for columnar grain (a) and non columnar grain (b).  

 

(a) (b)(a) (b)

 
Figure 4.48: Evolution of the grain size perpendicular to film growth direction with the film 

thickness for columnar (a) and non columnar grain (b) for CoNi-01(saccharin level in bath 

of 0.01 g/l), CoNi-02 (saccharin level in bath of 0.02 g/l) and CoNi-04 (saccharin level in 

bath of 0.04 g/l). 
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In general it can be observed that the grain size evolution perpendicular to the growth 

direction of columnar and non columnar grain of sample CoNi-01 and CoNi-02 reveal a 

similar behavior. In both samples the diameter of the columnar grain increases 

continuously from 300 nm at the beginning of the film growth to almost 700 nm at a 

thickness of approximately 40 µm. As the film becomes thicker as 40 µm, the scatter on 

the diameter of the columnar grains increases for both samples. However the average 

size of the grain on the CoNi-01 sample remains more constant around 600 nm as it is 

the case of CoNi-02 where the average size varies from 500 nm to 1.2 µm. The diameter 

of the non columnar grains, on these two samples, are nearly constant throughout the 

thickness and are approximately 200 nm. The diameter of columnar grains on sample 

CoNi-04 in contrast, decreases with increasing film thickness from 200 nm to 

approximately 100 nm. The non columnar grains of sample CoNi-04 also reveal a 

constant diameter of 100 nm with increasing film thickness.  

 

Table 4.16 gives the average grain size in area of the columnar grains in all three studied 

samples. Additionally, due to the morphology of these grains, the major and minor axes 

were also determined to obtain the grain size parallel and perpendicular to the growth 

direction.  

 

Table 4.16: Average grain size of columnar grain depending on the saccharin 

concentration in the electrolyte, where CoNi-01 sample saccharin level of 0.01 g/l, CoNi-

02 of 0.02 g/l and CoNi-04 of 0.04 g/l. 

 Average grain size  and standard deviation 
 CoNi-01 CoNi-02 CoNi-04 

Grain size area [µm2] 7.29 ± 7.28 6.92 ± 12.6 0.87 ± 0.87 

Major axis [µm] 4.16 ± 2.79 4.25 ± 3.6 1.79 ± 1.01 

Minor axis [µm] 0.52 ± 0.19 0.39 ± 0.26 0.15 ± 0.07 

 

The grain size and length of the columnar grains does not vary considerable when the 

saccharin level in the electrolyte is increased von 0.01 g/l to 0.02 g/l, however when the 

saccharin concentration reaches 0.04 g/l not only less columnar grains are formed (only 

at the first 15 µm of the film) but also the size, length and width of the grains decreases 

significantly. While in samples CoNi-01 and -02 the length in growth direction of the 

columnar grains reaches values of over 25 µm, in sample CoNi-04 this length does not 
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reach 10 µm. The grain size perpendicular to the growth direction decreases with 

increasing additive concentration, and this drop is more pronounced at higher additive 

levels. The inhomogeneity in size of the columnar grains does not dependent on the 

additive concentration in the bath. The standard deviation of the grain size in area is 

equal or larger than the average itself for all studied samples and the length of grains in 

growth direction also varies significantly from grain to grain.  

 

Clusters of non columnar grains can be observed in both sample CoNi-01 and -02 over 

the entire film thickness. The sample from a bath with 0.04 g/l also reveals the formation 

of more equiaxed grains which do not grow columnar and were large enough to be 

detected by orientation microscopy; these grains are, however, not clustered as is the 

case of sample CoNi-02 and CoNi-01. Fig 4.49 gives the fraction of non columnar grains 

along the growth direction for CoNi-02 and CoNi-01, calculated by dividing the cross 

section along the growth direction in three regions of equal length and calculating the 

fraction of grain with an aspect ratio larger than 0.2 and with a grain size area below 20% 

of the total distribution of the grain size area. The fraction of these grains is slightly more 

pronounced on the upper deposit layer as shown in fig. 4.49. 
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Figure 4.49: Fraction of non columnar grains along the growth. 
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4.5.2. Texture 
 

The microtexture analysis was performed for both samples with higher and lower 

saccharin levels than 0.02 g/l. In all samples it was observed that the fcc grains reveal a 

(220) and the hexagonal grains a ( 1021 ) texture. Figure 4.50 (a to c) shows cross section 

inverse pole figure maps of the sample with saccharin level in the bath of 0.01 g/l (a), of 

0.02 g/l (b) and of 0.04 g/l (c). A comparison between the inverse pole figure plots of the 

substrate and bath interface of samples CoNi-02 and CoNi-01 showed that in both 

samples the texture becomes sharper with increasing film thickness. In all three samples 

non columnar grains are observed on the cross section. The texture of columnar and non 

columnar was studied separately for all samples, by classifying columnar grains as those 

with an aspect ratio smaller than 0.2 and with grain size area larger than 0.3 µm2. Fig. 

4.51 shows the inverse pole figure for columnar and non columnar grain of the three 

samples. The inverse pole figure were calculated for 305 (a), 1,208 (b) and 150 (c) 

columnar grains in sample CoNi-01, CoNi-02, CoNi-04, respectively and for 8,140 (d), 

8,500 (e) and 1,621 (f) non columnar grains in sample CoNi-01, CoNi-02, CoNi-04, 

respectively. 
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Figure 4.50: Inverse pole figure map of the electrodeposited CoNi cross section colored 

according to the crystal direction parallel to the macroscopic film growth direction, (a) 

saccharin level in the bath of 0.01 g/l  (b) 0.02  g/l, (c) 0.04 g/l. 
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Figure 4.51: Inverse pole figures: Columnar grains (a) CoNi-01 (saccharin level in bath of 

0.01 g/l), (b) CoNi-02 (saccharin level in bath of 0.02 g/l), (c) CoNi-04 (saccharin level in 

bath of 0.04 g/l), and non columnar grain (d) CoNi-01, (e) CoNi-04 (f) CoNi-04,  

 

From the inverse pole figure shown in fig. 4.51 it can be observed that the fiber texture 

( 1021 )//GD (where GD is the growth direction) of the columnar and non columnar grains 

becomes sharper with increasing saccharin concentration in the electrodeposition bath. 

The columnar grain reveals in all saccharin level a preferential ( 0211 ) orientation, 

however the non columnar reveals additional intensities at 〈 0110 〉||GD and 〈 2211 〉||GD 

for lower saccharin levels (0.01 g/l and 0.02 g/l), but not for saccharin concentration of 

0.04 g/l. It can also be observed that the nucleation of non-columnar grain in all samples 

is not random, special that no texture component with a significant tilt of the <0001> 

direction out of the deposit plane was found.  

 

X-ray texture analysis was performed for all three electrodeposited samples on the 

deposit substrate and bath interface, to study the macrotexture evolution of the film. 

Since the results of the texture evolution of sample CoNi-01 are comparable to the ones 

of sample CoNi-02, only the last one is shown here in comparison with sample CoNi-04. 

The ( 0110 ), (0001), ( 1110 ) and ( 1021 ) pole figures were constructed from individual x-

ray area frame measurements for the substrate and bath interface with the MULTEX area 
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software. Figure 4.52 shows the diffraction spectrum of standard cobalt with hcp and fcc 

structure. Figure 4.53 (a to h) shows the θ - 2θ scans integrated over the entire pole 

figure of both samples at the substrate and bath interface. Due to software deficiency the 

graphics shown in the figure are not plotted with the same intensity scale but integrated to 

the maximum intensity peak in the θ - 2θ region shown. For this reason a comparison 

between the peaks in different figures can only be undertaken by evaluating the intensity 

and not the peak height (the scale of the peak intensity is different in every figure (a to h)). 

The peaks positioned at a reflection angle of 45° to 65° are shown in the left hand side (a, 

c, e, g) of thf, h). Figure 4.53 (a and b) shows the diffraction spectrum of the CoNi-02 

sample at the substrate interface (c and d) at the bath interface. In figure 4.53 (e and f) 

the diffraction spectrum of the CoNi-04 substrate interface is shown and in (g to h) of the 

bath interface. Since the microstructure of sample CoNi-04 at large film thickness could 

not be studied by EBSD, x-ray diffraction analysis was also used to perform a qualitative 

study of the phase composition of this sample.  
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Figure 4.52: Diffraction spectrum of standard cobalt with hexagonal and fcc structure. 
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Figure 4.53: θ - 2θ scans of electrodeposited CoNi. (a and b) Substrate interface of CoNi-

02 (saccharin level in bath of 0.02 g/l), (c and d) bath interface of CoNi-02, (e and f) 

substrate interface of CoNi-04 (saccharin level in bath of 0.04 g/l), (g and h) bath 

interface of CoNi-04. 

 

Broadening of the diffraction peaks of sample CoNi-04 is clearly observed at the bath 

interface (g to h) when compared to the substrate interface of the same sample or with 

the sample of lower saccharin level. This peak broadening is probably caused by the 

nanocrystalline grain size of the materials at the bath interface. Furthermore, compared to 

the substrate interface the hexagonal peaks ( 0110 )hcp , ( 1110 )hcp and ( 1021 )hcp lose 

intensity and the (111)fcc or (0002)hcp peaks becomes the strongest peak. Since the 

(111)fcc and  (0002)hcp peaks at the Bragg angle of 52° cannot be separated it is not 

possible to exactly specify which of the peaks is the correct one. However, since both 

hexagonal peaks ( 0110 )hcp and ( 1110 )hcp lost intensity and no peak can be observed at 

a Bragg angle of 102°, it is possible that the CoNi-04 sample has a higher fraction of fcc 
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phase at the bath interface. This possibility is confirmed in figure 4.54 where intensities of 

individual texture fibers are shown (see below). The EBSD results have shown that the 

sample with the higher saccharin concentration in the bath reveals the higher 

concentration of fcc cobalt phase at the substrate interface. A comparison between (a) 

and (e) confirms the EBSD result. In sample CoNi-02 the ( 0110 )hcp and ( 1110 )hcp peaks 

are considerable stronger than the (111)fcc or (0002)hcp. In contrary, in sample CoNi-04 

the (111)fcc or (0002)hcp  peak is more significant and intensities at 61° (200) fcc peak can 

be recognized, whereas no intensity at a Bragg angle of 102° ( 3110 )hcp is observed.  

 

Figure 4.54 shows the ϕ integrated pole figure intensity of the individual texture fiber 

calculated for both interfaces of sample CoNi-02 and CoNi-04, where (a) shows the 

intensities for the ( 0110 ), (b) for ( 1110 ), (c) for (111) or (0002) and (d) for ( 1021 ) or 

(110) pole figure.  
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Figure 4.54: ϕ integrated pole figure intensity of the individual texture fibers of the 

substrate interface and bath interface of sample CoNi-02 and CoNi-04. (a) ( 0110 ) peak, 

(b) ( 1110 ), (c) (111) or (0002) and (d) ( 1021 ) or (110) peaks.  
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The strong ( 1021 ) fiber texture is evident in sample CoNi-02 at the substrate and bath 

interfaces. In this sample the hexagonal ( 0110 ), ( 1110 ), ( 1021 ) texture component 

becomes stronger from the substrate (closed circles) to the bath (open circles) interfaces.  

The sample with the highest saccharin concentration (CoNi-04), in contrast, reveals only 

at the substrate interface the presence of these three texture component (closed 

squares). The ( 1021 ) fiber texture is stronger at the substrate interface in the sample with 

higher saccharin concentration (close squares) as it is in the sample with lower 

concentration (close circles). This texture component completely disappears in sample 

CoNi-04 at the bath interface, where the sample becomes nanocrystalline and reveals 

nearly random texture distribution. The presence of two intensities peaks for (111) or 

(0002) pole figure (fig. 4.54 (c)) in the bath interface of CoNi-04 demonstrate that the 

nanocrystalline structure of this sample is likely to be a fcc structure. If the structure was 

predominantly hexagonal, only one (0002) peak would be observed in the pole figure. 

 

Orientation gradient 
 

The accumulative misorientation inside of grains observed in the sample CoNi-02 

(section 4.2.2) was also observed in both CoNi films from saccharin level higher and 

lower than 0.02 g/l. Figure 4.55 shows this in-grain misorientation for a saccharin level of 

0.01 g/l (a) and 0.04 g/l (b) with a color coding for a maximum misorientation of 10°. 

Figure 4.55 (c to f) illustrates some examples of misorientation plots over the grain length 

for columnar grains of different length in growth direction.  

 

Similar misorientation plots over the grain length were measured for a total of 400 grains 

in all three samples together. For each of these grains the orientation gradient (maximum 

misorientation divided by the maximum length) was calculated and plotted as a function 

of the grain length. Figure 4.56 (a) shows the orientation gradient plot for all three 

samples, and (b) gives the average orientation gradient for different classes of grain 

lengths for different samples. This result reveals that the length of grains is related to the 

orientation gradient (density of defects) independent of the saccharin level in the bath, 

however the higher the saccharin concentration is, the higher is the defect density and 

the shorter are the grains. 
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Figure 4.55: Orientation gradient inside grains. (a) Boundary map showing orientation 

gradient inside grains to a maximum of 10° of CoNi-01 (saccharin level in bath of 0.01 g/l), 

(b) of CoNi-04 (saccharin level in bath of 0.04 g/l), (c to f) misorientation profile of 

identified grain (C, D, E and F) in figure (a) and (b). 

(a) (b)

0 - 2 2 - 4 4 - 6 6 - 9 9 - 14 14 - max
0

1

2

3

4

5

6

7

8

O
rie

nt
at

io
n 

gr
ad

ie
nt

 [°
/µ

m
]

Grain length [µm]
0 5 10 15 20 25 30 35 40

0

2

4

6

8

10

12

14

16

 

O
rie

nt
at

io
n 

gr
ad

ie
nt

 [°
/µ

m
]

Grain length [µm]

 CoNi-01  CoNi-02   CoNi-04

(a) (b)

0 - 2 2 - 4 4 - 6 6 - 9 9 - 14 14 - max
0

1

2

3

4

5

6

7

8

O
rie

nt
at

io
n 

gr
ad

ie
nt

 [°
/µ

m
]

Grain length [µm]
0 5 10 15 20 25 30 35 40

0

2

4

6

8

10

12

14

16

 

O
rie

nt
at

io
n 

gr
ad

ie
nt

 [°
/µ

m
]

Grain length [µm]

 CoNi-01  CoNi-02   CoNi-04  
Figure 4.56: (a) Orientation gradient of 400 grains depending on their length for all three 

CoNi samples. (b) Average orientation gradient depending on the grain length and 

saccharin concentration in the electrolyte. CoNi-01 (saccharin level in bath of 0.01 g/l), 

CoNi-02 (saccharin level of 0.02 g/l) and CoNi-04 (saccharin level of 0.04 g/l). 
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4.5.3. Grain boundaries 
 

The saccharin level in the electrolyte has no influence in the character of the 

misorientation between grains in the electrodeposited CoNi specimens studied in this 

work. All three deposits reveal phase boundaries with the orientation relationship 

56.6°〈 4151 〉 and twinning on { 1110 } and on { 2110 } plane. Figure 4.57 shows the phase 

and boundary map of the three sample cross sections, where phase boundaries with the 

orientation relationship 56.6°〈 4151 〉 are shown in yellow and twins on { 1110 } and on 

{ 2110 } in red and green respectively. Boundaries with misorientation of approximately 

66° are colored in blue und general high angle grain boundaries in black.  
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Figure 4.57: Pattern quality and boundary map of the electrodeposited CoNi cross 

section from baths with saccharin level of (a) 0.01 g/l (b) 0.02 g/l (c) 0.04 g/l, displaying 

the different phases (fcc: green, hexagonal: white), the boundary character between the α 

and β grains and twin boundaries (see also the scheme in table 4.9 for additional details).  

 

The fraction of phase and twin boundaries varies for all samples with the deposit 

thickness as shown in figure 4.58. For studying the fraction of grain boundaries 
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throughout the film thickness the cross section orientation maps were again divided in 

three regions of equal length. For each region the length of phase, twin, high and low 

angle grain boundaries were calculated and, subsequently, divided by either the total 

length of boundaries or by the total area of the section studied. In this way the fraction of 

specific boundaries and a specific boundary density along the film growth direction was 

determined. In figure 4.58 the deposit region close to the substrate interface is 

represented as lower layer, the region close to the bath interface as upper layer and the 

region in between this two as middle layer. Since the size of the grains in the middle and 

upper layer of the CoNi-04 sample is below the spatial resolution of EBSD, the fraction of 

grain boundaries of this sample was only determined for the lower layer of the film. For 

this reason the grain boundary evolution with the film thickness could not be studied for 

CoNi deposits from a bath with saccharin concentration of 0.04 g/l.  

 

(a) (b)

(c) (d)

(a) (b)

(c) (d)

 
Figure 4.58: Grain boundary character as a function of the film thickness for CoNi-01 

(saccharin level in bath of 0.01 g/l), CoNi-02 (saccharin level in bath of 0.02 g/l) and 

CoNi-04 (saccharin level in bath of 0.04 g/l). (a) Fraction of twin boundaries depending on 

thickness, (b) fraction of phase boundaries, (c) twin density  and (d) boundary density. 
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The fraction of twin boundaries changes only to a small extent with the film thickness 

(fig. 4.58 (a)). In general twinning on { 1110 } planes is the most common twin system, 

however with increasing thickness the fraction of twins on { 2110 } planes increases while 

the twins on { 1110 } plane decrease, maintaining the total fraction of twins nearly constant. 

The CoNi sample produced in an intermediate saccharin concentration reveals the 

highest fraction of twin boundaries; however the density of twin boundaries per square 

micrometer is higher at the sample with the highest saccharin level in the bath (0.04 g/l of 

saccharin). The density of twins per micrometer is nearly the same at samples CoiNi-01 

and -02 (fig. 4.58 (b)). Since the amount of fcc phase decreases with the thickness of the 

film, the fraction of phase boundaries consequently decreases. The highest fraction of 

phase boundaries is found on the sample with the highest fcc concentration, sample 

CoNi-04 (fig. 4.58 (c)). 

 

The CoNi sample with intermediate saccharin concentration reveals the lowest density of 

grain boundaries per square micrometer. Although the grain size of CoNi-02 and CoNi-01 

increases with film thickness (table 4.2, fig. 4.48 and table 4.14) the density of grain 

boundaries varies only slightly along the film, decreasing at the middle deposit layer an 

increases again by further film growth (fig. 4.58 (d)) 

 

Twin like substructures were observed in all three samples, figure 4.59 reveals an 

example of this substructure in the CoNi-04 sample, where twin like substructures with a 

width of approximately 10 nm can be observed in a backscatter image (fig. 4.59 (a)). The 

orientation map of the same grain is shown in (b) as patter quality map where the fcc 

phase is highlighted in green, phase boundaries are shown in yellow, twins in red, low 

angle grain boundaries in gray and high angle grain boundaries in black. The spacing 

between the lamellae inside grain (1) in figure (a) is smaller than the spatial resolution of 

EBSD and no grain boundary could be identified with EBSD. However, since the 

boundary traces of the (0002) plane (shown in (c)) indicate that these substructures are 

related by a common (0002) boundary plane. Since no twin on the basal plane of the 

hexagonal cobalt phase is known, these boundaries must be phase boundaries between 

fcc and hexagonal cobalt with the orientation relationship (111)fcc //(0002)hcp and [110]fcc 

// [ 1021 ]hcp. 
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Figure 4.59: (a) Backscatter micrograph of the plane normal interface of CoNi-04 

(saccharin level in bath of 0.04 g/l). (b) Pattern quality and phase map of the same cluster 

of grains shown in (a). (c) Trace analyze of substructure inside grain 1 in (a) reveling the 

common (0002) plane of the phase boundary. 

 

Triple junctions 
 

The formation of triple junctions by a set of two twin boundaries defined by an axis angle 

of 〈 1102 〉 57° and a third boundary of approximately 66° misorientation has been 

observed on the sample produced in a bath with 0.01 g/l of saccharin as well as in the 

sample with a saccharin level of 0.02 g/l (subchapter 4.3.3.). Figure 4.60 show the pattern 

quality map of the deposit substrate interface of sample CoNi-01 and CoNi-04, where 

twin boundaries are colored according to their character (table 4.10), low angle grain 

boundaries are colored in gray, phase boundaries in yellow and high angle grain 

boundaries either in blue (63°< θ <69°) or in black. In the section 3D-EBSD it was shown 

that the formation of columnar grain is related to the formation of this low energy 

boundary configuration. Since sample CoNi-01 also reveals the formation of columnar 

grains, the fraction of these triple junctions was also estimated for this sample. Table 4.17 

gives the fraction of triple junctions of the hexagonal cobalt phase with the configuration 

described above, the density of these triple junctions per square micrometer and the total 

density of triple point of the substrate and bath interfaces for samples CoNi-02 and -01. 

The CoNi sample from a bath with a saccharin level of 0.04 g/l does not revels the 

formation of these triple points, however columnar grains were also formed under this 

deposition condition. The total density of triple junctions of the CoNi-04 sample has also 

been determined and it amounts to a total of 0.64 triple junctions per square micrometer. 

However, this result can not be considered as being accurate, because, due to its 
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microstructure and to the resolution limit of EBSD only 15% of the microstructure has 

been analyzed. 
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Figure 4.60: Pattern quality map of the deposit substrate interface of sample CoNi-01 

(saccharin level in bath of 0.01 g/l) (a), and CoNi-04 (saccharin level in bath of 0.04 g/l) 

(b), where twin boundaries are colored according to their character (table 4.10), low angle 

grain boundaries are colored in gray, phase boundaries in yellow and high angle grain 

boundaries either in blue (63°< θ <69°) or in black. In (a) examples of triples are 

highlighted with white triangles.  

 
Table 4.17: Density of triple junction on the substrate and bath interface of 

electrodeposited CoNi samples produced in a bath with a saccharin level of 0.01 g/l 

(CoNi-01) and of 0.02 g/l (CoNi-02). 

 Substrate interface Bath interface 
 CoNi-01 CoNi-02 CoNi-01 CoNi-02 

Fraction of triple points 
(57°/57°/66°) [%] 

5.21 7.87 2.46 6.59 

Density of triple points 
(57°/57°/66°) [Number/µm2] 

0.39 0.92 0.10 0.72 

Total density of triple 
points [Number/µm2] 

8.36 12.45 4.53 11.15 
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Table 4.17 reveals that the density of triple junctions increases with the increase of 

saccharin concentration in the electrodeposition bath and decreases with increasing film 

thickness. Additionally, the results reveal that the sample with lower saccharin 

concentration has a relatively low fraction and density of triple junctions consisting of two 

〈 1102 〉 57° twin boundaries and a third boundary of 66° to 69° misorientation, although a 

columnar grain morphology is formed.  
 

 

4.5.4. Discussion  
 

The microstructure, texture and grain boundary dependence on the additive 

concentration in the electrolyte has been investigated for electrodeposited CoNi samples. 

Saccharin is an organic additive which is known to reduce surface roughness, improve 

nucleation and reduce internal stresses of electrodeposits. The microstructure study has 

shown that only after a certain amount of saccharin (saccharin concentration > 0.02 g/l) 

the surface becomes smoother. Pyramidal sets of three grains on the deposit surface are 

only observed up to a saccharin level of 0.02 g/l, when the saccharin level is increased to 

0.04 g/l this morphology essentially disappears. In a previous study [7] from the group of 

Schuh, which has also produced the samples under inspection, it was observed that a 

further increase in the saccharin level results in the disappearance of the bubbles-like 

morphology observed by a saccharin level of 0.04 g/l resulting in a flat and shiny surface. 

 

The evaluation of the cross section microstructure of electrodeposited CoNi from 

electrodeposit-bath with additive concentration from 0.01 g/l to 0.04 g/l reveals that by 

these low additive levels the formation of columnar grains is not completely hindered. The 

size of the grains is however reduced by increasing additive concentration. The influence 

of the additive on the microstructure of CoNi deposits is not linear. A certain 

concentration of additive must be added to achieve a significant microstructure change in 

terms of grain refinement, surface morphology and formation of columnar grain.  

 

A comparison between CoNi samples from bath with a saccharin level of 0.01 g/l and 

0.02 g/l shows, in general, the typically expected results of the microstructure 

dependence on additive level, which is the decrease in the grain size. However this 

refinement can not be considered very significant, particularly not in film growth direction. 
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The formation of columnar grains is not affected by the increase in saccharin and the 

form, length and distribution of these grains is not extensively changed. The columnar 

grains become wider with increasing film thickness and the grain size at the normal plane 

interface increases as the film grows. 

 

The CoNi deposit from a bath with a saccharin level of 0.04 g/l reveals in comparison with 

deposits from baths with lower saccharin level a significant microstructure and texture 

change. Columnar grains are formed only at the beginning of the growth, and are 

significantly smaller in both, growth direction and perpendicular to it. These columnar 

grains reveal the same crystallographic texture 〈 0211 〉||ND as the columnar grains of the 

samples from lower saccharin levels. After several micrometers of film thickness the 

preferential growth in the 〈 0211 〉 direction is reduced and nucleation of new, smaller 

grains, with different crystallographic orientation is facilitated. When the film thickness 

becomes larger than 35 µm, columnar growth stops and the microstructure becomes 

completely nanocrystalline. Columnar grains are only observed at a film thickness larger 

than 35 µm in regions of the film where discontinuities in growth are found. From the 

microstructure observations it can be speculated that these density defects are probably 

caused by bubbles on the deposit bath interface, which obstruct and/or reducing further 

film growth in these areas and stimulate the start of a new film on the top of these 

bubbles, again with columnar grain morphology. Since these columnar structure of 

preferential oriented grains growing in the 〈 0211 〉 direction in the “new film” is formed 

there is an indication that the columnar grain morphology is not only related to the growth 

on a substrate of different metal (lattice mismatch) but to the a new growth start. It may 

also be related to surface roughness caused by this porosity. It must also be pointed out 

that these defects were only observed at a saccharin level of 0.04 g/l but there with a 

relatively high frequency. Cracks caused by internal stresses have been often observed 

in nanocrystalline electrodeposited metals, however the defects observed here are 

probably not related to internal stresses, because if this was the case the microstructure 

should not be changed.  

 

The fact that the CoNi-04 sample becomes fully nanocrystalline after a certain film 

thickness can, unfortunately, not be completely understood only based on this study; 

however, the microstructure study and the knowledge about the electrodeposition 

process allows the following speculation: It is known that at the early stage of deposition 
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growth, the overpotential is higher and therefore the rate of metal ions arriving at the 

deposit interface is increased. At higher overpotential formation of defects in the crystal 

lattice is also stimulated, because of the higher deposition rate. Furthermore, it is known 

that additives adsorbed on the deposit surface block the reduction of the metal ions at 

these sites thus stimulating growth in other sites and favoring nucleation. The presence of 

additive molecules on growth sites interferes further on the nucleation by forcing semi-

coherent nucleation on top of the adsorbed molecule causing defects in the crystal in 

form from dislocation boundaries. At the beginning of the growth the saccharin molecules 

and the high overpotential stimulate several nuclei to form and growth with high defect 

density. As the film growth further, the overpotential decreases gradually and 

consequently the rate of metal ions arriving at the interface also decreases. When less 

metal ion arrive at the film-bath interface the time for saccharin molecules to act on the 

nucleation sites as impediment for the growth is increased and obstruction of coherent 

nucleation is enhanced. The ions arriving at the deposit interface find fewer sites for 

coherent incorporation and incoherent growth becomes more pronounced. In this way, 

grain boundaries are formed and the microstructure becomes nanocrystalline. This 

microstructure transition occurs as gradually as the decrease in the overpotential is. 

 

When H2 (gas) bubbles are formed on the growing film interface a new film starts growing. 

The presence of a bubble causes a decrease in the saccharin concentration on the 

interface and columnar grains are again favored to grow. When such bubble is detached 

from the interface, the growth is restored at the same deposition condition as it was right 

before the bubble was formed and a sharp microstructure change from columnar to 

nanocrystalline occurs. In this situation a sharp boundary between columnar grain and 

nanocrystalline morphology is formed. This transition differs from the continuous change 

caused by the continuous decrease in the overpotential of the bath. 

 

The nanocrystalline grains which are formed in the bath with saccharin level of 0.04  g/l 

after 35 µm film thickness could not be detected by EBSD because their size is smaller 

than the spatial resolution of the technique. The lack of backscatter diffraction patters and 

the fact that these grains could not be resolved by neither SEM nor ion induced 

secondary electron on the FIB, has first suggested an amorphous structure, however, the 

x-ray texture study has shown that these regions are crystalline, consisting of very fine 

grains as indicated by the peak broadening. Additionally, x-ray results reveal a change in 
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the texture of this sample at the deposit bath interface and indicate the presence of fcc 

phase.   

 

The decrease in the fraction of fcc phase with the film thickness does not depend on the 

saccharin concentration, since this was observed in all studied samples with exception of 

the nanocrystalline fcc grains formed at larger film thickness by the presence of a 

saccharin concentration of 0.04 g/l. As it was explained in section 4.1 the high fcc 

concentration in regions close to the substrate interface is first of all related to the high 

nickel concentration in this region. The nickel content in the alloy decreases sharply in the 

first few micrometers of the film for all studied samples, however, the drop is the more 

significant the lower the saccharin concentration in the bath was. In the literature there is 

no report on the dependence of the alloy composition on the additive concentration in the 

electrolyte. It is, however known that additives enhance the deposition overpotential and 

stimulate stacking faults. The higher nickel concentration in the beginning of the growth is 

related to the common higher overpotential in the early stage of film growth. High 

overpotential favors the nickel deposition and the formation of defects like dislocation and 

stacking faults. Since a high nickel content favors the formation of the fcc cobalt phase 

and because errors in the order of the stacking sequence of the cobalt hexagonal phase 

generate fcc phase, the high overpotential in the beginning of the growth facilitate fcc 

phase formation. The increase in nickel content with the saccharin level in the electrolyte 

is probably related to the increase in overpotential by the presence of additives. 

 

The microtexture analysis has shown that at the beginning of the deposit growth the 

strongest texture component for all investigated samples is the 〈 0211 〉||ND fiber texture 

where ND is parallel to the growth direction and that the fcc grains reveal a (220)||ND 

texture. The microtexture analysis of columnar grain separated from non columnar grain 

depending on the saccharin level has shown that with increasing saccharin concentration 

the texture of both grain classes becomes sharper.  Since the crystallographic texture of 

electrodeposits is related to the preferential inhibition of certain crystallographic planes by 

the coodeposition of additives and other species, the increase the saccharin 

concentration cause the stronger inhibition of all other crystallographic planes differing 

from the ( 0211 ), which is favored to form and growth at the studied deposition condition. 

With increasing saccharin concentration the inhibition increased and the ( 0211 ) 

crystallographic component becomes more evident. The macrotexture analysis showed 
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that this texture component becomes sharper for CoNi deposits from bath with saccharin 

level of 0.01 g/l and 0.02 g/l with increasing film thickness, however not for a saccharin 

level of 0.04 g/l. In this last case the texture changes to a weak 〈111〉||ND fcc texture 

component. 

 

The length of the columnar grains is related to the orientation gradient inside the grains. 

This orientation gradient is caused by the presence dislocation boundaries, which rotate 

the crystal from the preferential growth direction. The higher is the defect density the 

faster is the deviation and the shorter is the length of the grain. As mentioned before, 

additives stimulate the formation of crystallographic defects. The study of the orientation 

gradients has shown that at saccharin concentration of 0.04 g/l the density of these 

crystallographic defects increases significantly and the columnar grains become shorter.  

 

In general it was expected that the higher is the saccharin level in the bath, the smaller is 

the grain size and consequently the higher the boundary density. However, the analysis 

of the cross section boundary density indicates that the sample with intermediate 

saccharin concentration has the lower density of grain boundaries per square micrometer. 

The density of grain boundaries varies only slightly with the thickness of the film, 

decreasing at the middle deposit layer and increases again by further film growth (fig. 

4.58 (d)). This result seems first not very consistent with the increase in grain size with 

film thickness which has been observed on sample CoNi-02 and CoNi-01 (table 4.2, fig. 

4.48 and table 4.14). However, it should be reminded that two classes of grains exists in 

the microstructure and that the fraction of non columnar grains slightly increases at the 

upper film layers and that the sample with lower saccharin concentration in the bath 

shows relative higher fraction of these grains. The higher the fraction of non columnar 

grains is, the higher is the fraction of grain boundaries per sample square micrometer, 

even though the average grains size is not smaller.  

 

The relationship between the fraction of grain boundary and grain size is directly related 

to the grain size as a function of the number of grains, so that by decreasing the grain 

size in a certain area, the number of grains increases and consequently the amount of 

grain boundaries increases. However when a bimodal grain size character exist and the 

grain size as a function of the area fraction increases, this does not mean that the 

number of grain boundaries will decrease, because a large grain will contribute strongly 
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to the grain size and weakly to the fraction of grain boundaries, while the smaller grains 

contribute weakly to the size but strongly to the fraction of grain boundaries.  

 

The lower density of triple junctions observed in sample CoNi-01 compared to CoNi-02 

derives from the fact that the grains are larger in this sample and consequently the 

number of triple points per sample area is smaller. The low fraction of low energy triple 

junctions at the substrate interface of sample CoNi-01 derives from the fact that a higher 

concentration of fcc phase was found at this interface and from the larger grain size. 

Consequently there is a smaller probability for triple junctions between hexagonal grains 

with this configuration. 
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5. Conclusions 
 

Although the major research in nanocrystalline materials is focused on the study of its 

electric, optic and magnetic properties, a considerable amount of publications and 

conference contributions on nanocrystalline metals deal with the study of their 

mechanical behavior. The constantly rising interest in understanding the individual 

properties of these materials has motivated this work, which deals with a detailed study of 

the microstructure and texture characteristics of nanocrystalline electrodeposited CoNi 

film. 

 

The studies of the mechanical behavior of nanocrystalline metals have been particularly 

concentrated on electrodeposited films. This interest is based on the general knowledge 

that this process allows the formation of high density films with nanocrystalline grain size, 

narrow grain size distribution and high fraction of large angle grain boundaries. While the 

mechanical properties of electrodeposited metals have received constant attention in 

recent years, only a restrict amount of research has been concentrated on their 

microstructure characteristics. 

 

The present work describes the microstructure and texture characteristics of 

nanostructure electrodeposited CoNi films in a very detailed way. This characterization 

was performed, essentially, by conventional EBSD-based orientation microscopy. 

However additional transmission electron microscopy was needed to complement the 

analysis. A newly developed technique, the high precision three dimensional orientation 

microscopy performed in a dual beam microscope, has completed this study allowing a 

description microstructure in the third dimension. Furthermore x-ray diffraction has 

allowed the study of the macrotexture of the film even in areas where the grain size of the 

sample was smaller than the spatial resolution of EBSD (real nanocrystalline areas). The 

combination of these techniques allows a fundamental understanding of the 

microstructure formation of these films and its evolution. 

 

The microstructure and texture of electrodeposited films depend on a large amount of 

variables, which extend from the alloy composition over the deposition parameters to the 

solution parameters. In one hand, the variety of factors influencing the final product 

attracts interest to the technique because microstructure and consequently properties can 
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be easily tailored through these parameters. On the other hand, these factors make the 

microstructures reproducibility difficult. Due to this latter problem, the aim of this work was 

not only to describe the general microstructure and texture development in CoNi 

electrodeposited film, but to understand the fundaments of their formation and therefore 

provide fundamental knowledge for further studies. 

 

Based on early X-ray diffraction studies and microstructure observations in SEM and 

TEM, the CoNi films obtained from a bath with saccharin concentration of 0.01 to 0.04 g/l 

were first thought to be a single phase (hexagonal) with a high concentration of 

nanoscaled twins and grain size in the nanocrystalline range. The results of EBSD study, 

however have revealed that the films contain two phases with no three dimensional grain 

size in the nanocrystalline range and with a relative low density of nanoscaled twins. 

From these general results it can be concluded that EBSD-based orientation microscopy 

is a technique to be considered for the characterization of electrodeposited films. The 

technique is, however, not ideal for unlimited examples of electrodeposited films.  The 

effective characterization achieved in this study is mainly due to the following facts:  

1. the material fulfilled the requirements for a successful characterization by EBSD 

(grain size larger than the spatial resolution and not too high defect density) and 

2. further techniques have been applied to complete the knowledge obtained by this 

method.  

Furthermore, a full understanding of the microstructure requires both, additional studies 

and the application of further characterization techniques as TEM and x-ray diffraction. 

 

The limitations for the use of EBSD for characterization of the electrodeposited CoNi 

samples was clearly noticed during the study of the film obtained with 0.04 g/l of 

saccharin. The minimum spatial resolution of EBSD is 30 nm, which did not allow a full 

characterization of the microstructure including the substructure inside the grains. 

However, EBSD allowed the detection of the fcc phase in the deposit and its 

quantification along the film thickness as well as the characterization of the interface 

between the two cobalt phases (hexagonal and fcc). Furthermore, the texture could be 

related to the microstructure, and separated according to the grain morphology and the 

phase. Moreover the grain boundaries were characterized, their distribution was studied 

and boundary planes were determined.   
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The detailed study of nanostructured electrodeposited CoNi-films by EBSD-based 

orientation microscopy provided the following major conclusions:  

• The observed microstructure and grain morphology are very complex, consisting of 

grains elongated in the direction of the deposit growth, clusters of coarse and fine 

grains, and very fine structures inside the grains (twin-like substructure).   

• Although this “twin-like” substructure could not always be resolved by EBSD, the 

study of their boundary traces has proved that they are not twins but phase 

boundaries between fcc and hexagonal cobalt. 

• The two phases are separated by high angle grain boundaries with 56.6° 

misorientation and a (111)fcc//(0002)hcp and [110]fcc//[ 0211 ]hcp orientation relationship.  

• No average grain size could be in fact defined for any of the studied samples. The 

size of the grains depends on the thickness of the film and the grains are elongated in 

the film growth direction. 

• A bimodal grain size distribution was observed, in which columnar grains coexist with 

more equiaxed ones. The latter grains are randomly scattered in the microstructure 

but increase in fraction at larger deposit thicknesses.  

• The columnar grains reveal a strong ( 0211 )//ND texture, which becomes sharper with 

the film thickness indicating a strong growth selection process. 

• The non columnar grains are more randomly oriented than the columnar ones, 

however no texture component with a significant tilt of the 〈0001〉 direction out of the 

deposit plane was found. This is an indication that the nucleation process of new 

grains on the already existing 〈 0211 〉 ones is not random and that growth of the 

〈0001〉 direction is particularly slow. 

• The electrodeposited films reveal a strong heterogeneity along the growth. Nearly all 

studied characteristics of the CoNi-deposits vary with the film thickness. 

o For deposits with saccharin concentration of 0.02 g/l or lower: 

- The grain size perpendicular to the growth direction increases. 

- The character distribution of the grain boundaries changes. 

- The ( 0211 ) texture fiber becomes sharper. 

o For deposits with saccharin concentration of 0.04 g/l: 

- The grain size and grain morphology change drastically from 

columnar to equiaxed nanocrystalline grains. 

- The texture changes from a ( 0211 )hcp fiber texture to a weak (111)fcc. 
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o The nickel content in the alloy and the concentration of fcc phase decrease 

with increasing film thickness.  

• The nickel concentration in the deposit varies also with the saccharin level, increasing 

with the additive concentration. 

• The saccharin influence on the microstructure and texture of electrodeposited CoNi-

films is not directly proportional. Duplication in the amount of saccharin in the 

electrolyte bath from 0.01 g/l to 0.02 g/l does not cause a significant modification in 

the microstructure and texture of the deposit, however a further duplication from 

0.02 g/l to 0.04 g/l induces a relative drastic change in surface morphology, grain size, 

grain morphology and texture.   

• Deposits with saccharin concentration of 0.02 g/l or lower reveal a rough surface with 

pyramids of grains growing together with three fold symmetry. The increase in the 

saccharin concentration to 0.04 g/l essentially causes the disappearance of these 

pyramidal clusters and the surface becomes smoother, exhibiting a bubble-like 

morphology.  

• The increase in the saccharin level results in a texture sharpness. 

 

Additionally it can be concluded that at low saccharin concentration the formation of low 

energy grain boundaries arranged as triples with a perfect rotation around the ( 0211 ) 

direction promotes the formation of columnar grains. The length of these grains is, 

however not only related to the atom incorporation in sites of low energy but also to the 

defect density in the crystal lattice. The formation of these defects deflects the crystal 

from the ( 0211 ) preferential growth direction causing the growth to stop. When a high 

fraction of defects are built-into the lattice the crystal deviates faster from the preferential 

crystal growth direction and further growth becomes difficult. This explains the large 

scatter in length of the grains. Furthermore, when the additive concentration in the bath is 

of 0.04 g/l, the defect density becomes essentially higher and the columnar grains 

considerably shorter. 

 

The growth of the electrodeposit CoNi films from an electrolyte with a saccharin 

concentration of 0.01 g/l and 0.02 g/l can be summarized as follows: at the deposition 

conditions the crystals grow preferentially with the ( 0211 ) plane perpendicular to the film 

growth direction. This crystallographic plane has the lowest energy of formation and is the 

least inhibited by adsorbed impurities. Since electrocrystallization occurs preferentially on 
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sites with lowest energy, the formation of low energy grain triples with 〈 0211 〉 rotation 

axes facilitates the deposition on these sites causing the formation of columnar grains 

oriented with the ( 0211 ) plane perpendicular to the growth direction. These grains grow 

wider with increasing film thickness. Since enough nuclei are available and favored to 

growth, as the film becomes thicker more grains meet and the increase in width slows 

down. The interface misorientations between these grains are mostly higher than 15°. 

The growth in the film growth direction is, on the other hand, not limited and grains can 

grow further into columns. During electrocrystallization, defects are build-into the crystal 

lattice by codeposition of hydrogen and other impurities. These defects rotate the crystal 

away from the 〈 0211 〉 direction. This continuous deviation slowly hinders further crystal 

growth. When the density of those defects is high the crystal rotates quickly from the 

preferential growth direction and is overgrown by other crystals. However, when the 

density is small the rotation from the 〈 0211 〉 direction occurs slowly and the grain 

becomes long. The density of defects controls the length of the grain in the macroscopic 

growth direction and is related to the overpotential, pH of the deposition solution and 

additive concentration. While this preferential growth dominates the microstructure of 

these deposits, new grains with different crystallographic orientation can sporadically 

nucleate. These crystals are strongly inhibited by impurities, which consequently promote 

the defect formation and hinder their growth. The nucleation of these new grains on 

already existing 〈 1021 〉 grains is not random: the growth of the 〈0001〉 direction is the 

slowerest one. The nucleation of more equiaxed grains is slightly more pronounced on 

areas close to the deposit-bath interface, where the surface roughness becomes more 

pronounced. These grains appear as clusters and are probably favored to growth in 

regions where the pyramidal surface reveals different electrolytic condition. Due to the 

favored growth of the 〈 0211 〉 oriented grains the texture of the deposit film becomes 

sharper with the thickness.  

 

Due to the usually high overpotential at the initial stage of the growth, a high fraction of 

cobalt with fcc structure is formed in the first 10 µm of the film. The fraction of the fcc 

grains rapidly decreases with further growth. However these grains do not disappear 

completely of the film. A high overpotential stimulates the nickel deposition and facilitates 

the defect formation. Nickel stabilizes the cobalt fcc structure, and defects in the stacking 

sequence of the cobalt hexagonal phase cause a martensitic phase transformation. The 

size of the fcc grains is not strongly influenced by the film growth as for hexagonal grains. 
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Table 4.18 summarizes the main results obtained during the characterization of CoNi 

electrodeposited films. Since the saccharin concentration in the bath resulted in a 

significant change in the microstructure only at 0.04 g/l, both samples obtained from 

lower saccharin levels (0.01 and 0.02 g/l) are presented together in the table 4.18.  

 
Table 4.18: Summary of the main conclusions of the characterization of CoNi 

electrodeposited films. 

 Saccharin concentration in the bath 

 0.01 g/l and 0.02 g/l 0.04 g/l 

   
Roughness 
and surface 
morphology 

− rough surface  

− formation of pyramids of 3 

grains 

− decrease in surface roughness 

− bubble–like morphology 

   

Fraction of 
fcc grains 

− decreases with the thickness 

of the film 

− fcc phase formation is related 

to the nickel content in the 

alloy and to the overpotential 

− decreases with the thickness in 

the first 15 µm of the film (related 

to the nickel content in the alloy 

and to the overpotential) 

− increases again by further film 

growth (probably related to the 

high defect density)  

   

Grain 
morphology 

− formation of columnar grains 

along the entire film thickness  

− presence of non columnar 

grains over the entire 

thickness (higher fraction at 

larger thickness) 

− formation of columnar grains only 

at the initial stage of the film 

growth 

− these columnar grains coexist with 

more equiaxed grains in these 

areas 

− after a certain thickness only 

equiaxed nanocrystalline grains 
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Saccharin concentration in the bath 

 
0.01 g/l and 0.02 g/l 0.04 g/l 

Grain size 
perpendicular 
to the growth 
direction 

− increases with the thickness 

due to growth selection  

− the increase is stronger in the 

first 10 µm of the film 

− bimodal grain size distribution, 

large difference in average 

grain size as a function of the 

number of grains and area 

fraction 

− size considerable smaller than 

samples from lower saccharin 

level 

− increases slightly with the 

thickness in the first 15 µm of the 

film 

− after 15 µm becomes truly 

nanocrystalline and could not be 

resolved by EBSD 

   
Grain size 
parallel to the 
growth 
direction 

− length of the columnar grain 

depends on their orientation 

and defect density  

− length of the columnar grains 

depends on their orientation and 

on the defect density 

− after 15 µm nanocrystalline 

   

Texture 

− 〈 0211 〉 fiber texture along the 

entire thickness 

− texture sharpening with the 

thickness 

− nucleation of new grains is not 

random, (0001) particularly 

slow 

− 〈 0211 〉 fiber texture in the initial 

growth stage 

− texture change with the thickness 

from 〈 0211 〉  fiber to a weak 

(111)fcc  texture. 

   

Grain 
boundaries 

− formation of triple junctions 

consisting of two twin 

boundaries 57°〈 0211 〉 and a 

third boundary of 66°, which 

stabilizes the formation of 

columnar grains 

− high boundary density per square 

micrometer 

− no specific formation of triple 

junctions 
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Summary 
 

The mechanical behaviour of electrodeposited nanocrystalline metals have been the 

subject of considerable research in the past decade. This interest is strongly related to 

the unexpected response of these materials to deformation. However, since the 

properties of materials are direct related to their microstructure characteristics, it is 

remarkable how little research on the microstructure and texture of nanocrystalline 

deposits has been conducted in this time. The need of a systematic study of the 

microstructural characteristics of these materials has, therefore, motivated this work, 

which deals with a detailed characterization of nanostructured electrodeposited CoNi. 

The aim of this work was, however, not only to describe the general microstructure and 

texture development in CoNi electrodeposited film, but to understand the fundaments of 

their formation and therefore provide fundamental knowledge for further studies. 

 

In order to relate the microstructure of the studied CoNi films to the texture, the 

characterization was performed mainly by electron backscatter diffraction (EBSD). This 

technique allows a microstructure related texture analysis of relative large sample areas 

with a spatial resolution of 30 to 50 nm. Furthermore, x-ray diffraction, energy dispersive 

spectroscopy and transmission electron microscopy was applied to study the 

macrotexture evolution of the film, the alloy composition and microstructure feature 

smaller than 30 nm, respectively. To achieve an understanding of the microstructure and 

texture evolution throughout the film, the deposit films were investigated on the substrate 

interface, on the bath interface and on the cross section. The work presents a detailed 

description of the microstructure, the crystallographic texture and the grain boundary 

character of electrodeposited CoNi depending on the additive concentration in the deposit 

bath and on the film thickness. These three major sample characteristics are presented in 

separately subchapter of the experimental results first for a CoNi deposit produced in a 

bath with additive level of 0.02 g/l and later as a comparison between samples from bath 

with different additive concentration. A further subchapter of the experimental results 

presents the study of grain boundary plane and it relationship to the grain morphology of 

the deposit film. This latter study was performed by a new technique, which combines 

precise material removal with a focused ion beam and orientation microscopy (3D-EBSD) 

fully automatically, allowing the three dimensional study of samples with spatial resolution 

of 50 x 50 x 50 nm3. 
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The microstructure of the CoNi electrodeposited samples has been described in terms of 

phase concentration and distribution and in terms of the grain size. Whereas the latter 

was studied as a function of the film thickness, considering only high angle grain 

boundaries and considering all grain boundaries with misorientation larger than 2°. The 

grain size distribution was studied and correlated to the number of grain and to the area 

fraction of these grains. Although a preliminary x-ray diffraction study did not reveals a 

two phase microstructure, the CoNi deposits consist of fcc and hcp phases, whereas the 

concentration of the fcc phase is higher at lower film layers and decreases with the film 

thickness. The grains in the film show a columnar morphology with grains extended in the 

film growth direction. The average grain diameter (grain size perpendicular to the growth 

direction) increases with the thickness of the film. The length of these grains in film 

growth direction depends on the grain orientation and on their orientation gradient (defect 

density). The higher the defect density, the shorter the grain, because arrangements of 

dislocation cause the grain to deflect from the preferential growth direction. The columnar 

grains reveal a strong ( 0211 )//GD texture (GD = growth direction), which becomes 

sharper with the film thickness indicating a strong growth selection process. Although the 

majority of the grains show such columnar morphology, several grains are equiaxed. 

These equiaxed grains are more randomly oriented than the columnar ones and appear 

as clusters. Their fraction increases slightly with the film thickness. The deposit reveals a 

high fraction of high angle grain boundaries. The fraction and distribution of phase 

boundaries, twin boundaries and general grain boundaries were characterized depending 

on the film thickness and on the additive level in the bath. A topographic analysis of the 

location of the twin boundaries showed that two 〈 1102 〉 57° twins occur together with one 

63° to 69° boundary in a triple point with a common 〈 0211 〉 rotation axis. The grain 

boundary plane of such arrangement was studied and it was found that the twin plane as 

well as the (0001) basal plane forms low energy grain interfaces, the latter in case of an 

incoherent twin and a conventional large angle grain boundary. These low energy grain 

boundaries promote the crystal growth in those sites and facilitate the formation of 

columnar grains.  

 

The additive concentration in the deposit bath influences the microstructure, texture and 

grain boundary character of the CoNi films significantly only after a certain concentration 

(additive level >0.02 g/l). When 0.04 g/l of saccharin is added to the bath the surface 

morphology, the grain size and the texture is changed considerably, however the 
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formation of columnar grain is not completely suppressed. At this additive level, columnar 

grain are formed only in the beginning of the growth, and are significantly smaller in both, 

growth direction and perpendicular to it. These columnar grains reveal the same 

crystallographic texture 〈 0211 〉||ND as the columnar grains of the samples from lower 

saccharin levels. After several micrometers of film thickness the preferential growth in the 

〈 0211 〉 direction is reduced and the microstructure becomes completely nanocrystalline. 

These fully nanocrystalline grains reveals a weak (111)fcc preferential orientation.  

 

Most of the studies on the mechanical properties of nanocrystalline electrodeposited 

metals discuss the microstructure of the studied sample only in terms of the average 

grain size. The results of this study shows that the microstructure of electrodeposited 

CoNi is very complex and depends strongly on the film thickness. These results show 

clearly that further microstructure characterization is needed to achieve a comprehensive 

understand of the mechanical behavior of nanocrystalline metals.  
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Zusammenfassung 
 

In den letzten zehn Jahren wurden zahlreiche Untersuchungen zum mechanischen 

Verhalten elektrochemisch abgeschiedener nanokristalliner Metalle durchgeführt. Dabei 

lag das Hauptinteresse an dem ungewöhnlichen Verhalten dieser Werkstoffe bei 

plastischer Verformung. Da diese Werkstoffeigenschaften direkt mit der Mikrostruktur 

zusammenhängen, ist beachtlich, wie wenig Mikrostruktur und Textur dieser Materialien 

bei den in diesem Zeitraum durchgeführten Forschungsuntersuchungen berücksichtigt 

wurden. Die Notwendigkeit einer systematischen Untersuchung der Mikrostruktur dieser 

Werkstoffe war die Motivation der vorliegenden Arbeit, welche sich mit der detaillierten 

Charakterisierung nanostrukturierter elektrochemisch abgeschiedener Kobalt-Nickel 

Schichten (CoNi) befasst. Das Ziel dieser Arbeit war nicht nur die allgemeine 

Mikrostruktur- und Texturentwicklung des CoNi-Films zu beschreiben, sondern auch 

einen Beitrag zum grundlegenden Verständnis der Bildung und Entwicklung des Films zu 

leisten und damit grundlegendes Wissen für weitere Untersuchungen bereitzustellen. 

 

Um die Mikrostruktur des untersuchten CoNi-Schicht mit der Textur zu korrelieren, wurde 

für diese Charakterisierung hauptsächlich die „electron backscatter diffraction“ Technik 

(EBSD) verwendet. Diese Technik erlaubt die mikrostrukturbezogene 

Texturuntersuchung einer relativ großen Fläche mit einer Auflösung in der 

Größenordnung von 30 bis 50 nm. Um die Entwicklung der Mikrostruktur und Textur der 

gesamten Schicht zu verstehen, wurden seine Grenzflächen zum Substrat, zum 

Elektrolytbad und sein Querschnitt untersucht. Um ausgewählte Korngrenzenstrukturen 

zu untersuchen, wurde 3D-EBSD angewendet. Diese Technik erlaubt die 

dreidimensionale Untersuchung von Proben mit einer Auflösung von 50 x 50 x 50 nm3. 

Außerdem wurden Röntgentexturanalyse, energiedispersive Röntgenspektroskopie und 

Transmissionselektronenmikroskopie angewandt, um jeweils die Makrotexturentwicklung, 

die Legierungszusammensetzung und einzelne, unter 30 nm große mikrostrukturelle 

Merkmale zu untersuchen. Die Arbeit stellt eine detaillierte Beschreibung der 

Mikrostruktur, der kristallographischen Textur und des Korngrenzencharakters 

elektrochemisch abgeschiedener CoNi-Legierung dar, abhängig von der 

Additivkonzentration im Bad und von der Filmdicke. Diese drei wichtigen Eigenschaften 

sind in getrennten Unterkapiteln der experimentellen Ergebnisse präsentiert, angefangen 

mit einer CoNi-Schicht die in einem Elektrolytbad mit einer Additivkonzentration von 
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0.02 g/l abgeschieden wurde. Es folgt dann ein Vergleich zwischen Proben aus Bädern 

mit unterschiedlicher Additivkonzentration. Ein weiteres Unterkapitel präsentiert die 

Untersuchung der Korngrenzenebenen und ihrer Beziehung zur Kornmorphologie im 

Film.  

 

Die Mikrostruktur der untersuchten CoNi-Proben wurde im Hinblick auf die 

Phasenkonzentration, Phasenverteilung und Korngrößenverteilung beschrieben. Die 

Beschreibung der Korngrößenverteilung in heterogenen Werkstoffen ist eine schwierige 

Aufgabe. Die folgenden Aspekte wurden dabei berücksichtigt: Die Missorientierung 

zwischen Körnern (ob ein Korn umgeben ist von Kleinwinkelkorngrenzen oder 

Großwinkelkorngrenzen), die Kornmorphologie und die Dicke der Schicht. Weiterhin 

wurde die Korngrößenverteilung mit der Anzahl an Körnern und der Fläche der Körner 

korreliert. Obwohl Voruntersuchungen mit Röntgenbeugung eine einphasige Struktur 

vorhersagten, zeigen die CoNi-Schichten eine kfz- und eine krz-Phase, wobei die 

Konzentration der krz-Phase mit steigender Schichtdicke abnimmt. Die Körner weisen 

eine säulenförmige Morphologie auf, deren längere Achsen in Wachstumsrichtung 

orientiert sind. Der mittlere Korndurchmesser senkrecht zur Wachstumsrichtung steigt mit 

zunehmender Schichtdicke an. Die Länge der säulenförmigen Körner in 

Wachstumsrichtung hängt sowohl von der Kornorientierung als auch vom 

Orientierungsgradienten des Kornes (Defektdichte) ab. Je höher die Defektdichte, desto 

kürzer das Korn, da die Versetzungsanordnungen das Korn von der bevorzugten 

Wachstumsrichtung ablenken.  

 

Die Textur wurde für zwei festgelegte Kornklassen, säulenförmig und globulitisch, 

analysiert. Die säulenförmigen Körner wiesen eine starke ( 0211 )//WR Textur (WR= 

Wachstumsrichtung) auf, welche mit steigender Filmdicke schärfer wird und damit auf 

einen Prozess der Wachstumsauslese hindeutet. Obwohl die Mehrheit der Körner eine 

säulenförmige Morphologie zeigt, kommen auch globulitische Körner vor. Die 

globulitischen Körner sind eher regellos orientiert, es wurde aber keine 〈0001〉 

Texturkomponente gefunden. Diese Körner treten in Form von Clustern auf, wobei ihr 

Volumenanteil mit dem Wachstum leicht ansteigt.  

 

Korngrenzen spielen eine wesentliche Rolle für die Eigenschaften nanokristalliner 

Werkstoffe. Der Anteil und die Verteilung der Phasen-, Zwillings- und allgemeinen 



ZUSAMMENFASSUNG 179

Korngrenzen wurden in Abhängigkeit von Filmdicke und Additivkonzentration 

charakterisiert. Eine topographische Betrachtung der Aufstellung der 

Zwillingskorngrenzen zeigt, dass häufig zwei 〈 1102 〉 57° Zwillinge zusammen mit einer 

66° Großwinkelkorngrenze auftreten, die eine gemeinsame 〈 0211 〉 Rotationsachse 

haben. Untersuchungen der Korngrenzenebene solcher Tripelanordnungen weisen 

darauf hin, dass sowohl die Zwillingsebene als auch die (0001) Basisebene niedrige 

Energie-Grenzflächen sind, Letzteres sowohl im Fall von inkohärenten Zwillingen als 

auch bei konventionellen Großwinkelkorngrenzen. Diese niedrigen energetischen 

Korngrenzen erleichtern die Abscheidung an diesen Stellen und ermöglichen damit die 

Entstehung säulenförmiger Körner. 

 

Ein signifikanter Einfluss der Additivkonzentration in der Elektrolytlösung auf 

Mikrostruktur, Textur und Korngrenzencharakter der CoNi-Schicht wird erst ab einer 

Additivmenge größer als 0.02 g/l sichtbar. Bei einer Additivmenge von 0.04 g/l ändern 

sich Oberflächemorphologie, Korngröße und Textur der Schicht beachtlich, wobei die 

Entstehung säulenförmiger Körner nicht vollständig unterdrückt wird. Bei dieser 

Additivkonzentration werden säulenförmige Körner nur zu Beginn des Wachstums 

gebildet. Diese säulenförmigen Körner sind in Wachstumsrichtung und senkrecht dazu 

deutlich kleiner als bei niedrigerer Additivkonzentration und weisen die gleiche 

kristallographische Textur ( 0211 )//WR auf. Bei Erreichen einer Filmdicke von einigen 

Mikrometern verlangsamt sich das Wachstum in die bevorzugte 〈 0211 〉 Richtung. Die 

Mikrostruktur wird dann völlig nanokristallin und weist eine schwache (111)fcc bevorzugte 

Orientierung auf. Der Mikrostrukturübergang ist allerdings graduell und ist mit dem 

Reaktionsüberpotential verbunden. Während des Filmwachstums wird das Überpotential 

langsam reduziert und damit auch der Anteil an Metallionen, die die Schichtoberfläche 

erreichen. Infolgedessen haben die Additivmoleküle mehr Zeit um die Abscheidung zu 

verhindern und die kohärente Keimbildung wird immer effektiver behindert.   

 

Die Mehrzahl der Arbeiten über mechanische Eigenschaften nanokristalliner, 

elektrochemisch abgeschiedener Metalle behandelt die Mikrostruktur der untersuchenden 

Proben nur in Hinsicht auf den Mittelwert der Korngröße. Die Ergebnisse der 

vorliegenden Untersuchung zeigen, dass die Mikrostruktur elektrochemisch 

abgeschiedener CoNi-Schichten äußerst komplex und sehr stark von der Schichtdicke 

abhängig ist. Die Ergebnisse machen deutlich, dass weitere Mikrostruktur-
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charakterisierungen notwendig sind, um ein umfassendes Verständnis des 

mechanischen Verhaltens nanokristalliner Metalle zu erreichen. EBSD ist eine geeignete 

Technik für diese Aufgabe, allerdings verhindert die Auflösungsgrenze dieser Technik 

eine vollständige Beschreibung der Mikrostruktur von wicklich rein nanokristallinen 

Schichten. 
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