
 
 
General rights 
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright 
owners and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights. 
 

 Users may download and print one copy of any publication from the public portal for the purpose of private study or research. 

 You may not further distribute the material or use it for any profit-making activity or commercial gain 

 You may freely distribute the URL identifying the publication in the public portal 
 
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately 
and investigate your claim. 
  
 

   

 

 

Downloaded from orbit.dtu.dk on: May 19, 2023

Optimal microstructural design for high thermal stability of pure FCC metals based on
studying effect of twin boundaries character and network of grain boundaries

Alimadadi, Hossein; Fanta, Alice Bastos; Akiyoshi, Ryutaro; Kasama, Takeshi; Rollett, Anthony D.;
Somers, Marcel A. J.; Pantleon, Karen

Published in:
Materials & Design

Link to article, DOI:
10.1016/j.matdes.2018.04.056

Publication date:
2018

Document Version
Peer reviewed version

Link back to DTU Orbit

Citation (APA):
Alimadadi, H., Fanta, A. B., Akiyoshi, R., Kasama, T., Rollett, A. D., Somers, M. A. J., & Pantleon, K. (2018).
Optimal microstructural design for high thermal stability of pure FCC metals based on studying effect of twin
boundaries character and network of grain boundaries. Materials & Design, 151, 60-73.
https://doi.org/10.1016/j.matdes.2018.04.056

https://doi.org/10.1016/j.matdes.2018.04.056
https://orbit.dtu.dk/en/publications/e8bebf2d-088e-4598-b9d4-8cac9f686f52
https://doi.org/10.1016/j.matdes.2018.04.056


Accepted Manuscript

Optimal microstructural design for high thermal stability of pure
FCC metals based on studying effect of twin boundaries character
and network of grain boundaries

Hossein Alimadadi, Alice Bastos Fanta, Ryutaro Akiyoshi,
Takeshi Kasama, Anthony D. Rollett, Marcel A.J. Somers, Karen
Pantleon

PII: S0264-1275(18)30333-2
DOI: doi:10.1016/j.matdes.2018.04.056
Reference: JMADE 3869

To appear in: Materials & Design

Received date: 29 January 2018
Revised date: 18 April 2018
Accepted date: 19 April 2018

Please cite this article as: Hossein Alimadadi, Alice Bastos Fanta, Ryutaro Akiyoshi,
Takeshi Kasama, Anthony D. Rollett, Marcel A.J. Somers, Karen Pantleon , Optimal
microstructural design for high thermal stability of pure FCC metals based on studying
effect of twin boundaries character and network of grain boundaries. The address for
the corresponding author was captured as affiliation for all authors. Please check if
appropriate. Jmade(2017), doi:10.1016/j.matdes.2018.04.056

This is a PDF file of an unedited manuscript that has been accepted for publication. As
a service to our customers we are providing this early version of the manuscript. The
manuscript will undergo copyediting, typesetting, and review of the resulting proof before
it is published in its final form. Please note that during the production process errors may
be discovered which could affect the content, and all legal disclaimers that apply to the
journal pertain.

https://doi.org/10.1016/j.matdes.2018.04.056
https://doi.org/10.1016/j.matdes.2018.04.056


AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

1 
 

Optimal microstructural design for high thermal stability of pure FCC metals based on studying 

effect of twin boundaries character and network of grain boundaries  

Hossein Alimadadi1,†, Alice Bastos Fanta1, Ryutaro Akiyoshi1,2, Takeshi Kasama1, Anthony D. 

Rollett3, Marcel A.J. Somers4, Karen Pantleon4 

 

1Technical University of Denmark, Center for Electron Nanoscopy, Fysikvej, building 307, DK– 

2800 Kongens Lyngby, Denmark. 

2Interdisciplinary Graduate School of Engineering Sciences, Kyushu University, 6-1 Kasugakoen, 

Kasuga, Fukuoka 816-8580, Japan. 

3Department of Materials Science and Engineering, Carnegie Mellon University, Pittsburgh, PA 

15213, USA. 

4Technical University of Denmark, Department of Mechanical Engineering, Produktionstorvet, 

building 425, DK – 2800 Kongens Lyngby, Denmark. 

† Corresponding Author, E-Mail: hoal@cen.dtu.dk, Tel.: +45 45256494 

  

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

2 
 

 

Abstract: 

Three nickel electrodeposits with comparable grain size were synthesized by tailoring the 

electrodeposition conditions. Thorough microstructural characterizations including electron 

backscatter diffraction, ion channeling contrast imaging, electron channeling contrast imaging, 

transmission Kikuchi diffraction, transmission electron and high annular dark-field imaging were 

applied. The deposits contain a high density of twin boundaries with similar microstructures in 

terms of grain boundary character. These materials were annealed at various temperatures to study 

the microstructural evolution, and hence, their thermal stability. The differences in the character of 

twin boundaries and morphology of the grain boundaries in as-deposited state and their influence on 

the microstructural evolution at elevated temperatures are analyzed. The importance of incoherent 

twin boundaries, and the interaction of mobile general high angle boundaries with stationary 

boundaries are discussed. Finally, an optimal design for high thermal stability is proposed, based on 

the mechanisms that were inferred from the results.  

Keywords: Thermal Stability, Twin Boundaries, Annealing, Grain Boundary Engineering, Nickel, 

Electrodeposition 
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1. Introduction: 

More than a half of the overall nickel produced worldwide is used in the form of coatings and nickel 

electrodeposition is the most common process to coat nickel [1]. High wear resistance, relatively 

high hardness, barrier properties, corrosion resistance, among others makes nickel electrodeposition 

of practical importance for a large range of applications [1]. Functional, protective and decorative 

nickel coatings have been applied in industry [1]. Since thermal stability determines the maximum 

service time/temperature, it is of high importance for many applications and hence, there is a large 

body of research on this subject [2]–[8]. The excess free energy of grain boundaries, grain boundary 

junctions etc. is the major driving force for grain growth in materials [9]–[11]. In order to stabilize 

the microstructure of nickel electrodeposits, very often alloying with other elements is employe [6], 

[12]–[18]. The main mechanisms for stabilization is (i) kinetic and (ii) thermodynamic [19]–[21]. In 

the kinetic approach, the grain boundary mobility is reduced (e.g. solute drag on the boundary 

motion). In the thermodynamic approach, the driving force for grain growth is reduced by 

incorporation of a high fraction of low energy boundaries in the microstructure [19]. However, 

stabilization of pure material has gained interest in recent years [22], [23]. Coherent twin 

boundaries (CTBs) in face centered cubic (FCC) materials are known to have low mobility [24] 

combined with low stored energy [25]. Thus, a high density of CTBs in the microstructure should 

improve the thermal stability of a material [26] due to kinetic and thermodynamic reasons. This has 

been empirically demonstrated to apply for a nano-twinned microstructure with a high density of 

CTBs, where improved thermal stability was observed as compared to a nanocrystalline 

microstructure of equal average crystallite size, but without twins [27], [28]. In addition to the 

boundary character, the network of grain boundaries plays an important role in the material 

properties as emphasized in the concept of grain boundary engineering (GBE) [29]–[32]. It is 

therefore suggested that a GBE microstructure with an abundance of CTBs, is potentially of high 
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thermal stability. This was demonstrated for nickel deposits, where, among others, multi-twinned 

grains were observed to have the highest thermal stability [33], [34]. 

In the present work, it is attempted to elucidate on the mechanism(s) governing the thermal stability 

of pure FCC nickel electrodepsists with sub-micron grain size and high density of CTBs; and 

ultimately outline an optimal microstruture to achieve high thermal stability and mechanical 

strength. To this end, three different nickel electrodeposits with comparable microstructures in 

terms of grain size and grain boundary character distribution are synthesized and thoroughly 

studied. Based on the experimental results, the underlying mechanisms of microstructural evolution 

are identified and an optimal microstructural design for high thermal stability of pure FCC metals is 

proposed.   

2. Experimental 

2.1 Materials  

Electrochemical deposition of nickel layers was carried out from a Watts-type electrolyte with the 

following chemical composition: 300 g.dm-3 nickel sulfate NiSO47H2O, 35 g.dm-3 nickel chloride 

NiCl26H2O, 40 g.dm-3 boric acid H3BO3. Nickel was electrodeposited from the electrolyte onto 

amorphous Ni-P substrates for three different combinations of pH and current density (see Table 1). 

The pH of the electrolyte was adjusted to the intended value by addition of sulfuric acid or 

ammonia. Further details of the synthesis parameters are provided elsewhere [35], [36]. 

To study the thermal stability of the material, the as-deposited samples were cut into smaller pieces 

of 105 mm2. They were annealed for 30 min at 473, 573, 673 and 873 K followed by cooling in 

air. Annealing at 473 K and 573 K was performed in air while argon was used for annealing at 

673 K and 873 K, as at higher temperatures oxidation can be more pronounced. Never the less, it 

was verified that annealing in air and argon for the present temperature and time ranges has the 
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same influence on the grain growth. The annealed samples are named with a postfix of temperature 

to the as-deposited sample name. For instance, S1-473 refers to sample S1, annealed at 473 K. 

It is worth mentioning that the annealing temperature range of 473 – 873 K corresponds to 

homologous temperature range of 0.27 – 0.50 for nickel. This homologues temperature range is 

chosen as for iron and nickel below 0.3 the microstrutural evolution is very limited and substantial 

grain growth takes place at 0.4 [37]. 

2.2 Sample preparation for microscopy 

Electron backscatter diffraction (EBSD) and electron/ion channeling contrast imaging (ECCI/ ICCI) 

were used to investigate the entire cross-sections in each deposit. This enabled to characterize the 

evolution of the microstructure along the growth direction (GD). Cross-sections of the samples for 

scanning electron and ion microscopy were prepared by grinding on SiC paper of grade 1000 and 

4000, followed by mechanical polishing with 3 µm and 1 µm diamond suspension, followed by 

mechanical-chemical polishing with 0.04 µm colloidal silica. To ensure that the deformed layer 

introduced by mechanical polishing was entirely removed, the samples were milled with a focused 

ion beam (FIB) of Ga+ ions at 30 kV in an FEI Helios NanoLabTM 600 dual beam microscope. FIB 

milling was carried out in two steps: firstly about 700 nm were removed applying a current of 2.8 

nA (rough milling), and then an additional 50 nm were removed by milling with a current of 0.46 

nA (gentle milling). This sample preparation provided an artifact-free surface that is suitable for 

surface sensitive characterization techniques such as EBSD [38]. 

For transmission electron microscopy, an electron transparent foil was prepared in a FEI Helios 

NanolabTM 600  dual beam microscope, using an in-situ lift-out technique [39], in which 30 kV Ga+ 

were used for the penultimate step. For the final step (removal of amorphous layer), 2 kV Ga+ with 

a current of 6 pA was applied with an incident angle of 7° to both sides of the foil for 10 min. The 

foil covers the whole thickness of the deposit and contains the GD within the plane of the foil. 
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2.3 EBSD 

Data Acquisition: To examine the character of the grain boundaries and their connectivity, 

orientation mapping was performed in an FEI Helios NanoLabTM 600 equipped with an EDAX-TSL 

EBSD system. The EBSD measurements were carried out on a hexagonal grid with an electron 

probe current of 5.5 nA at an acceleration voltage of 12 kV and a step size of 25 nm. 

Data Analysis: The OIM 6™ software was used for the analysis of the acquired EBSD data. Post-

acquisition treatment of the recorded EBSD data included the following cleaning steps using 

routines available in the OIM 6™ software. Firstly, the confidence index (CI) [40] of every point in 

the map within a recognized grain was assigned to the highest confidence index CI value found in 

that grain (a grain was defined as a region consisting of at least three connected points with 

misorientation of less than 5˚). Secondly, by so-called grain dilation, a point with an orientation that 

does not belong to any grain is assigned the orientation of the majority of neighboring points. 

Afterwards, all data points with CI below 0.1 were disregarded. It is noted that the cleaning 

procedure mainly discards the measured data points outside the deposit area (substrate and beyond 

the top surface) and has a very limited effect on the actual area of interest, namely, just assigning 

correct orientations to the mis-indexed data points at the grain boundaries.  

Substrate/deposit interface definition: Since the grain size in the bottom part of the deposit, i.e., 

adjacent to the substrate, is smaller than the EBSD resolution [41], it is essential to define the 

position of the substrate/deposit interface for the EBSD investigations. To accomplish this, the CI 

value of the as-measured data (before any cleaning) was averaged for all the points with the same 

distance from the bottom of the map. Since the substrate was amorphous the line average CI was 0. 

The location of the interface was taken as the location where the average CI exceeds 0.1 (see details 

in [41]). For studying the evolution of the microstructure with distance from the substrate/deposit 
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interface, the EBSD map was subdivided in sub-maps of 2 µm width from the position of the 

defined interface to the surface. 

Grain boundary character: In order to examine the grain boundary character the following 

parameters were calculated for each 2-µm-sub-map: (i) the average intercept length was obtained by 

passing 3 horizontal lines through the sub-map; any pair of points with a point-to-point 

misorientation larger than 15˚ were taken to be an intercept; (ii) the length fraction of low angle 

grain boundaries (LAGB), i.e., point-to-point misorientations between 2˚– 15˚; (iii) the length 

fraction of high angle grain boundaries (HAGB) having a point-to-point misorientation in the range 

15˚– 62.8˚; (iv) the length fraction of Σ3 and Σ9 boundaries identified according to Brandon’s 

criterion [42]. 

Grain boundary network: In order to characterize the connectivity/fragmentation of the HAGB 

network by Σ3n boundaries, black and white images of non-Σ3n (n=1,2 and 3) HAGBs were made. 

Homology metrics, known in the topology literature as Betti numbers [43], B0 and B1, were 

calculated, using the software CHomP [44], [45]. The scale invariant ratio of B0/B1, hereafter β01, 

which is the inverse of connectivity [46], is calculated for each sub-map. 

2.4 Electron/Ion channeling contrast imaging 

The prepared cross sections of the samples were investigated with ECCI and ICCI in the same 

microscope mentioned in section 2.2. ECCI was applied prior to EBSD measurements using an 

accelerating voltage of 10 kV and a probe current of 1.4 nA. ICCI was applied as a complementary 

mapping to EBSD [47] using the FIB operated at 30 kV; the applied probe current was chosen to 

minimize the risk for ion-beam induced changes to the microstructure. To this end, the applied 

probe current was optimized for each sample (ion doses ranging from 0.5 – 4.3 C m-2 were applied). 

ICCI was always carried out as the final investigation, i.e., after EBSD had been carried out over 

the same area of the sample [47]. 

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

8 
 

2.5 Transmission electron microscopy 

High Voltage: Scanning transmission electron microscopy (STEM) investigations were carried out 

at 300 kV in an FEI Titan 80-300ST field emission gun TEM equipped with a Fischione high-angle 

annular dark-field detector and a Gatan bright-field detector located at the entrance of a Gatan 

imaging filter. In order to characterize twin related grains, a double tilt specimen holder was utilized 

to align the common <110> direction of the twin-related grains parallel to the incoming electron 

beam. 

Low Voltage: Transmission Kikuchi diffraction (TKD) mapped orientations in the TEM foils before 

and after annealing at 673 K in vacuum. This was carried out in a FEI Nova NanoLabTM 600 field-

emission gun SEM equipped with an EBSD system from Bruker that has an e-FlashHR camera 

(Bruker Nano GmbH). The TKD measurement was performed in a 10 nm × 10 nm square grid with 

an electron probe current of 4.9 nA at an acceleration voltage of 30 kV. The TKD maps were 

analyzed with Esprit 2.0 software from Bruker.  

3. Results 

3.1 Microstructure of as-deposited state 

The EBSD orientation maps covering the whole cross section of the samples in the as-deposited 

state are shown in Fig. 1 (HAGBs are marked in black). All three samples have columnar 

microstructure. Very fine grains are present in the vicinity of the deposit/substrate interface and 

columnar grains develop from these fine grains away from the substrate. In the inverse pole figure 

color coding scheme used for Fig. 1, the major crystallographic orientations correspond to <211>, 

<100> and <210> parallel to the GD for samples S1, S2 and S3 respectively. The details of the 

texture and orientation relations were previously provided elsewhere [35], [36], hence, are not 

repeated here. 

3.2 Grain size of as-deposited state 

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

9 
 

The ICCI micrographs shown in Fig. 2 have higher spatial resolution as compared to the EBSD 

results [48]. Thus, it is advantageous to use ICCI for grain size characterization in the as-deposited 

state, especially for the nanocrystalline regions. Additional micrographs at higher magnification 

were also made to resolve the nanocrystalline regions (see, for example, Fig. 2d for sample S3). The 

black and white images were processed using the Canny edge detection algorithm [49]. Based on 

the length of horizontal line and the number of intercepts, the average horizontal intercept length 

(AHIL) was calculated. Finally a square root function which accurately describes the increase of 

grain width (within the plane of the deposit) in the GD [50], was fitted to the data points (Fig. 3). 

Further details were provided elsewhere [51]. 

3.3 Grain boundary character of as-deposited state 

Using the EBSD data behind the orientation maps of Fig. 1, the grain boundaries’ character and 

their evolution with increase of deposit thickness were analyzed. Specifically, the length fraction of 

Σ1 (LAGBs), Σ3, and Σ9 boundaries, as well as the total percentage of these boundaries are 

characterized (Fig. 4).  

For sample S1 about 90 % of boundaries are HAGBs and about 10 % are LAGBs, independent of 

distance from the deposit/substrate interface. Σ9 is not of high importance in this sample. The most 

important boundary is Σ3. At about 7 µm from the interface, more than 50 % of the boundaries are 

of Σ3 character. Since the twin lamellae width can amounts to 20 nm or less, some of them are 

overlooked by EBSD, as discussed in depth elsewhere [52]. Thus, the reported Σ3 length fraction is 

the lower bound. 

For sample S2, after the first 2 µm, the boundary character does not change significantly, and the 

fractions of Σ1, Σ3 and Σ9 are 18 %, 33 % and 5 %, respectively. In this sample the Σ3 length 

fraction is lower than actual value. This is explained in more details in section 4. 
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For sample S3, about 88 % of boundaries are HAGB and about 12 % are LAGB, independent of 

distance from the deposit/substrate interface. There is a two-fold increase in length fraction of Σ3 

boundaries from 22 % to 44 % in the first 4 µm of the deposit (Fig. 4). Afterwards, there is gradual 

increase of Σ3 boundaries fraction to 55 %. The Σ9 boundary fraction is about 8 % across the 

deposit. This value is slightly higher than the actual value, as discussed in depth elsewhere [36]. 

3.4 Morphology of the twin boundaries in as-deposited state 

The twins in sample S1 are in the form of thin lamellae of a few tens of nanometers in width, 

elongated along the GD, see Fig. 5a. Observing the microstructure in GD (Fig. 5b) clearly shows 

that the twin lamellae span the entire width of each columnar grain. Thus they have the 3D 

morphology shown in Fig. 5c.  

Fig. 2b shows that the twins in sample S2 are mostly inclined with respect to GD and span the 

columnar grains encompassing them. In order to characterize the 3-dimensional configuration of 

these twin lamellae, serial sectioning and ICCI were applied. A sequence of 6 micrographs with an 

average distance of 70 nm between the sections is shown in Fig. 6. Two twin lamellae are marked 

by red and green dots. Since the lamella marked by the green dot is absent in section No.6, and the 

lamella marked by the red dot is absent in section No.1, these twins evidently terminate within the 

columnar grain. Additionally 2D micrographs of each section show that the width of the lamellae 

changes, indicating that the twin boundary plane is stepped and generally has an incoherent 

component.  

The microstructure of sample S3 is the result of stacking of tetrahedra bounded by {111} planes 

(twin boundary planes) that develop a helical structure [53], according to the scheme shown in Fig. 

7a and b. A cross section of such a column along an arbitrary plane shows the patterns revealed in 

Fig. 7c and corresponds to the features observed in ICCI (Fig. 2c and d). The tetrahedra share {111} 
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planes can be considered to be members of twin-related helices that are columns composed of five-

fold twin boundary junctions and a high fraction of Σ3 boundaries [36]. 

3.5 Microstructural evolution upon annealing 

Samples annealed at 473 K show very limited growth in the immediate vicinity of the substrate (i.e., 

the nanocrystalline part of microstructure), so no further analysis was performed for this 

temperature. 

Fig. 8 a–c show ICCI micrographs of samples annealed at 673 K. The orientation maps of the 

samples after annealing at 873 K are also shown in Figs. 8 d–f. The microstructure of sample S1 is 

still columnar even after annealing at 873 K. In general, a large fraction of the microstructure 

corresponds to <211>//GD oriented grains (colored purple in the map) encompassing twin lamellae, 

similar to the as-deposited state. In the vicinity of the film/substrate interface, significant grain 

growth took place whereas away from the substrate, the grain growth during annealing is notably 

less pronounced. The grains near the substrate are equiaxed and their orientation is mainly 

<100>//GD (colored in red in the orientation map). 

The microstructure of sample S2 is also still columnar and resembles the as-deposited state after 

annealing at 673 K (Fig. 8b). However, after annealing at 873 K notable growth has occurred (Fig. 

8e). The growth close to the deposit/substrate interface results in formation of equiaxed grains, 

while away from the interface, the growth manifested as column widening. 

Fig. 8c is a montage of four micrographs from sample S3 after annealing at 673 K. It is evident that 

local grain growth occurred, close to, but not directly adjacent to the substrate, whereas no further 

growth appeared for the grains in contact with the substrate. The grain growth is substantial and 

resemblance to the as-deposited state is lost in this part of the deposit. In regions > 5 µm from the 

substrate, larger grains replaced the original structure, indicating that grain growth took place, but 

also remnants of the original columns, consisting of five-fold multi-twinned regions, are present. 
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The orientation map obtained after annealing at 873 K is shown in Fig. 8f. Evidently, substantial 

grain growth occurred such that the five-fold multi-twins of the as-deposited state disappeared and 

were replaced by large equiaxed grains containing typical annealing twins. 

Evidently, sample S3 is significantly less thermally stable than the other two samples and its grain 

size is about an order of magnitude larger than for the other samples after annealing at 873 K. Thus, 

it is of interest to analyze in more detail the as-deposited state of sample S3 and its evolution upon 

annealing, which is provided below in section 3.6.  

Evolution of twin boundaries upon annealing 

Typical twin lamellae in <211>//GD oriented grains of sample S1 (parallel to the film GD) were 

also observed after annealing at 673 and 873 K. This shows that twin lamellae are stable in this 

configuration. Analyzing ion channeling images of sample S1 showed that the twin lamella 

frequency is ~3.5 per grain which changes after annealing at 873 K to ~3.1 per grain (based on a 

micrograph of ≈ 25 µm × 20 µm). For sample S2, most of the twin lamellae within the columnar 

grains were annihilated after annealing at 873 K. Further quantification shows that 80 % of the twin 

lamellae were lost. Finally for sample S3 the microstructural evolution is so drastic that a 

comparison between the as-deposited state and after annealing at 873 is not reasonable. 

Specifically, none of the growth twins observed in the as-deposited state survived and only 

annealing twins are present in the microstructure after annealing. 

3.6 Detailed characterization of Sample S3  

As-deposited state 

Fig. 9a shows a low magnification bright field (BF) STEM micrograph of the as-deposited 

condition of sample S3. Fig. 9b-d show annular dark field (ADF) STEM images of the three 

locations marked in Fig. 9a by numbers 1, 2 and 3. High resolution investigations reveal that the 
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majority of the boundaries forming the five-fold structure are actually coherent twin boundaries 

(Figs. 9b-d). Five twin boundaries do not meet exactly in a single point; instead the five crystallites 

meet in three-fold and four-fold junctions separated by 2-3 atomic columns. Furthermore, some jogs 

on the twin boundary planes (shown by arrows in Fig. 9c) were observed and stacking faults may be 

present adjacent to the twin boundary (see Fig. 9d). An electron diffraction pattern of the five 

crystallites shown in Fig. 9b is presented in Fig. 9e, showing the approximately five-fold symmetry. 

Because the presence of a LAGB in addition to the five twin boundaries, two diffraction spots 

separated by 5.4˚ are visible (marked with a grey circle in Fig. 9e). A LAGB can be seen as an array 

of dark contrast in the BF STEM image shown in Fig. 9f. The BF STEM micrographs (Figs. 9f and 

g) also reveal strain fields. A more detailed BF STEM image of the grain comprising strain fields 

(darker contrast) in Fig. 9f is shown in Fig. 9g (note that Fig. 9g is obtained from the location just 

above Fig. 9f). The corresponding Fourier-filtered image of the area enclosed by a white square in 

Fig. 9g is shown as an inset on the figure and reveals an array of dislocations [54]. In addition to the 

dislocations’ strain fields, a strong strain field is also observed at the grain boundary junction (seen 

as darker contrast in Fig. 9f). 

Five crystals that are related by coherent twins span a total angle of 352.6˚, i.e., there is a deficit of 

7.4˚ from a full rotation. Thus, independent of the junction configuration (i.e., a five-fold junction, 

or a connected pair of 3 fold junctions, etc.) a set of five twins cannot fill space. Consequently, there 

is an inherent strain associated with five grains related by twinning (see Fig. 9f). Five-fold junctions 

with elastic accommodation of the misfit have been reported for nano-particles, but for particles 

larger than several nanometers, disclinations develop to accommodate the misfit between five Σ3 

boundaries and a full 360° revolution (see the review in [55]). Such disclinations decompose 

leaving defects as stacking faults and dislocations, surrounded by strain fields as well as the 

subdivision of five-fold junctions into junctions of lower order (three- and four-fold) [55]. 
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In addition to the grain boundary character, the network of grain boundaries is of importance in 

sample S3. For Non-Σ3n HAGB, the inverse of connectivity (β01) significantly increases with 

distance from the substrate. For the consecutive 4 µm wide sub-maps β01 is 0.4, 6.6, 11.2 and 22.1.  

This means that the network of Non-Σ3n HAGB becomes more and more fragmented as the nickel 

deposit thickness increases. Note that at the edges of the sub-maps, the grain boundary network is 

strongly fragmented. Hence, sub-maps with smaller width have larger values of β01. To overcome 

this shortcoming, a sub-map width of 4 µm, instead of 2 µm, was chosen for characterization of the 

grain boundary network connectivity. 

Annealing 

We observed experimentally straight plane traces along CTBs (Fig. 10) in the early stages of grain 

growth. Fig. 10a shows a typical microstructural feature of the multiply twinned grains (cf. Fig. 10a 

and Fig. 2d). After annealing at 573 K for 30 min, the microstructure was imaged using ECCI (Fig. 

10b). Though the imaged location in Fig. 10b is not identical to that in Fig. 10a, it is apparent that 

an originally straight twin boundary became curved during annealing. One may argue that the 

curvature of the boundary detected in Figs. 10b was present in the as-deposited state and is not a 

result of annealing. In order to rule out this possibility, a thin foil from the nickel deposit was 

annealed at 673 K in vacuum, and analyzed before and after annealing using TKD at the same 

location. The comparison between image quality maps before (Fig. 10c) and after annealing (Fig. 

10d) clearly shows the grain boundary evolution. One of the twin boundaries is marked before 

annealing (Fig. 10c) and the same boundary after annealing is curved (Fig. 10d).  

Fig. 10e shows the grain boundary map of sample S3 after annealing at 673 K, in which the Σ3, Σ9 

and general HAGBs (g-HAGBs) are marked in green, blue and red, respectively. Curved Σ3 

boundaries are apparent and two of those are marked by green arrows in Fig. 10e. Note that 
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advancing grain boundaries that border coarsened areas (a few are marked with red arrows) are non- 

Σ3n HAGBs. 

4. Discussion: 

The three studied electrodeposits are very similar in terms of their columnar microstructure where 

the columns are repeatedly interrupted by twin boundaries. The fractions of Σ3 boundaries in S1 

and S3 are also comparable, whereas a lower fraction was measured for S2 (see Fig. 4). EBSD data 

is routinely used to characterize grain boundary character; however the spatial resolution of the 

technique is inadequate in the nanocrystalline regions of the microstructures. Additionally, the 

spatial resolution of EBSD is asymmetrical because of specimen tilt [56]; hence, inclined twin 

lamellae in sample S2 are easily overlooked in orientation maps obtained by EBSD (see Fig. 11) as 

compared to samples S1 and S3 (see further details in [57]). Thus, the actual Σ3 fraction is likely to 

be higher than what is reported in Fig. 4 for sample S2 and probably comparable with samples S1 

and S3 (as estimated by ICCI micrographs). Thus, one might expect a similar microstructural 

evolution upon annealing, hence, similar thermal stability. However, the only similarity between the 

microstructural evolution of these samples is the grain growth of the nanocrystalline part of the 

microstructure at the immediate vicinity of the substrate, which starts at low temperatures. In this 

region, the grain size is finest compared to the rest of the microstructure in the as-deposited state; 

hence, the interfacial area per unit volume is largest and this region is more susceptible to grain 

growth. The grain growth of nanocrystalline material is beyond the scope of this communication 

because it is not considered to have a major influence on the thermal stability of the columnar part 

of the electrodeposits.  

Fig. 8 shows that these samples respond very differently to annealing. There is high, medium and 

no resemblance between the as-deposited and annealed states for samples S1, S2 and S3, 

respectively. Optimal microstructural design for high thermal stability can be highly facilitated if 
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the underlying mechanism(s) of microstructural evolution in these samples is outlined. To this end, 

the differences between these samples must be recognized. XRD texture analysis revealed that after 

annealing, the texture does not notably change compared to the as-deposited state. This is visualy 

evident from the orientation maps for sample S1 and S2 in Fig. 8 (see the results in [51]). This 

strongly suggested that the difference in thermal stability is not correlated with the as-deposited 

texture and other parameters are of higher importance. The two major distunguishing and 

influenecing parameters are: (i) The plane of Σ3 boundaries is not identical. In sample S2 the twin 

boundaries have a higher density of steps than in samples S1 and S3. (ii) Samples S1 and S2 have a 

columnar microstructure wherein the columnar grain boundaries have no special character, whereas 

S3 has <210>//GD columns separated from their twin related grains (<542>//GD) by twin 

boundaries (see Fig. 1c and [58]). 

4.1 The effect of the twin boundary plane 

Coherent twin boundaries (CTBs) and incoherent twin boundaries (ITBs) both have a 60˚/<111> 

disorientation (Σ3 in the CSL model [42]). The only difference between the CTBs and ITBs is the 

plane of the boundary. While the CTB has a boundary plane of {111} type, the ITB has a plane 

different from {111}. The energy of an ITB is significantly (orders of magnitude) larger than the 

energy of a CTB and in the same range as for general HAGBs [25]. More importantly, it has been 

shown for nickel that ITBs have a higher mobility than CTBs [59]: depending on the type of ITB, 

they can move two orders of magnitude faster than other HAGBs [24]. Accordingly, it is expected 

that twin boundaries with an incoherent component contribute to grain growth at elevated 

temperatures. This follows from comparing the thermal stabilities of samples S1 and S2. Both 

samples are composed of columnar grains separated by high angle grain boundaries with 

encompassed twin boundaries within the columnar grains. The higher fraction of ITBs in sample S2 

accelerates the microstructural evolution during annealing. In this regard, one must take into 
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account not only the character of boundaries in the as-deposited state but also the evolution of 

boundaries at elevated temperatures. For sample S3, straight twin boundaries become curved (see 

Fig. 10). This means that the CTBs evolve into ITBs. The most reasonable rationalization is that the 

increase in stored energy by transformation of CTBs into ITBs is driven by a reduction of the 

energy stored in the strain fields and structural faults, such as dislocations, present in the five-fold 

twinned structures (see Fig. 9). Thus in sample S3 the formation of ITBs accelerates microstructural 

evolution and is responsible for the poor thermal stability.  

 

4.2 The effect of columnar grain boundary character 

For sample S3 upon annealing at 673 K, grain growth is most pronounced at some distance from the 

substrate. Evidently, the location where pronounced grain growth is observed at 673 K (see Fig. 

10e) coincides with the location from where, in the as-deposited state, multiple twin-related texture 

components have developed, leading to the high density of Σ3 boundaries (Fig. 4) and multi-twin 

junctions (see S210 in Fig. 4 in [60]). Perhaps the twin boundaries are stable, but the five-fold 

junctions are unstable. However, it has been shown that in FCC materials these junctions are 

relatively stable [61]. High thermal stability is reported, specifically for nickel electrodeposits with 

a <110> fiber texture and five-fold twin boundary junctions [33], [34] which are encompassed by g-

HAGB forming isolated units (unlike sample S3 which has a connected helical struture of five-fold 

junctions). Therefore, to understand the poor thermal stability, the dynamics of grain boundary 

interaction and the effect of connectivity of the grain boundaries should be considered. 

Fig. 10e shows that the grain boundaries which appear to have moved during grain growth are g-

HAGBs. Mobile g-HAGBs are either present in the as-deposited state or form and become mobile 

due to interaction of ITBs with g-HAGBs. So it is worthwhile to discuss why these g-HAGBs in the 

multi-twinned microstructure are significantly more mobile than g-HAGBs in sample S1. To this 
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end, the interactions between a mobile g-HAGB with (a) stationary g-HAGBs and (b) CTBs are 

addressed in Fig. 12.  

The interaction of a stationary g-HAGB attached to a mobile g-HAGB at an arbitrary angle is 

shown in Fig. 12a. Assuming equal energies for the grain boundaries meeting in the triple junction, 

it follows that at equilibrium the most favorable angle between the grain boundaries is 120˚. Thus, 

the stationary g-HAGB exerts a drag on the motion of a mobile g-HAGB to brings the junction 

towards the equilibrium configuration. Then further advancement of the mobile boundary is brought 

to a halt as indicated by squares on the figure, at time=t3). This is the case for the columnar grains 

of sample S1, where most of the g-HAGBs meet at approximately 120˚ in the as-deposited state 

(see Fig. 5), thereby minimizing grain growth. 

The interaction of a stationary CTB (shown in grey in Fig. 12b) attached to a mobile g-HAGB at an 

arbitrary angle is different. At time=0 the energy of boundaries 2 and 3 is equal and since 𝜃2 +

𝜃3 = 180˚, sin(θ2)=sin(θ3); Thus, 
𝛾2

𝛾3
=

𝑠𝑖𝑛 (𝜃2)

𝑠𝑖𝑛 (𝜃3)
 . This is consistent with Young’s equation. 

Furthermore, the energy of the CTB is significantly lower than the energy of the g-HAGB so 

sin(θ1)≈0 (i.e. θ1≈180˚) is also consistent with Young’s equation. At time=t1 the HAGB is moved 

and CTB is extended in length and if θ1=180˚ the junction is still at equilibrium, because a CTB 

does not exert a significant drag on the motion of a mobile g-HAGB. This means a microstructure 

with a high density of CTBs exhibits minor resistance against the motion of mobile g-HAGBs. Fig. 

12c and d schematically illustrate the difference between grain growth in a microstructure with low 

and high density of twin boundaries. It is of importance that in a multi-twinned microstructure, e.g. 

sample S3, there is a driving force for the annihilation of intrinsic faults, so a mobile g-HAGB 

advances into the twinned area without a significant drag. Accordingly the high mobility of g-

HAGBs in the highly twinned microstructure is not due to the nature of the HAGBs, but is a 

consequence of the significantly lower drag of twins on their movement. Moreover, the connectivity 
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of the grain boundaries plays a major role. Twin boundaries that form a unit enclosed by g-HAGBs 

such as sample S1, Fig. 5, or five-fold twins shown in [33] are more thermally stable as the exterior 

of the unit (HAGBs) interacts with other HAGBs and protects the interior of the unit composed of 

twin boundaries, as experimentally observed [28], [33], [34]. This means that the fragmented 

network of g-HAGBs in a GBE microstructure cannot protect the high density of CTBs and CTBs 

can be annihilated easily without effective drag of g-HAGBs on the movement of mobile 

boundaries. 

 

4.3 Optimal design for high thermal stability 

The thermodynamically stable state of a pure metal is a single crystal with a definite density of 

vacancies (the number density is a function of absolute temperature) [62]. Accordingly, 

polycrystalline materials, possessing other defects such as grain boundaries, triple lines, 

dislocations, etc., have a higher internal energy than the most stable state. Nevertheless, defects in 

the solid state can enhance the mechanical strength. For the present case, in particular grain 

boundary strengthening via the Hall-Petch effect appears of importance [63]. This means that 

optimal design for high thermal stability requires a high density of grain boundaries without 

compromising the maximum service time/temperature. Considering the properties of different types 

of grain boundaries [24], [25], CTB has a very low energy and mobility and is the most suitable 

boundary to achieve high mechanical strength and thermal stability [28], [64]. One could imagine a 

microstructure which is composed of only CTBs as shown in Fig. 13a. This ideal microstructure for 

a pure metal is practically impossible to obtain, because ITBs and g-HAGB cannot be avoided. G-

HAGBs can be avoided if large scale epitaxial growth is achieved with no nucleation of new 

crystals; on the other, formation of twin boundaries is dependant on nucleation growth of faulty 

positioned {111} crystallographic planes (ABCBA stacking instead of ABCAB). The contrasting 
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requirements of the electrodeposition process results in columnar grains containing twin lamellae, 

but not the ideal microstructure as shown in Fig. 13a. From a practical point of view, columnar 

grains and their boundaries are inevitable. Additionally, it was shown for copper that as-deposited 

nano-twins are inherently defective with kink-like steps and curvature, and the imperfections 

consist of incoherent segments and partial dislocations [65]. Thus, in practice the incoherent 

component cannot be fully avoided either and any practically achievable microstructural design 

must include ITB and g-HAGB. 

As discussed above, the incoherent component of a twin boundary is inherent but should be 

minimal. Comparing samples S1 and S2 shows that a lower ITB fraction increases the thermal 

stability of twin lamellae. Additionally, the formation of ITB upon annealing must be avoided. 

Hence, the five-fold junction of twin boundaries (as in sample S3), which inherently has internal 

strains is unfavorable with respect to thermal stability. It is noted that formation of ITBs is of 

importance mainly in the early stages of microstructural evolution as by moving and interacting 

with neighboring boundaries they lose their character. The result of interaction of a Σ3 boundary 

(ITB in this case) with a g-HAGB is a g-HAGB and when a Σ3 interacts with another Σ3 boundary 

the result is either a Σ1 (LAGB) or a Σ9 boundary [66]. So, when ITBs interact with their first 

neighbors they transform to one of the above-mentioned boundaries (g-HAGB, Σ1 or Σ9). 

Accordingly, even in microstructures of high density of twin boundaries, it is the interaction of a 

mobile g-HAGB with other boundaries that is most important (g-HAGB is either present at as-

deposited state and elevated temperatures become mobile or a g-HAGB is the result of interaction 

of an mobile ITB with a stationary g-HAGB). CTBs that constitute the majority of boundaries lack 

resistance to the g-HAGB motion, thus, for the optimization of thermal stability, the emphasis 

should not only be on the high density of CTBs but also on the network of g-HAGB. As indicated 

earlier, the g-HAGBs of columnar grains are thermodynamically unstable and the only practical 
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solution to reduce the kinetics of their eventual annihilation is by formation of energy barrier(s). As 

pointed out earlier, if three g-HAGBs form the 120˚ configuration, any movement of the triple 

junction increases the energy in the system, hence, this configuration is an energy barrier which 

makes the microstructure metastable. For thin samples it is possible to have a columnar grain 

covering the whole cross-section [67]. In this case, thepinning effects exerted by the deposit free 

surface and deposit/substrate interface adds to the stability of columns by hindering movement of g-

HAGBs. 

Accordingly, the optimal microstructure for high mechanical strength and thermal stability is a 

columnar microstructure in which columnar grain boundaries are of three-120˚ configuration, see 

Fig. 13b and c, and also, columnar grains encompass a very high number of CTBs and a very low 

number of ITBs (there is always ITBs associated with CTBs [65]). The nanotwins of the 

configuration shown in Fig. 13b are formed because of defects at very early stage of columnar grain 

formation while the configuration shown in Fig. 13c stems from the repeated faulty positioning of 

crystallographic planes during deposition. Controlling the twin density of the latter is significantly 

easier than the former; hence, most of nano twinned microstructures synthesized have the Fig. 13c 

configuration, which is often credited with being highly thermally stable [68], [28], [65], [69]. 

Synthesis of nickel electrodeposit with nano-twinned microstructure (Fig. 13c configuration) is 

successfully carried out by some of the authors. To achieve that, <111> fiber texture is necessary 

which cannot be achieved by simple alteration of pH and current density of electrodeposition and 

addition of other chemical compounds in the electrolyte is necessaty [35]. In addition to the 

alteration of texture and twin configurations, the columnar grain size significantly decreases. Hence, 

the microstructure is not comparble to the deposits investigated in this study and more comparabale 

to fully nanocrystaline material. Thermal stability of those will be published elsewhere, 
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nevertheless, the arguments provided above and the optimal design suggested in this paper are 

consitent with the experimenatl study of nano-twinned and nanocrystaline microstrutures. 

GBE is powerful tool to enhance materials propoerties and has been employed successfully in 

combating intergranular failure [70], specially in austenitic steels and nickel based superalloys [71]. 

Improving thermal stability by GBE is also reported in the litelature for austenitic steels, nickel 

based superalloys and copper [72]–[74], however, the subject has not gained the attention it 

deserves, yet. The mechanisms of microstrutural evolution and optimal microstrutural design  

proposed in this study outlines some important aspects to be considered for engineering FCC 

material, however, further in-depth studies is required for each material. For austenitic steels and 

super alloys, the role of alloying elements which is not considered for pure nickel is of partecular 

importance. 

5. Summary and Conclusions: 

The thermal stability of three nickel electrodeposits with comparable grain size and grain boundary 

characters, but different fractions of ITBs and their grain boundary networks, were synthesized with 

varying the electrodeposition conditions. High connectivity of Σ3n boundaries significantly lowers 

the thermal stability. The intrinsic faults in five-fold twin boundary junctions and associated stored 

energy provide the driving force for the transformation of CTB to highly mobile ITB. Mobile ITBs 

interact with g-HAGB and form a mobile g-HAGB. There is no significant drag on the motion of a 

mobile g-HAGB by a stationary CTB. Consequently, g-HAGBs that were present in the as-

deposited state become mobile (either because of the elevated temperature or by interaction with a 

mobile ITB) and can move freely and annihilate the high density of CTB boundaries. Stationary g-

HAGBs exert significant drag on the motion of g-HAGBs, hence, a fragmented network of g-

HAGB enhances grain growth. An equilibrium configuration of three g-HAGBs meeting with 120˚  

dihedral angles is stable since movement of any of the three increases the energy of the system. 
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High thermal stability and mechanical strength can be achieved when CTBs are contained within g-

HAGBs in three-fold 120˚ configurations. The density of ITBs must be as low as possible, i.e. must 

not exceed significantly the density that inherently is associated with CTBs. Additionally the 

density of crystallographic defects adjacent to CTBs must be low to prevent the evolution of CTB to 

ITB. 
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Table 1: Sample names and corresponding electrodeposition conditions. 

Sample name pH Current density [A dm-2] 

S1 4.5 2 

S2 4.5 5 

S3 2.0 10 

 

  

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

29 
 

Figure Captions: 

Figure 1: Orientation map color coded in relation with the electrodeposit’s growth direction (GD) 

shown by an arrow in the legend of the cross section of the layers from the layer/substrate interface 

to the surface; High angle grain boundaries are shown in black; (a) sample S1; (b) sample S2; (c) 

sample S3; 

Figure 2: Ion channeling contrast image obtained on the cross-section of the nickel layer in as-

deposited state covering from the substrate to the top surface of samples (a) S1 (b) S2 (c) S3. (d) 

Higher magnification of a typical region close to the substrate of sample S3. 

Figure 3: The square root functions, representing average horizontal intercept length of edge 

detected images shown in Figure 2 a-c. 

Figure 4: Length fraction of Σ1, Σ3, Σ9 and Σ1+Σ3+Σ9 to all boundaries as a function of distance 

from the layer/substrate interface for samples (a) S1, (b) S2 and (c) S3. 

Figure 5: (a) Ion channeling contrast image of the cross section of sample S1.  (b) Top view ion 

channeling contrast image of the sample S1. (c) 3-dimensional representation of microstructure of 

sample S1.  

Figure 6: A sequence of six ion channeling contrast imaging micrographs (marked 1–6) with an 

average distance of 70 nm between the sections. Two twin lamellae are marked by red and green 

dots in the consecutive micrographs. 

Figure 7: (a) Development of helical structure from tetrahedra sharing {111} planes, growing 

parallel to the growth direction. (b) From left to right, two to five face-sharing (also with shared 

{111} planes) helices. (c) A cross section along an arbitrary plane of five face-sharing helices 

shown in b. Note the similarity between the model and actual experimental result shown in Fig. 2d. 

Figure 8: Ion channeling contrast image of samples (a) S1-673, (b) S2-673 and (c) S3-673. 

Orientation map color coded in relation with the electrodeposit’s growth direction (GD) shown by 
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an arrow in the legend of the cross section of the layers samples (d) S1-873, (e) S2-873 and (f) S3-

873. All high angle grain boundaries are marked in black. The scale bar on the figures in 10 µm. 

Figure 9: (a) A low magnification bright field (BF) STEM micrograph of the investigated lamella. 

(b)-(d) Annular dark field (ADF) STEM images from three different locations marked on (a) by 

numbers 1, 2 and 3. Some of the jogs at the twin boundary (black arrows) are shown (c). (e) 

Electron diffraction pattern of the five crystallites shown in (b). (f) Bright field (BF) STEM image 

obtained at the same location as (b). Strain fields are revealed in BF STEM by darker contrast. (g) 

BF STEM and the corresponding Fourier-filtered image of the area enclosed by a white square 

revealing the dislocations. 

Figure 10: Experimental evidence of transformation of CTBs to ITBs by comparing before and after 

annealing. (a) Ion channeling contrast image of sample S3 as-deposited state. (b) Electron 

channeling contrast image of sample S3-573. (c) TKD image quality map in as-deposited state. (d) 

TKD image quality map of sample S3-673. Note that (a) and (b) are note the exact same location 

but comparable regions of the microstructure, however, (c) and (d) are exact same location and 

grain boundary shown in (c) has curved after annealing. (e) Grain boundary map of the sample S3-

673. Two highly curved Σ3 boundaries are marked by green arrows and advancing g-HAGBs are 

marked by red arrows. 

Figure 11: (a) Ion channeling contrast image (b) image quality map of EBSD and (c) orientation 

map of EBSD of sample S2. Note the higher resolution of ion channeling contrast image and the 

overlooked twin lamellae in EBSD orientation map. 

Figure 12: Schematic illustration of (a) Drag exerted by a stationary g-HAGB on the motion of a 

mobile g-HAGB. The motion is hindered at time=t3 when the three boundaries are at equilibrium. 

(b) Lack of drag exerted by a stationary CTB (shown in grey) on the motion of a mobile g-HAGB. 

The CTB extends its length and g-HAGB moves freely. (c) Drag exerted by several stationary g-
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HAGBs on the motion of a mobile g-HAGB reduces the kinetics of grain growth. (d) Lack of drag 

exerted by several stationary CTBs enhances the kinetics of grain growth. 

Figure 13: (a) An ideal microstructure composed of only coherent twin boundaries. Optimal 

microstructure with high population of coherent twin boundaries (green) encompassed by high 

angle grain boundaries (red) separated by 120˚. Twin boundaries are (b) parallel and (c) 

perpendicular to the growth direction. 
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Highlights: 

 Three nickel layers of comparable sub-micron grain size and also of comparable density of twin 

boundaries, but different grain boundary morphology are successfully electrodeposited.  

 By annealing nickel electrodeposits at various temperatures, it is found that the density of 

incoherent twin boundaries and the interaction of mobile grain boundaries with stationary 

boundaries are the dominant parameters influencing the thermal stability of nickel electrodeposits. 

 Based on the detailed experimental results, an optimal microstructural design consisting of 

coherent twin boundaries and general high angle grain boundaries is proposed to maximize 

thermal stability of face centered cubic materials with sub-micron grain size. 

ACCEPTED MANUSCRIPT



Graphics Abstract



Figure 1



Figure 2



Figure 3



Figure 4



Figure 5



Figure 6



Figure 7



Figure 8



Figure 9



Figure 10



Figure 11



Figure 12



Figure 13


