
 

Effect of annealing on microstructural development and 

grain orientation in electrodeposited nickel 
 

by 

 

Christos Oikonomou 

 

Diploma work No. 51/2011 

at Department of Materials and Manufacturing Technology           

CHALMERS UNIVERSITY OF TECHNOLOGY                           

Gothenburg, Sweden 2011 

 

 

 

 

 

 

Diploma work in the master program Applied Physics No. 51/2011  

 

 Performed at:                     Department of Materials and Manufacturing Technology  

                                              Chalmers University of Technology  

                             SE-41296 Gothenburg 

 

 Examiner and Supervisor: Professor Uta Klement 

                                               Department of Materials and Manufacturing Technology 

                                               Chalmers University of Technology 

                                               SE-41296 Gothenburg 

 



 

 

Effect of annealing on microstructural development and grain orientation in electrodeposited nickel 

 

Christos Oikonomou 

 

© Christos Oikonomou 2011 

 

 

Diploma work No. 51/2011 

Department of Materials and Manufacturing Technology 

Chalmers University of Technology 

SE ï 412 96 Gothenburg 

Sweden 

Telephone +46 (0)31-772 1000  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

[CHALMERS Reproservice] 

Gothenburg, Sweden 2011 

 



ABSTRACT 

Pulsed electrodeposition (PED) of nano- and submicrocrystalline materials is a 

technologically and economically viable production route for metals, alloys and metal-

matrix composites both in the form of bulk samples and as coatings. Hence, 

commercialization of nanomaterials has become attractive and new products for various 

applications are being researched and developed. To retain the exceptional macroscopic 

properties of nanomaterials also at elevated temperatures, it is essential that the 

microstructure of these materials is sufficiently stable upon annealing. Solute additions 

have shown to improve the thermal stability of PED materials. But also grain morphology 

and texture play an important role for the stability of the material.  

Nanocrystalline Ni and Ni alloys electrodeposits have been analyzed in much detail over 

the last years. All materials contained additives for more effective grain refinement. In 

the present work, submicrocrystalline Ni electrodeposit prepared without additives was 

investigated. Results have shown that the microstructure is thermally stable up to at least 

325°C, i.e. has a substantially higher thermal stability than Ni with 10 and 20 nm grain 

size (stable up to 85°C).  

Microstructure and texture development upon annealing of the submicrocrystalline PED-

Ni were analyzed using different microscopical techniques: Electron Backscatter 

Diffraction (EBSD), in-situ annealing experiments in TEM and high resolution imaging 

in SEM. Texture in as-plated state is different in the submicrocrystalline material as 

compared to the nanocrystalline Ni. Instead of a <411> texture, a <110> fibre texture is 

found in the growth direction. That texture remains stable at annealing treatment up to 

600°C instead evolving to a <111> texture which is frequently observed at 

nanocrystalline Ni upon annealing.  

The microstructure exhibits a bimodal character with nanometer sized grains surrounding 

larger columnar grains of the order of submicrometer. The latter are engaged in group 

formations of five folded symmetries around common zone axis having a twin boundary 

relationship. These colonies of grains exhibit a <110> texture parallel to the growth 

direction of the electrodeposit and appear to be stable both in structure and texture upon 

annealing.  
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 Introduction 

o Electrodeposition 

In the field of advanced materials, electrodeposition technique, also known as 

electroplating or electrochemical deposition, holds great interest and has received 

significant attention over the years. It has been widely used in industrial production 

routes for the last century. Electrodeposition offers the possibility to produce nano- and 

submicro- crystalline metals and alloys in either bulk or coating form. This sort of 

versatility along with the fact that it is an economical viable production route, are its key 

features that make it extremely appealing [1, 2]. A great variety of applications from 

electroformed products such as CD stampers, coatings for corrosion or wear resistance, 

salvage rework of worn components, power supply and motor applications, decorative 

applications and more are accomplishable with electrodeposition [2, 3].  

Their enhanced properties in comparison to their conventional polycrystalline 

counterparts, is one of the reasons that electrodeposited products have such a broad range 

of applications [1, 2]. It is possible to create porous-free products with grain size down to 

<10 nm [4]. The unique properties of nano- and submicro-crystalline products are a result 

of their increased intercrystalline volume fraction. The latter is the outcome of their 

extremely small grain size [5, 6]. Thus, it is of great importance that the initial 

microstructure can be retained at elevated temperatures. Studies have shown that by 

alloying and/or adding solutes it is possible to improve the thermal stability of the 

electrodeposits (EDs) through solute segregation, allotropic phase transformation, as well 

as triple junctions and Zener pinning [7, 8]. Also a broader grain size distribution is 

considered to be responsible for abnormal grain growth at lower temperatures, but that 

was not been observed for Ni EDs with broad and narrow distributions and low impurity 

content [7, 9].  

Electrodeposition involves the creation of the product through an electrolytic process. 

The elements that will form the electrodeposit are dissolved in an electrolytic solution 

and with the use of current they are being deposited on a substrate (cathode) [4]. Under 

the influence of current, redox reactions are taking place which lead to desorption and 

absorption of the material. Those redox reactions are taking place in an aqueous acidic 

solution which contains ions of the material to be deposited. For different materials of 

interest there are different solutions. Furthermore an electrolyte could contain a stress 

reliever and grain refining agent, a grain size inhibitor and a buffering agent. The most 

common electrolytes used for the plating of Ni are the Watts solution and the Nickel 

sulphamate solution. The first contains Nickel sulphate (NiSO4·6H2O), Nickel chloride 

(NiCl2·6H2O) and Boric acid (H3BO3) while the later instead of Nickel sulphate contains 

Nickel sulphamate (Ni(SO3N2)·4H2O) as main ingredient. 
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The microstructure and texture of the final product, and subsequently its properties, are 

affected by many parameters such as the pH and the temperature of the electrolyte, the 

current density, the overvoltage and the presence or absence of additives in the 

electrolyte. There is no general rule of how these effect the final product, as they 

influence each other. Despite the fact that many efforts have been made to decode the 

effect of each parameter in the microstructure and texture, direct comparison is not 

always feasible due to the fact that most measurements vary in conditions that they were 

performed in.  

o Texture of EDs 

Many theoretical interpretations have been proposed over time, aiming at explaining the 

texture formation of EDs. Two of the most important hypothesis, were assuming either 

that texture was a result of competitive nucleation or a result of a growth competition. 

Both of these theories were countered and sufficiently disproved through experimental 

data from J. Amblard et al [10]. Furthermore he proposed a theory in which he is 

explaining the texture formation, supporting the idea of electrodeposition being a strongly 

inhibited process [10, 11]. In this theory it is suggested that Ni electrodeposition is 

hindered due to reasons of strong interactions between the metallic surface and chemical 

species that are capable of being absorbed on it. More specific it is assumed that the 

effect of these various inhibitors (Ni(OH)2, gaseous H2, Hads) near the cathode result from 

hydrogen codeposition. Amblard et al. also ascribed different inhibitors to different 

textures. The [100] fibre texture parallel to the growth direction (GD), which is regarded 

as the free mode growth of Ni electrodeposits, is associated with the absorbance of 

intermediate (NiOH)ads. Three other textures that are present in Ni electrodeposits <110>, 

[210] and <211>, are affected by the presence of Hads, gaseous H2, and Ni(OH)2 inside 

the cathodic layer respectively. The difference between the crystallographic directions in 

the different brackets is that the ones denoted with [hkl] always represent single crystals 

while the ones denoted with <hkl> are three-dimensional crystal clusters. The 

aforementioned cases account for deposition of Ni in an additive-free electrolyte. In the 

case of severe inhibition, when for instance an organic additive consumes more cathodic 

hydrogen, <211> texture is replaced by <111>.  

The majority of experimental results, conducted in determining the effect of different 

parameters on the final microstructure and texture of the EDs, cite the inhibition theory 

and are in agreement with its arguments. Amblard et al [10, 11] tried to present the 

significance of the pH value and current density for d.c. conditions by holding the 

temperature of the electrolyte constant. For high values of pH and low values of current 

density a double fiber texture of <110> and <211> // GD was present while for low 

current density and low pH a <110> was dominating. For high values of current density 

and low pH values [210] is present, while the free mode growth of [100] was dominating 

for medium values for both pH and current density (Figure 1). By holding also all the 
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other parameters constant and changing the temperature of the electrolyte, a change in 

texture was noticed from [100] at temperatures above 40°C to [210] at temperatures 

below 40°C. The presence of additives in the electrolyte had also significant effect on 

texture, changing it to <111> at higher values of pH and current density. At lower and 

intermediate values of both pH and current density, the texture changed depending on the 

additive used (Figure 2).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1: Stability of the various fibre textures of nickel electrodeposits versus pH of the 

Watts bath and nickel current density (based on figure in [11]). 

Figure 2: Stability of various fibre textures of nickel electrodeposits versus nickel current 

density and concentration of  a) butyne-2-diol 1,4 as inhibitor and b) sodium benzene 

sulphonate as inhibitor (based on reference [11]). 

a) 

b) 
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In order to examine the effect of pulse reversed current on the texture of the EDs, C. 

Kollia et al [12] started from well known electrolytic conditions that would lead to known 

textures in the d.c. regime, which were close to the ones observed by Amblard et al [10, 

11]. Taking into account the argument of inhibition of different chemical species on the 

cathode, it was expected that the application of pulse reversed current technique would 

have a stronger influence on texture due to the larger influence on the composition on the 

catholyte. The results confirmed the idea of inhibition of different chemical species and 

concluded that this happens by reinforcing the selective inhibition phenomena.  

Further studies aiming at investigating the effect of pulse current on the texture of the 

EDs were conducted by El-Sherik et al [13]. In this experimental work, the influence of 

pulse on-time, off-time and current density was monitored. The texture of the EDs 

changed from a random distribution to a strong (200) fibre texture with increasing on-

time and peak current density, while the off-time seemed to have no effect at all. 

Furthermore, the effect of the organic additives such as saccharin on texture was 

demonstrated, The texture of the EDs changed from an initial fibre (200) texture to a 

(100)(200) double fibre texture parallel to the GD [14].  

C. Nielsen et al [15] investigated Ni EDs of <110> // GD fibre texture in TEM. Assuming 

the inhibition theory of texture growth by the absorption of hydrogen or amorphous 

organic species, such species should be tracable in the depositôs microstructure in these 

analyses. However, no incorporated species were found through the EDs microstructure. 

Thus an assumption was made that these must be sufficiently stable on certain crystal 

faces to modify growth while at the same time sufficiently unstable so as to allow 

decomposition and /or release so as not to be codeposited.  

In the examination of different parameters that affect the texture evolution of the EDs, 

Goods et al [16] conducted an investigation regarding the temperature change. Nickel 

EDs were made by use of the LIGA process. Filtration was also performed on the 

electrolytic solution using activated Carbon, removing organic and other electrolyte 

species such as borate ion that may act as weak deposition inhibitors. Using an unfiltered 

electrolyte and low current densities (3 mA/cm
2
), EDs exhibited a temperature dependent 

instability. At low temperatures (Ò 32ÁC) an <100> uninhibited growth is observed, while 

at 50°C EDs exhibit an <110> inhibited growth, similar to their filtered counterparts. At 

high current density (15 mA/cm
2
) the texture is unaffected by the particle filtering.  

Another observation concerns the effect of the substrate on the texture evolution of the 

EDs. It has been reported that at the first stage of deposition, the deposit follows the 

structure and texture of the substrate [10, 11]. Further away from the near substrate 

region, texture and microstructure of the deposit is only governed by the electrochemical 

parameters. More experimental work conducted by Ebrahimi. et al [17], supported this 
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argument by using substrates of different crystallographic orientation that proved to have 

no effect on the final orientation of the EDs. Kozlov et al [18] claimed that fcc EDs up to 

0,5 ɛm from the substrate, have always an initial <111> texture independent of the 

electrochemical parameters. In addition, the usage of amorphous Sb and stainless steel as 

substrates, lead them to the suggestion that due to the inert nature of the surfaces any 

epitaxial influence of the substrate on the texture can be excluded. 

o Microstructure of EDs 

Some of the key characteristics of the Ni EDs, which are directly related to their 

mechanical properties, are the presence of long columnar grain along the growth 

direction, usually surrounded by clusters of coarse and fine grains, and a high fraction of 

twin boundaries [11, 19, 20, 21, 22, 23, 24, 25]. A surface roughness due to the difference 

in grow rates between some crystals is argued to cause a local changes in electrolytic 

conditions and thus conditions for nucleation and appearance of those distinct fine grains 

[27]. The presence of the long elongated grains is eliminated in strongly inhibited 

conditions, such as the presence of high concentrations of additives in the electrolyte 

solution, or by alloying [7, 8, 9, 14, 22, 25, 30]. In the case of Cobalt EDs it has also been 

reported that a transition from a columnar structure to an assembly of dihedrals occurs by 

reducing the value of the pH of the electrolyte under 3 at 50°C [31]. Also the importance 

of temperature in the development of microstructure was noted for Nickel EDs [16]. In an 

unfiltered electrolyte at low current densities, the microstructure is fine at the low 

temperature of 28°C while it becomes coarser at a high temperature of 50°C. At an 

intermediate temperature of 40°C, the microstructure contains a mixture of coarse and 

fine grains. Rasmussen et al [19] also observed the effect of temperature on the 

microstructure and noted that at lower temperatures smaller grain size was achieved. 

Generally it is expected that with increasing current density the grain size should 

decrease. Increasing the current density and thus increasing the overvoltage, is 

anticipated to lead to grain refinement. Some experimental studies on Nickel and Cobalt 

EDs [13, 28, 29] have shown exactly that. However, other studies have shown that the 

width of those columnar grains increases not only with the increasing thickness of the 

sample, but also with increasing current density [19, 25, 26]. In addition, a correlation 

between the decrease in the crystalline size and the loss of texture was mentioned, 

attributed to the continuous nucleation of new gains which influence the size and the 

severity of the texture [26].  

In the microstructure of as-plated Ni and Ni alloys, grain colonies exhibiting symmetries 

of uneven numbers are met in twin junctions, parallel or inclined to the growth direction 

[11, 23, 27]. Those grains exhibiting the same texture in growth direction are formed 

during electrodeposition and share a common zone axis. In addition to low-angle grain 

boundaries and general high-angle grain boundaries, these colonies are often related 

through {111} twin planes, parallel to the GD. Furthermore it is noted that these colonies 
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of grains frequently exhibit a curvature. It is argued that the presence of defects in the 

crystal lattice due to co-deposition of hydrogen or other impurities, rotate the columnar 

crystals away from the fast growing direction and thus inhibit their further growth [27]. 

 Aim and scope 

Retaining the initial microstructure at elevated temperatures is essential for the 

application of EDs. The demise of that initial microstructure leads to the degradation of 

their tailored-made properties of the material. Hence, studying possible microstructural 

changes in EDs is of extreme importance. Any information obtained will contribute to a 

better understanding of the evolution of EDs upon annealing, and can be used for further 

improvement. In that context, the aim of the present work is the characterization of 

microstructure and texture development upon annealing of Ni pulsed electrodeposit. For 

that task, well established microscopic techniques such as Scanning Electron Microscopy, 

Electron Backscatter Diffraction and Transmission Electron Microscopy were used. The 

observed results were compared and evaluated with respect to previous results from 

literature.  

 Material under investigation 

The material studied in this project is high purity Ni produced through pulsed 

electrodeposition synthesis (PED) method. No additives were used for more effective 

grain refinement. The electrolyte bath used was based on Ni-sulphamate 

(Ni(SO3N2)2·4H2) and stabilized with boric acid (H3BO3). The pH value was kept 

constant during the deposition process at 4.2 and the bath was stirred mechanically using 

a propeller. An 1,5 litre electrolyte bath was which was used kept at constant temperature 

of 65°C. Electrodeposition was carried out using a square-wave pulsed current with a 

time-on (ton) of 5 ms, time-off (toff) of 45 ms and a pulse current of 2A/dm
2
. Ni pellets 

were contained in a titanium basket that was used as the soluble anode, while the cathode 

was a polished steel plate (70x40 mm
2
). The distance in between the electrodes was set to 

6 cm and the whole procedure of deposition lasted 6 months producing an approximately 

5 mm thick Ni deposit. The measured impurity content in the final product was 80 ppm 

of Sulfur and 110 ppm of Carbon. 
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 Experimental procedure 

o DSC 

In order to investigate if any transformations occur upon annealing, a differential 

calorimetric measurement was performed. It yields quantitative determination of 

thermodynamical parameters such as activation energy as well as the onset temperature 

of transformations that take place. In the present work, the equipment used was a 

NETZSCH STA 409 PC/PG differential scanning calorimeter (DSC) at the Department 

of Chemical and Biological Engineering at Chalmers University of Technology. The 

samples were placed in platinum-rhodium crucibles and the heating rate used was 

10°C/min (Fig. 3). A flow of N2 gas was maintained with a flow rate of 10 ml/min in 

order to prevent oxidation. Two consecutive runs were carried out, one serving as a 

reference base line for detecting reversible transformations.  

 

 

 

   

   

 

 

 

 

 

 

 

The DSC curve in Fig. 3 shows a main heat release peak at 395°C. A shoulder with an 

onset at about 325°C is notable, probably due to overlapping of two peaks; a low-energy 

exotherm peak and a main heat release peak. The curve of the PED-Ni follows a trend 

that is commonly met in pure materials such as Ni and Co, as well as in single-phase 

alloys such as Ni-20% Fe and Ni-Co alloys [9, 10, 14, 15]. Both the onset of the low-

energy exotherm and the heat release peak, have values higher than the ones recorded 

previously for Ni samples of 20 nm and 46 nm grain size. In the first case, an onset 

Figure 3 :  DSC curve for the PED-Ni recorded at heating rate of 10°C/min. 
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temperature of 84°C was determined, followed by a main peak at 289°C, while for the 46 

nm material an onset temperature of 60°C and a main peak at 285°C was observed [7].   

o Heat treatment 

From the DSC curve alone it is not clear what type of transformations take place in the 

temperature range of the low exotherm. Hence, complementary methods must be applied. 

For that matter, heat treatments in a vacuum furnace were carried out on bulk samples 

combined with an in-situ TEM annealing treatment on a thin foil. Furnace heat treatments 

were performed at 350, 400, 450, 500, 550 and 650°C for 20 min. Then the samples were 

left at room temperature for about 1 hour to cool down. For the in-situ TEM annealing, a 

Gatan double-tilt heating holder with a tantalum furnace was used, which allows heating 

up the sample to 1000°C. This technique allows the direct monitoring of transformations. 

During the in-situ experiment, the temperature was raised in steps of 50 degrees from 

200°C up to 600°C. 

o EBSD 

 Electron Backscatter Diffraction (EBSD) is a technique which allows obtaining 

crystallographic information from samples in the scanning electron microscope (SEM). 

Both bulk samples and TEM foil were investigated. All measurements were performed 

over an area of 22,6 x 17,2 ɛm (565 x 430 =  242950 pixels) (see appendix for details), 

with step size of 0,040 ɛm. The electron beam scanned the samples at a direction parallel 

to the growth direction (GD) of the electrodeposit. The Kikuchi diffraction patterns 

acquired for each pixel are stored through a software application into a dataset file. Once 

that is completed, it is possible to obtain information about local texture, grain boundary 

misorientation and distribution, grain morphology and phase distribution. In this work, a 

LEO Gemini 1550 FEG-SEM and a HKL Channel 5 EBSD system with Nordlys II 

detector were used. Measurements were carried out at an acceleration voltage of 20 kV 

and at a working distance of 17 mm.  

o Sample preparation 

All samples were prepared with respect to the cross-section of the material, i.e. parallel to 

the growth direction of the electrodeposit. The bulk specimens were mechanically 

polished with SiC papers down to grid size 4000 and subsequently electropolished using 

a Struers Lectropol-5 with a Struers A2 electrolyte consisting of perchloric acid 60%, 2-

butoxyethanol, ethanol and distilled water. The TEM samples were prepared via dimple 

grinding and ion milling. Discs of 3 mm in diameter were punched from thin (<150 ɛm in 

thickness) sheets and then polished down to ~70 ɛm in thickness using 3 ɛm diamond 

paste. Afterwards, a dimple was created in the center of the discs through mechanical 

polishing on both sides using a Gatan model 656 dimple grinder with 3 ɛm and 1 ɛm 
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diamond pastes. Finally, ion milling was carried out with a Gatan precision ion polishing 

system (PIPS) using an angle of incidence of 4°, until a hole was created in the middle.  

 Results 

o SEM imaging 

Using the Inlens detector of the SEM, secondary electron (SE) images were taken on the 

cross section and in the GD of the as-prepared bulk sample. The sample was slightly 

etched and for that reason grain boundaries can be seen clearly. In Fig. 4, the images are 

given together with an illustration of their position on the sampleôs cross section.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4: (a-e), SEM images of the cross section of the as-prepared material. The locations of 
the micrographs are given in the sketch. 

a) 

b) 

a) 

b) 

Bottom of the sample 

Top of the sample 

c) 

d) 

e) 
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Figure 4: (a-e), SEM images of the cross section of the as-prepared material. The locations of 
the micrographs are given in the sketch. 
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SE images reveal the microstructure of the sample in the as-prepared state. From the 

bottom to the top of the sample there is a notable change in the microstructure. At the 

bottom of the sample (substrate side), few distinct elongated grains of approximately 2 

ɛm in length are present (not taking into account the presence of any twin boundaries at 

this point). These grains are oriented parallel to the GD of the sample, surrounded by 

grains which are smaller in size. Away from the substrate the structure progressively 

changes. That bimodal grain structure is becoming more apparent. The area fraction of 

the elongated grains increases as they increase in number and in average length from the 

bottom to the top of the sample. It can be noticed, more specifically in Figs. 2a, b and c, 

that at the center and especially near the top of the sample the elongated grains have 

maximum size and completely dominate the microstructure. The sample thus exhibits an 

overall inhomogeneous structure. 

o Orientation maps 

In order to follow the development of the microstructure during the annealing sequence, 

orientation maps were taken at each temperature. Inverse pole figure coloring was used 

with respect to the three sample directions; the colour key which illustrates the grain 

orientations in the respective crystallographic directions is given in Fig. 5. For all 

orientation maps (Figs. 6 to 8) noise reduction was performed in order to increase the 

hit rate of the measurements. First so-called wild spikes were removed. That is when the 

adjacent 8 pixels of an indexed point are all not indexed or all indexed differently. Then, 

orientation information was assigned to un-indexed points based on the orientation of 4 

closest neighbor points which are equally indexed (see appendix for percentages).  

      

 

 

 

 

 

 

 

 

Figure 5: Colour key for the different crystallographic orientations. 
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a) 

Figure 6: Orientation maps with respect to the GD (parallel to Y axis) for a) as-prepared, b) 350°C, c) 
400°C, d) 450°C, e) 500°C, f) 550°C, g) 600°C and h) 650°C (scale bar length equals to 10 m˃). 
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Figure 7: Orientation maps with respect to the X axis of the sample for a) as-prepared, b) 350°C, c) 
400°C, d) 450°C, e) 500°C, f) 550°C, g) 600°C and h) 650°C (scale bar length equals to 10 m˃).  
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e) 
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Figure 8: Orientation maps with respect to the Z axis of the sample for a) as-prepared, b) 350°C, c) 
400°C, d) 450°C, e) 500°C, f) 550°C, g) 600°C and h) 650°C (scale bar length equals to 10 m˃). 
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In all following analyses/discussions, the 650°C sample is excluded. During the 

measurement of that sample, an effect due to pseudosymmetry occurred, altering the 

information obtained. Thus, the measured data is not taken into account.  

The orientation maps performed after annealing reveal in all cases a bimodal 

inhomogeneous structure. The elongated grains that were already present from the 

initial state are present throughout the whole annealing process. Those grains are in 

their majority <110> oriented parallel to the GD of the sample. With increasing 

annealing temperature, the elongated grains become more dominant as they increase in 

area size and elongation. These elongated grains are surrounded by smaller grains of 

different shapes and orientations. As the annealing temperature increases the small 

grains grow and tend to keep a more round shape, as it can best be seen in the sample 

annealed at 600°C.      

In the following curves, the values between initial state of the material (i.e. 65°C) and 

the different heat treatment temperatures (i.e. 350, 400, 450, 500, 550 and 600°C) are 

extrapolated and not actually measured for that temperature interval.  

o Grain size and area determination 

Regarding the average size and area of grains, the calculations were performed based on 

a minimum misorientation angle between the boundaries of neighbor grains. Incomplete 

grains that exist at the borders of the map were excluded from the analysis. Average 

grain size was obtained by two methods: with the ñequivalent circle diameterò method 

which calculates the diameter of a circle of the same size (Fig. 9) and ñline interceptò 

method which measures distances (i.e. grain diameters)  both parallel and perpendicular 

directions to the GD (Fig. 10). The area size of the grains is then calculated by 

multiplying the number of pixels in each grain with the pixel size (Fig. 11). In these 

analyses, both high angle grain boundaries (HAGBs) with ɗ above 15° and low angle 

grain boundaries (LAGBs) with ɗ between 3° and 15° were taken into account. 

An average grain size of 145 nm is measured with the ñequivalent circle diameterò 

method in the initial state that progressively increases to 195 nm at 400°C. Between 

400°C and 600°C, the grain size is more rapidly increasing and reaches a maximum 

value of 347 nm at 600°C (Fig. 9). 
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    Figure 9Υ !ǾŜǊŀƎŜ ƎǊŀƛƴ ǎƛȊŜ ƻōǘŀƛƴŜŘ ǿƛǘƘ άŜǉǳƛǾŀƭŜƴǘ ŎƛǊŎƭŜ ŘƛŀƳŜǘŜǊέ ƳŜǘƘƻŘ 

Using the ñline interceptò method the average size of the grains in the GD is increasing 

from 170 nm in the initial state to 248 nm at 400°C. Perpendicular to the GD the average 

grain size increases from 120 nm at the initial state to 143 nm at 400°C. Between 400°C 

and 600°C, a more rapid increase in the average grain size with temperature is noticed. 

The average size increases from 248 nm to a maximum of 761 nm when measured 

parallel to the GD.  Measuring perpendicular to the GD, an increase to the average grain 

size from 143 nm at 400°C to 484 nm at 600°C is observed (Fig. 10).  

 

Figure 10: Average grain size obtained with άline interceptέ ƳŜǘƘƻŘ both in parallel and 
perpendicular to GD  
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Examining the average grain size development upon annealing (Fig. 9 and 10), different 

information can be deduced from each method used. The ñequivalent circle diameterò 

method, takes into account all the analyzed grains in the map. In that sense it can be 

considered more precise in giving an average size. The ñline interceptò method measures 

separately in both directions perpendicular and parallel to the GD, taking into account 

only the grains that are crossed by the selective grid lines. With ñline interceptò method 

though the tendency of the grains to either become more round or elongate can be easier 

be determined.  

The average grain area upon annealing shows a small increase from a value of 0,0165 

ɛm
2
 in the initial state to 0,0457 ɛm

2
 at 400°C. Between 400°C and 600°C the average 

grain area increases rapidly, reaching a maximum value of 0,235 ɛm
2
 at 600°C (Fig. 11). 

 

 

Figure 11: Average grain area over annealing temperature 

The change in aspect ratio progression of the grains with the annealing temperature was 

calculated by one of both the ñequivalent circle diameterò and ñline interceptò methods. 

The first one represents the fraction of the major over minor axis of the elliptic fit for 

every grain. The second one uses the fraction of the grain size parallel to the GD over the 

size of the grains perpendicular to the GD (Figure 12).  
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Figure 32: Aspect ratio of grains upon annealing temperature 

The cause of the discrepancy in values (Fig. 12) is due to the fact that each curve is 

calculated based on different methods. In one case we have the ratio calculated based on 

the ñelliptic fitò method while on the other is done based on ñline interceptò method. As 

explained earlier these two methods differ in the number of grains measure and the way 

grain size is measured.   

 

                  

        Figure 43: In-situ TEM annealing at a) 550°C for 20 min and b) 600°C for 20min. 
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Using in-situ annealing in TEM, it was possible to isolate grains and monitor their 

evolution with increasing temperature. Two typical examples of grown grains are given 

in  Figs. 13 and 14 where the same location is seen at different annealing temperatures 

(500°C and 600°C). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                      Figure 54: In-situ TEM annealing at a) 550°C for 20 min and b) 600°C for 20 min. 

 

a) b) 

1 ˃ m 



20 
 

From the average grain size and average grain area curves (Figs. 9 - 11) it is obvious that 

significant grain growth takes place between 400°C and 600°C. From 450°C to 500°C 

(judging from Fig. 12) the grains seem to have gained more in width rather than in 

elongation in the respective annealing steps. However, this also could be attributed to the 

inhomogeneity of the microstructure. Another similar observation can be pointed out 

between 400°C and 450°C (Figs 9 and 11). At these annealing temperatures, grains seem 

to grow not as much as in the previous or in the following annealing steps.  

Following the average aspect ratio progression of the grains with temperature (Fig. 12), it 

appears as if the grains tend to become more round after 400°C. At 500°C the aspect ratio 

assumes a relatively low value that appears different compared to the general trend of the 

curve. This has already been mentioned to be attributed to the inhomogeneity of the 

microstructure. At 550°C and 600°C, the aspect ratio again shows a minor increase in 

value. This is due to the fact that at these temperatures grains have grown significantly in 

size. Big elongated grains with high aspect ratio dominate now the microstructure. Thus, 

when examining the same area upon annealing, an increase in the overall average aspect 

ratio values is expected. The elongated grains as seen in the TEM (Fig. 14) appear stable 

with increasing temperature and grew in length instead of width. 
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o Grain boundary and misorientation analysis 

The number fraction of the total boundaries which are twin boundaries, for each 

annealing temperature, was calculated from the misorientation profile (Fig. 16) and is 

given in Fig. 15.  For temperatures up to 500°C, the fraction remains constant i.e. 

approximately 0,360, after a small increase from 0,295 at the initial state. At 550°C, 

there is an increase in the fraction of twin boundaries to 0,406 and at 600°C, it reaches a 

maximum of 0,548. At high annealing temperatures a significant increase in the average 

grain area and thus an equivalent drop in the number of grains examined per area, can 

be held accountable for the sharp increase in the number fraction of Ɇ3 boundaries. 

 

 

 

For all samples, the misorientation analysis was performed by taking into account only 

neighbor pixels with a minimum angle higher than 3 degrees for all samples (Fig. 16). 

Grain boundary maps were produced for the initial state and the annealed samples. Both 

LAGBs and HAGBs are included in the images (Fig. 17). The twin boundaries are 

depicted separately for each annealing temperature (Fig. 18).  
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Figure 15: Twin boundaries (ʅ3) fraction versus annealing temperature progression 
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Figure 16: Misorientation angle distribution profile of a) as-prepared and samples annealed at 
b) 350°C, c) 400°C, d) 450°C, e) 500°C, f) 550°C and g) 600°C (scale bar length equals to 10 ˃m). 

a) b) 

c) d) 

e) 

f) 

g) 

f) 
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Figure 17: GBs maps of a) as-prepared and samples annealed at b) 350°C, c) 400°C, d) 450°C, e) 
500°C, f) 550°C and g) 600°C (scale bar ƭŜƴƎǘƘ Ŝǉǳŀƭǎ ǘƻ мл ˃ƳύΦ 

a) b) 

c) 
d) 

e) 

f) 

g) 
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c) 
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d) 

e) 

f) 

g) 

CƛƎǳǊŜ муΥ ¢ǿƛƴ ʅо ōƻǳƴŘŀǊȅ ƳŀǇǎ ƻŦ ŀύ ŀǎ-prepared and samples annealed at b) 350°C, c) 
400°C, d) 450°C, e) 500°C, f) 550°C and g) 600°C (scale bar length equals to 10 ˃m). 

b) 

f) 
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o Texture analysis 

Inverse pole figures (IPF) were obtained for the different samples (Fig. 19). The GD for 

all samples is parallel to the Y axis. During the whole annealing treatment sequence, the 

texture remains <110> // GD but exhibits minor changes in intensity values throughout 

the sequence. A minimum value of 1,3 is found  in the as-prepared state while a 

maximum value of 2,68 is reached at 600°C. 

In the Z-direction, a weak <111> texture is present throughout the whole annealing 

sequence. Again, intensity is changing in a similar manner to that parallel to the GD. At 

the initial state, intesity it has the lowest value of 1,1 and reaches its maximum value of 

2,04 at 600°C. 

The minor fluctuations in intensity and the slight deviation from <100> // GD at 550°C 

can be attributed to the inhomogeneity of the sampleôs microstructure. Since the <110> 

fibre texture parallel to the GD is present at all annealing steps before and after 550°C, 

it is safe to assume that the reason for this deviation is due to the choice of the sampleôs 

location.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

a) 

b) 

Figure 19: IPFs of a) as-prepared state and samples annealed at b) 350°C. 
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c) 

d) 

e) 

f) 

g) 

Figure 19: IPFs of samples annealed at c) 400°C, d) 450°C, e) 500°C, f) 550°C and 
g) 600°C. 
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o Subset / anti-subset analysis 

Subsets were created for all samples to examine the dominant <110> texture along the 

GD axis. A minimum deviation angle of 15° from that axis was chosen. Each map is 

depicted with IPF colour code with respect to the sample axes (Fig. 20 to 25). Twin 

boundaries are also included in the images.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

a) 

b) 

c) 

Figure 20: <110> // GD oriented grains in the sample annealed at 350°C. a) with respect to Y 
axis, b) with respect to X axis, c) with respect to Z axis (scale bar length equals to 10 ˃m). 
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Figure 21: <110> // GD oriented grains in the sample annealed at 400°C. a) with respect to 
Y axis, b) with respect to X axis, c) with respect to Z axis (scale bar length equals to 10 ˃m). 

a) 

b) 

c) 


