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CHAPTER

General Introduction

1-1. Background

1-1-1. Electrodeposition of Ni alloys

Electrodeposition is an important method to produce metallic coatings by applying

electric current or potential on a conductive material immersed in a solution containing

a salt of the metal to be deposited. Electrodeposition is widely applied in fabrication of

electronic components because of the ease in controlling the morphology, crystal

structure, composition and deposition rate of the electrodeposited materials [1-1~1-4].

For electrodeposition of Ni alloys, their property could be manipulated simply by

varying the electrodeposition parameters, such as the current density, bath composition,

additives and temperature [1-5, 1-6]. For instance, the grain size and composition of

alloys could be controlled by changing the current density, pulsed electrodeposition, the

use of ultrasound [1-7], or the use of additives [1-8] such as brighteners [1-9].

Electrodeposition is particularity effective in refining the average grain size to

nanoscale and decoration of non-uniform surfaces [1-10], which are advantageous in

fabrication of electronic components. By integrating electrodeposition technique with

lithography process, three dimensional components or metallic micro-patterns can be
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rapidly fabricated, and the production method is already applied in manufacturing

process of MEMS devices [1-11~1-13].

Electroless deposition and electrodeposition and physical vapour deposition

techniques (e.g. sputtering) are also common methods applied in fabrication of Ni alloy

films. However, physical vapour deposition methods are known to involve complex

processing sequence and high process cost. Electroless deposition and electrodeposition

methods are easily adoptable for production of electronic components because of the

low production cost and simple process. Among the two deposition methods,

electrodeposition offers a higher deposition rate, better crystallinity, higher stability of

the electrolyte and more uniform distribution of the second element in the metal matrix

when comparing with the electroless deposition method. For instance, the deposition

rate in electrodeposition is reported to be up to 600 times higher than the deposition rate

in electroless deposition [1-14]. Ni-B alloy deposition through an electroless method

also suffers from a low bath life.

Nickel-cobalt alloys are important functional materials due to their unique

magnetic and mechanical properties, and these characteristics could be well

manipulated when electrodeposition is applied [1-15~1-17]. The nickel-cobalt system

has shown advantageous properties compared to other ferrous metals, such as that the

magnetic characteristics can be shifted from soft magnetic to permanent magnetic for

cobalt rich alloy deposits [1-18]. Moreover, the electrodeposition process can be

integrated with photolithography process for fabrication of components in miniaturized

electronic devices, such as microelectromechanical systems (MEMS) devices [1-19,

1-20]. For example, nickel-cobalt alloys have been applied as the magnetic component
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in MEMS actuators [1-21]. An interesting finding in electrodeposition of Ni-Co alloys

is that the Co/(Co＋Ni) ratio in the electrodeposited alloy is considerably higher than

the ratio in the bath since the less noble constituent, which is cobalt here when compare

to nickel, is reduced and electrodeposited preferentially.

Electrodeposited Ni-based materials typically exhibit low thermal stability and lose

their high mechanical strengths after annealing at a relatively low temperature, which is

a major limitation in their applications. For example, the abnormal grain growth of

electrodeposited Ni can be observed after heat treatment of 200 °C for 2 h [1-22].

Incorporation of B is an effective method to enhance the mechanical strength, wear

resistance and thermal characteristic of Ni-based materials [1-23]. The formation of

intermetallic compounds, such as Ni3B or Ni2B, contributes to outstanding mechanical

performance by the precipitation strengthening mechanism in Ni-B plating. For instance,

Ni-B alloys are regarded as potential electrical contact materials in electronic and

semiconductor industries due to their electrical conductivity, erosion resistance and

solderability.

1-1-2. Anomalous codeposition

Electrodeposition of iron group metals is recognized to be an anomalous

codeposition process in an aqueous electrolyte [1-24]. Regarding the case of Ni-Co, the

anomalous behavior is represented by a much higher cobalt content in the deposits than

the Co ratio in the electrolyte. Studies have shown the hydrogen evolution reaction

(HER) plays an important role in the electrodeposition of iron group metals [1-25]. The

electrodeposition of iron-group alloys is followed by a local pH rise near the electrode
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surface since H2 is evolved simultaneously with the reduction of iron-group metal ions.

With an increase in the near-cathode concentration of OH-, metal ions would undergo

hydrolysis reaction and lead to the formation and adsorption of metal hydroxide ions on

the cathode surface. Due to a higher adsorption ability of the Co(OH)+ than that of the

Ni(OH)+ [1-5], the reduction of Co is favored while the reduction of Ni is inhibited. The

mechanism is reported as:

M2+ + OH-→MOH+ (1-1)

MOH+ →MOHads+ (1-2)

MOHads+ + 2e-→M(s) + OH- (1-3)

where M indicates Ni or Co atoms. Bai et al. have reported controls of the

anomalous electrodeposition through the method of pulse-reverse plating and

controlling the composition of the electrolyte, pH, electrodeposition potential and time

[1-6]. It is reported that the alloy electrodeposition of Ni-Co alloys with a deep eutectic

solvent-based electrolyte does not follow the anomalous codeposition process [1-26].

This indicates a different electrodeposition mechanism for non-aqueous baths due to an

absence of the HER.

1-1-3. Mechanical property strengthening

Mechanical property characterization of materials applied in electronic devices is

necessary for design of the structure components since the reliability and structure

stability of the component are highly dependent on the mechanical property. For

metallic materials, the mechanical property is closely related to its average grain size
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according to the grain boundary strengthening mechanism. When dislocations moving

and encountering a grain boundary, atomic mismatch between different grains creates a

stress field to oppose dislocation motion. Lower dislocations per grain makes lower

pressure at grain boundaries, which makes dislocation propagation harder. In many

cases, the microhardness is dependent on the average grain size according to the

Hall-Petch relationship. According to the Hall-Petch relationship, significant

strengthening in metallic materials is obtained by refining the average grain size to

nanoscale (below 100 nm) when compared with coarse-grained counterparts. Some of

unique properties observed in nanocrystalline materials including enhanced wear

resistance and decreased coefficient of friction are also in part attributed to the grain

size effect caused by the increased interfacial defect volume fraction.

Alloying allows utilization of the solid solution strengthening mechanism to allow

further enhancement of the mechanical strength [1-27]. When solute atoms are

introduced, local stress fields are formed that would interact with the dislocations,

impeding their motion and causing an increase in the mechanical strength. Usually, the

solid solution strengthening mechanism observed in nanocrystalline alloys is expected

to be the same as that in a coarse-grain alloy, and strengthening effect is known to be

mostly depended on composition in a binary alloy system. For Ni-Co alloys, Ni and Co

form a solid solution over the whole concentration range due to their close element

numbers and similar atom structures, which makes the alloy promising in manipulating

the property toward practical applications.
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1-1-3. Specimen size effect

The strengths of metallic materials are known to be dependent on the specimen

sizes on micro-scale or nano-scale, which is known as the specimen size effect

[1-28~1-30]. For example, in single crystal face centered cubic metals, the

strengthening is observed when the extrinsic sample dimensions are reduced below the

required distance for dislocation self-duplication. In this case, the conventional

dislocation propagation mechanism ceases and the materials are left in a

“dislocation-starved state”, making the deformation process harder and leading to a

size-dependent strength response (Greer et al., 2005) [1-31]. The effect can be described

by a power law dependence, σ ∝ D−n, where σ is the strength, D is the specimen size

and n is a scaling exponent.

In design of structure components in electronic devices, the mechanical property

characterization is critical to understand the reliability and structure stability of the

structure component. Thus, the specimen size effect has to be considered in the design

of micro-scale components in miniaturized devices, such as micro-electro-mechanical

system (MEMS) devices.

1-2. Thesis objective

In this thesis, Ni-Co and Ni-B alloy films were fabricated by eletrcodeposition

method. Electrodeposition provides controlling over the morphology, crystal structure,

composition and deposition rate of the electrodeposited materials. For electrodeposition

of Ni alloys, their property are manipulated simply by varying the electrodeposition

parameters, such as the current density, bath composition, additives and temperature.
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Especially the effects of additive NaBr on the Ni-Co electrodeposition are studied in

this work, the cathode reduction process is also investigated by electrochemical analytic

methods.

Alloy electrodeposition allows the utilization of grain boundary strengthening,

solid solution strengthening and precipitation strengthening mechanism to realize the

enhancement of their mechanical strength. Emerging focused ion beam milling and

micro-mechanical testing technology provide ways for precise evaluation of the

mechanical property on micro- and nano-scale. The micro-mechanical strength and

deformation behaviors of Ni alloys are investigated through micro-compression tests.

1.3 Thesis overview

To accomplish the objectives of this thesis, the following chapters are established.

In Chapter 1, backgrounds of electrodeposition process, applications of Ni-Co

and Ni-B alloys and mechanical property characterization are addressed. After the

background, the motivation and objective of this thesis are described.

In Chapter 2, effects of the applied current density and additives on the average

grain size, composition, and mechanical properties of electrodeposited Ni-Co alloy

deposits are evaluated. The strengthening effects related to the composition and grain

size are discussed.

In Chapter 3, the mechanical properties of nickel-cobalt alloys on the micro-scale

were evaluated for the application as micro-components in miniaturized electronic

devices. The mechanical properties on the micro-scale were evaluated by
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micro-compression test using micro-pillar type specimens fabricated by focused ion

beam system to take the sample size effect into consideration. The yield strength of the

nickel-cobalt alloy revealing influences from the sample size, grain boundary

strengthening and solid-solution strengthening effects.

In Chapter 4, effects of the bromide ions in Ni-Co electrodeposition are

investigated by electrochemical analytical methods, such as cyclic voltammetry and

linear sweep voltammetry. Effects of the pH are also examined since formation of the

metal hydroxides plays an important role in the Ni-Co alloy electrodeposition.

In Chapter 5, Ni-B alloy films with the B content ranged from 2.8 at.% to 14.3

at.% were electrodeposited by controlling the current density. Micro-compression test

was conducted to appraise the micro-mechanical strength. The mechanical strength and

deformation behavior are determined by the micro-compression test. In addition, effects

of the heat treatment on the crystalline structure and mechanical properties of the

electrodeposited Ni-B alloy films are evaluated to clarify the thermal stability.

In Chapter 6, the specimen size effect on mechanical properties of

electrodeposited nickel-boron alloys is evaluated by micro-compression test using

non-tapered pillar type micro-specimens. The mechanical strength is determined from

the engineering stress-engineering strain curve generated from the micro-compression

test. Micro-specimens with different sizes are fabricated from the as-electrodeposited

and annealed Ni-B alloys by focus ion beam system.
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CHAPTER

Electrodeposition of Ni-Co Alloy Deposits

2-1. Introduction

Electrodeposition is widely applied in fabrication of metallic materials because of

the ease in controlling the morphology, crystal structure, composition and deposition

rate of the electrodeposited materials. For electrodeposition of Ni-Co alloys, the

property could be manipulated simply by varying the electrodeposition parameters,

such as the current density, bath composition, and temperature [2-1, 2-2]. For instance,

the grain size of alloys could be controlled by changing the current density, pulsed

electrodeposition, the use of ultrasound [2-3], or the use of additives [2-4] such as

brighteners [2-5]. An interesting finding in electrodeposition of Ni-Co alloys is that the

Co/(Co＋Ni) ratio in the electrodeposited alloy is considerably higher than the ratio in

the bath since the less noble constituent, which is Co here when compare to Ni, is

reduced and electrodeposited preferentially [2-1]. Electrodeposition is particularity

effective in refining the average grain size to nanoscale and decoration of non-uniform

surfaces [2-6], which are advantageous in fabrication of electronic components [2-7].

By integrating electrodeposition technique with lithography process, three dimensional
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components or metallic micro-patterns can be rapidly fabricated, and the production

method is already applied in manufacturing process of MEMS devices [2-8].

2-2. Experimental

Ni-Co alloys were electrodeposited from a sulfamate-based bath. The bath was

composed of 270 g/L Ni(SO3NH2)2 · 4H2O, 30 g/L Co(SO3NH2)2 · 4H2O, and 40 g/L

H3BO3, 10 g/L NiBr2 and 0.5 vol.% NSF-E, which was a surface brightener provided

by Nihon Kagaku Sangyo Co., Ltd., Japan. The bath was kept at 50 ℃ and kept

stirring using a magnetic stirrer during electrodeposition. Direct currents with the

current density ranged from 5 to 20 mA/cm2 were applied. The Ni-Co alloys were

electrodeposited on 99.96% copper substrates (Kikuya PM Co., Ltd.) in a size of

10×10 mm2. A piece of 99.95% platinum plate (Kikuya PM Co., Ltd.) was used as the

counter electrode. A schematic of the electrodeposition is shown in Fig. 2-1.

Crystalline structure of the Ni-Co alloy deposits was characterized by X-ray diffraction

(XRD, Ultima IV, Rigaku Corp., Tokyo, Japan), the X-ray was generated by a copper

target operated at 40 kV and 40 mA. The average grain size (d) was determined using

the XRD result in conjunction with the Scherrer equation.

Microhardness tests were conducted on a micro hardness tester (HMV-G20S,

Shimadzu Corp., Kyoto, Japan) using a load of 0.100 kg (HV 0.100), and a loading

time of 15 s. Microhardness results reported were average values of 5 points located in

the center and four corners of the alloy deposit. The Ni-Co alloy

electrodeposited copper substrates were cut into slices to show cross-section of the

deposits. The surface morphology and microstructure of the alloy deposits were

https://www.sciencedirect.com/topics/engineering/magnetic-stirrer
https://www.sciencedirect.com/topics/physics-and-astronomy/electrodes
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investigated using a scanning electron microscope (SEM, SU4300SE Hitachi Co., Ltd.,

Japan). The composition was analyzed by energy dispersive X-ray spectroscopy

system (EDX, EMAX EX-250 Horiba Co., Ltd., Kyoto, Japan) equipped in the SEM.

2-3. Grain size and composition of Ni-Co alloy deposits

Ni-Co alloys, pure Ni and Co deposits obtained in this study all exhibit XRD peaks

corresponding to the (111), (200), and (220) planes in the face-centered cubic (FCC)

structure as shown in Fig. 2-2. The (111) diffraction peak was the highest for all the

Ni-Co alloys. Average grain sizes of these alloys were estimated from the (111)

diffraction peaks using the Scherrer equation.

Grain sizes of the Ni-Co alloy deposits obtained from the bath containing no

additive (A samples, ●) increased as the current density increased as shown in Fig. 2-3.

Grain refinement was observed after addition of NiBr2 (B samples, ■) into the bath. For

instance, the grain size decreased from 21.6 to 19.2 nm after addition of NiBr2 when 5

mA/cm2 was used. Halides, such as bromide in this study, are reported to act like a

weak suppressor in electrodeposition that would cause an increase in the overpotential

of reduction reactions [2-9, 2-10], and an increase in the overpotential would favor the

nucleation and leads to grain refinement of the deposit [2-11]. For the Ni-Co alloys

obtained from NiBr2-containing bath, the grain size firstly increased and then decreased

when varying the current density from 5 to 20 mA/cm2. The initial increase may be due

to higher grain growth rate by increasing current density. Then, the reduction in grain

size may also be related to higher overpotential, which would cause an increase in

nucleation rate with high current density. NSF-E is a surface brightener, and surface
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brightener are also one type of suppressors that causes the grain refinement effect.

Hence, further grain refinement was observed in the Ni-Co alloy deposits after addition

of the NSF-E.

Co content in the Ni-Co alloy deposits increased as the current density increased

when using the bath without the two additives as shown in Fig. 2-4. The standard

reduction potential of Co (-0.28 V vs SHE [2-12]) is more negative than that of Ni

(-0.257 V vs SHE [2-12]). Therefore, it is expected to see an increase in the Co content

following an increase in the current density. For the Ni-Co alloys electrodeposited with

the bath containing NiBr2, Co content in the alloy deposit significantly increased from

roughly 20 to 60 at.% when compared with A samples. This result again revealed that

bromide ions in the bath would work like the suppressor to cause an increase in the

overpotential that favors reduction of cobalt. Regarding the effect of current density in

B samples, the Co content decreased as the current density increased. This tendency was

unexpected, but similar results were reported in Ni-Co alloys electrodeposited from a

bath containing the suppressors [2-13]. Ni-Co alloys obtained from the bath containing

both NiBr2 and NSF-E had a higher Co content than those in B samples

electrodeposited at the same current density, and the Co content also slightly decreased

as the current density increased.

As shown in Fig. 2-5, surface morphologies of Ni-Co alloys electrodeposited

without addition of the two additives showed granular morphology, and no obvious

change was observed when increasing the current density from 5 to 10 mA/cm2. In Fig.

2-6(a), the Ni-Co alloy deposit electrodeposited with the bath containing NiBr2 showed

plate-like morphology when the current density was at 5 mA/cm2. The morphology
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changed to a mixture of edge-rich morphology and granular particles as the current

density increased to 10 mA/cm2. Then, as the current density increased to higher than 12

mA/cm2, the morphology became granular particles completely as shown in Fig. 2-6(c)

and (d). The change from plate-like morphology to granular morphology as the current

density increased could be explained by the classic nucleation model. The surface

energy of crystalline solids is usually anisotropic, and the applied potential involved in

the reduction reaction would be lowered as the current density lowered according to the

Butler-Volmer equation. This implies at a low current density, the Ni-Co alloy would

have a preferred growth direction that leads to the edge-rich morphology, however, the

energy involved in reduction of Ni-Co alloy could be high enough to result the granular

morphology at a high current density. After addition of the brightener (NSF-E), the

surface of both (NSF-E, Br-) and (NSF-E) samples became smooth and showed no sign

of uniform granular particles as shown in Fig. 2-7.

2-4. Hardness of Ni-Co alloy deposits

The hardness values versus the average grain sizes were plotted in Fig. 2-8.

Refinement in the average grain size was observed after introduction of the surface

brightener (NSF-E) when comparing results between the alloys electrodeposited with

the bath only (yellow cross symbol) and with the NSF-E (black diamond symbol). The

same trend was observed between the NiBr2 case (blue cycle symbol) and the

NiBr2+NSF-E case (orange triangle symbol). For instance, the grain size decreased from

20.9 to 13.6 nm after addition of NSF-E into the sulfamate bath when a current density

of 20 mA/cm2 was used.
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Generally, strengthening in the Ni-Co alloys was observed as the grain size

reduced in this study, which revealed contribution of the grain boundary strengthening

mechanical. Data points located at the left of the figure, that is the fine grain size region,

showed relatively higher micro-hardness values. The tendency followed the Hall-Petch

relationship well.

As shown in Fig. 2-9, values of the Co content in the Ni-Co alloys were all higher

than the concentration of Co ions in the sulfamate bath. It is reported that the

Co/(Co+Ni) ratio in the deposits is considerably higher than the ratio in the bath in

electrodeposition of Ni-Co alloys since the less noble constituent in the bath, which is

Co in this study when compare to Ni, tends to be reduced and electrodeposited

preferentially. After addition of the surface brightener, NSF-E, the Co content increased

by ca. 20 at.%.

On the other hand, the effect of NiBr2 on the Co content was unexpected. The Co

content in the deposit significantly increased from roughly 20 to 60 at.% when

comparing between the alloy obtained with the sulfamate bath only and the NiBr2 cases.

An obvious increase in the Co content was also observed when adding NiBr2 into the

bath containing NSF-E as shown in Fig. 2-9. Hence the change was suggested to be

caused by the bromide ions. Bromide ions in the bath could work like the suppressor to

cause an increase in the applied potential that favors reduction of cobalt.

Generally, the micro-hardness increased following an increase in the Co content as

shown in Fig. 2-9, which reveal the strengthening contributed by the solid-solution

strengthening mechanism. Besides, a relatively fine grain size and low Co content was
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obtained for the alloy deposited with only the NSF-E (black diamond symbol), and still,

it showed a high micro-hardness value within this study which is closer to the alloys

obtained with NSF-E+NiBr2 (orange triangle symbol). This finding indicated a stronger

contribution from the grain boundary strengthening on the overall mechanical strength

than that from the solid solution strengthening.

2-5. Chapter Summary

Ni-Co alloy deposits were electrodeposited in a sulfamate bath. The Ni-Co alloy

deposits showed granular morphology except the one electrodeposited with the bath

containing NiBr2 and the current density at 5 mA/cm2, which the surface showed

plate-like morphology. Refinement in the average grain size was observed after

introduction of NiBr2 and a surface brightener (NSF-E) into the bath. The Co content

increased from ca. 20 to 60 at.% after addition of NiBr2 and NSF-E into the bath. The

microhardness was confirmed to be affected by both of the grain size and the Co content,

and the dependency was higher on the grain size. The microhardness reached 862.2 Hv

in a Ni-Co alloy deposit having 13.0 nm grain size and 66.64 at.% Co content.
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Fig. 2-1 The schematic of the electrodeposition process.
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Fig. 2-2 XRD patterns of Ni-Co alloys deposited with current density at 15 mA/cm2 and

the bath containing (a) no additives, (b) NiBr2, (c) NSF-E and (d) both NiBr2 and

NSF-E.
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Fig. 2-3 The relationship between the current density and grain size.
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Fig. 2-4 The relationship between the current density and Co content.
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Fig. 2-5 SEM images of Ni-Co alloys electrodeposited without the additives at (a) 5 and

(b) 10 mA/cm2.
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Fig. 2-6 SEM images of Ni-Co alloys electrodeposited with the bath containing NiBr2

and current density at (a) 5, (b) 10, (c) 12 and (d) 20 mA/cm2.
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Fig. 2-7 SEM images of Ni-Co alloys electrodeposited with the bath containing both

NiBr2 and NSF-E and current density at (a) 12, (b) 15 mA/cm2 and (c) containing only

NSF-E at 15 mA/cm2.
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Fig. 2-8 The relationship between the average grain size and micro-hardness.
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Fig. 2-9 The relationship between the Co content and micro-hardness.



33

CHAPTER

Anomalous Codeposition of Ni-Co Alloys and

Effects of Bromide Ions

3-1. Introduction

With the growing demand for more efficient production of industrial electronic

devices, high speed electrodeposition is regarded as an important technique for

manufacturing of components in electronic devices. For instance, electrodeposition can

be integrated with photolithography process to fabricate micro-gears and memory

devices [3-1~3-3]. Ni-Co alloys are promising materials toward electronic components

because of the excellent magnetic, mechanical, and corrosion properties, and these

properties of Ni-Co alloys are highly dependent on their composition and

micro-structure. For Ni-Co alloys prepared by electrodeposition, the composition and

micro-structure could be manipulated by controlling process variables such as pH,

additives, and applied current density [3-4~3-8].

Electrodeposition of Ni-Co is known to be an anomalous codeposition process in

an aqueous electrolyte. The anomalous behavior is represented by a much higher cobalt

content in the deposits than the Co ratio in the electrolyte. It has been reported that the

hydrogen evolution reaction plays an important role in the electrodeposition of iron

group metals.
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Halide ions are used as weak suppressors in the electrodeposition of iron group

metals to improve the deposit quality [3-9]. Bromide ions are reported to promote the

dissolution of the anode by destabilizing the passive film on its surface and lower the

internal stress of the deposits [3-10]. In case of the alloy electrodeposition of Ni-Co

alloys, the Co content was confirmed to greatly increase after the addition of bromide

ions (NiBr2) in a previous work [3-11]. Addition of nickel ions into the electrolyte is

expected to cause an increase in the nickel content in the deposits. However, an

unexpected result was obtained. Therefore, the increased cobalt content is suggested to

be caused by the increased bromide ion concentration.

The effects of bromide ions in alloy electrodeposition of Ni-Co alloys are

interesting, but the mechanism is still not clarified. In this study, NaBr is used as the

additive in the alloy electrodeposition to maintain a constant nickel ion concentration in

the electrolyte. Effects of the bromide ions are investigated by electrochemical

analytical methods, such as cyclic voltammetry and linear sweep voltammetry. Effects

of the pH on the alloy electrodeposition are also examined.

3-2. Experimental

The alloy electrodeposition was conducted by the galvanostatic method, and

continuous stirring of the bath with a cross-shape magnetic stirrer was conducted.

99.96% copper plates (Kikuya PM Co., Ltd., Tokyo, Japan) were used as the substrates

in the alloy electrodeposition. The reaction time was 30 min. The substrates were

pretreated in 0.1 M hydrochloric acid (Kanto Chemical Co., Inc., Tokyo, Japan) for 1

min to remove contaminants on the surface, such as oxides. The anode electrode was a
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99.95% platinum plate (Kikuya PM Co., Ltd., Tokyo, Japan). The alloy

electrodeposition was performed at 50 ℃ with a sulfamate-based bath. Ni(SO3NH2)2,

Co(SO3NH2)2, NaBr and NaCl were all purchased from Kanto Chemical Co., Inc.,

Tokyo, Japan. Seven types of the electrolyte were prepared to investigate effects of

bromide ions. The compositions are provided in Table 1. Unless stated otherwise, pH of

the electrolyte was adjusted to 4 in this study. The pH was adjusted by KOH and H2SO4

(Kanto Chemical Co., Inc., Tokyo, Japan).

Table 1 Composition of different Ni-Co sulfamate electrolytes.

Electrolyte Ni(SO3NH2)2 Co(SO3NH2)2 NaBr NaCl

No. 1 0.9 M － － －

No. 2 － 0.9 M － －

No. 3 0.8 M 0.1 M － －

No. 4 0.9 M － 10 g/L －

No. 5 － 0.9 M 10 g/L －

No. 6 0.8 M 0.1 M 10 g/L －

No. 7 0.8 M 0.1 M － 10 g/L

Crystalline characteristics of the Ni-Co alloys were evaluated by an X-ray

diffractometer (XRD, Ultima IV, Rigaku Corp., Tokyo, Japan). The surface
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morphology of the alloy deposits was investigated by a scanning electron microscope

(SEM, SU4300SE Hitachi Co., Ltd., Japan). The composition was evaluated by an

energy dispersive X-ray analyzer (EDX, EMAX EX-250, Horiba) equipped in the SEM.

The current efficiencies were measured by sample weighing before and after

galvanostatic electrodeposition at 200 A/m2. Linear sweep voltammetry (LSV) and

cyclic voltammetry (CV) methods were conducted to study the electrochemical

characteristics of the alloy electrodeposition. In LSV and CV experiments, the scan rate

was set at 10 mV/s unless stated otherwise, the scan range was basically set from -1.2 V

to the open circuit potential (-0.4V ~ -0.2V). A Ag/AgCl/saturated KCl electrode was

used as the reference electrode, and a Pt plate was used as the counter electrode.

3-3. Surface morphology and Co content

Surface morphologies of the Ni-Co alloys electrodeposited with and without the

addition of NaBr are shown in Fig. 1. The alloy deposited without any additives (No. 3

electrolyte) showed a surface morphology of relatively small particle-like structures,

and the surface morphology changed to relatively large plate-like structures after the

addition of NaBr (No. 6 electrolyte). The change in the surface morphology suggested

the nucleus density was lowered or the homogeneous nucleation was promoted after the

addition of NaBr. Bromide ions in the electrolyte are expected to work as weak

accelerators [3-12, 3-13], and this eventually leads to a lowered nucleus density and the

plate-like structures.

The correlation between the Co content and current density in the electrodeposited

Ni-Co alloys is plotted in Fig. 2. Values of the Co content were at roughly 30 at.% when
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using the sulfamate electrolyte (No. 3 electrolyte) without any additives. The nickel ion

concentration in the electrolyte was 8 folds of that of the cobalt ion concentration, and

the cobalt/nickel ratio in the deposit was higher than the value in the electrolyte. This

result demonstrated the anomalous codeposition behavior. Cobalt is a less noble metal

when compared with nickel, and the potential at cathode is expected to be more

negative following an increase in the applied current density. Therefore, the Co content

is expected to increase following an increase in the applied current density. However,

the Co contend was lowered as the current density increased from 100 A/m2 to 200

A/m2. This finding confirmed the deposition of metallic nickel and cobalt were not

directly from the Ni(II) ions and Co(II) ions in the electrolyte, and generations of the

intermediate hydroxides is a possible explanation of the anomalous codeposition

behavior. Also, the anomalous codeposition behavior became less predominant when a

higher current density is used.

The Co content increased to roughly 60 at.% after the addition of NaBr (No. 6

electrolyte), and it gradually decreased following an increased in the current density,

which is similar to the cases without adding any additives. This result confirmed the

promoted anomalous codeposition behavior observed in the previous study [17] was

caused by the bromide ions. On the contrary, no obvious change in the Co content was

observed with the addition of NaCl (No. 7 electrolyte) when compared with the no

additive case. This suggested chloride ions could not promote the anomalous

codeposition behavior as that observed in the bromide ion case.

Effects of the pH on the Co content is illustrated in Fig. 3. The anomalous

codeposition behavior was observed when varying the pH use the electrolyte without
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any additives. The Co content slightly decreased following an increase in the pH. Harris

et al. have reported a similar trend, which the Ni mass ratio of the deposit decreases at a

lower pH in Ni-Fe alloy electrodeposition. Also, by the idea that the intermediate

hydroxides play a role in the alloy electrodeposition, this finding is consistent with the

Grande and Talbot’s model, which a decrease in the pH leads to a decrease in the

concentration and reduction rate of nickel hydroxide species [3-14]. After introduction

of the NaBr, the decrease in the Co content following an increase in the pH became

more obvious, which reveals a low pH environment and the presence of bromide ions

resulted a synergistic effect to the anomalous codeposition behavior.

3-4. Crystalline structure

XRD measurement was conducted to characterize the crystalline structure of the

Ni-Co alloys. The XRD patterns of the Ni-Co alloys deposited at different pH are

shown in Fig. 4. In all alloys, the peaks with the strongest intensity were the peaks at 2θ

= ca. 44.5°, which can be indexed to the Ni-Co fcc (111) plane. The other two distinct

peaks were indexed to the fcc (200) and fcc (220) at approximately 2θ = 52.0° and 76.5°,

respectively. No obvious shift in the peaks was found when varying the pH. The XRD

patterns of the alloy obtained from the electrolyte containing NaBr were similar to the

case of the electrolyte without any additive. A slight shift in the fcc (111) peak of ca.

0.07° was confirmed as shown in Table 2. This could be explained by the difference in

the Co content in the Ni-Co alloys. The XRD peaks were shift toward a lower angle

(toward the Co diffraction angle) because of an increase in the Co content after the

introduction of bromide ions.



39

Table 2 XRD Major peak position of the alloys electrodeposited at 200 A/m2 and various

pH with and without the addition of NaBr.

pH 2.0 4.0 8.0 12.0

Additive Major peak position (°)

－ 44.43 44.47 44.43 44.45

NaBr 44.35 44.38 44.40 44.39

3-5. Electrochemical characteristics

CVs of the six electrolytes (No.1 to No. 6) are shown in Fig. 5. For the pure nickel

electrolyte (No. 1 and No. 4) shown in Fig. 5(a), the cathodic current densities

decreased after the addition of NaBr. This suggested the bromide ions worked as the

suppressor inhibiting the reduction of nickel. This suggestion was supported by the

change in the current efficiency. The current efficiency of the pure nickel samples

decreased from 89.8% to 86.5% after the addition of NaBr. One interesting finding is

that a reduction peak was observed in the range of -0.8 V ~ -1.0 V, and this peak only

appeared in the positive sweep. For the pure cobalt, the cathodic current densities

slightly increased after introducing bromide ions into the electrolyte as shown in Fig.

5(b), and the current efficiency increased from 89.0% to 90.6%, which confirmed the

bromide ions worked as the accelerator in the reduction of cobalt. Regarding the
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electrolyte containing both of the nickel and cobalt ions, the accelerator effect was

observed after the introduction of bromide ions. In addition, the reduction peak

observed in the pure nickel case no longer existed in the alloy electrodeposition. Nickel

and cobalt have close standard reduction potentials (E°Ni = −0.250 V, E°Co = −0.277 V vs.

SHE), hence the cathodic current densities were basically at the same level when

comparing between the pure nickel, pure cobalt and Ni-Co cases.

In order to clarify the cause of the reduction peak observed in the pure nickel case,

CVs were performed with the pure Ni electrolyte without the addition of NaBr at

different pH. In Fig. 6(a). the peak disappeared when the pH was at 2. Also, the area

between the negative and positive sweeps enlarged following an increase in the pH.

This finding suggests that the peak is closely related to the pH and is very likely to be

results of the formation and reduction of the nickel hydroxide species. The effect of the

scan rate on the reduction of pure nickel was also checked to confirm this. The LSVs

are shown in Fig. 7. The reduction peak gradually disappeared as the scan rate

decreased from 40 mV/s to 5 mV/s, which indicates the peak is a diffusion limit peak.

The intermediate hydroxides are highly active and unstable, and the generation is

promoted when there is an increase in the concentration gradient of the OH- ions from

surface of the cathode to the bulk. The concentration gradient is caused by the hydrogen

evolution reaction at cathode. Therefore, a higher scan rate leads to a larger

concentration gradient of the OH- ions and the more pronounced reduction peak.

The mechanism of Ni-Co alloy electrodeposition with bromide ions as the additive

can be summarized as following: reduction of the nickel and cobalt ions can be shown

as:
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M2+ + e- → (M+)ads (3-1)

(M+)ads + e- →M (3-2)

Besides this basic reaction mechanism, reduction of the noble and active species (Ni2+

and Co2+ in this case) also happens as:

Ni2+ + Co2+ + e－ → [(NiCo)3+]ads (3-3)

[(NiCo)3+]ads + e－ → Co + Ni2+ (3-4)

reaction (3-3) and (3-4) are reductions in which Ni2+ and Co2+ ions interact with each

other. [(NiCo)3+]ads are reported to act as the catalyst to provide another pathway for the

electrodeposition of cobalt. The hydroxide species, [(NiCo)3+]ads, (Co+)ads and (Ni+)ads

intermediates would compete for the active sites on cathode, and the competition

between these adsorbed intermediate species is considered to be the main cause of the

anomalous codeposition behavior.

After the introduction of bromide ions, the anomalous codeposition behavior was

further promoted. In reduction of iron group metals involving two consecutive

one-electron charge transfers, the participation of anions leads to the formation of

adsorbed complexes as following [3-14]:

M2+ + X-→ (M-X)+ (3-5)

(M-X)+ + e-→ (M-X)ads (3-6)

(M-X)ads + e-→M + X- (3-7)
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The anion X- could be halide ions (Br-). In the electrodeposition, (M-X)+ species could

also occupy valid active sites on the cathode. It is reported that high-spin cobalt

complexes with three unpaired electrons are more labile than that of nickel [3-14].

Hence, the cobalt halide complex is expected to be more active than nickel halide

complex formed on the cathode, and explains the preferential reduction of Co2+ over

that of the Ni2+ reduction.

In addition to the above mechanisms, metal-hydrogen codeposition also takes place

simultaneously. In the presence of bromide ions, this side reaction can be assumed as

[3-15]:

(M-Br)ads + xH+ + (x-1)e- →M-Hx + Br- (3-8)

Likewise, cobalt intermediate species are more readily absorbed and reduced,

resulting in the formation of Co-enriched electrodeposits. This may clarify why

lowering the pH of the electrolyte further promoted the anomalous codeposition

behavior due to the formation of complexes between cobalt and bromide.

3-6. Chapter Summary

Effects of bromide ions in the Ni-Co alloy electrodeposition were studied. The

presence of bromide ions further promoted the anomalous codeposition behavior in

Ni-Co alloy electrodeposition, and led to a significant increase in the Co content, which

the Co content increased from 30 at.% to 60at.% after the addition of NaBr. The

bromide ions were found to work as the accelerator in the reduction of cobalt and

suppressed the reduction of nickel. By change pH of the electrolyte, the alloy

electrodeposition was confirmed to be affected by the hydroxide intermediates
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generated at cathode. The anomalous codeposition behavior was found to be promoted

in a lower pH environment. The introduction of bromide ions and the low pH

environment resulted a synergistic effect to the anomalous codeposition behavior.



44

Reference

3-1. D. Golodnitsky, N. V. Gudin, G. A. Volyanuk, Cathode Process in Nickel-Cobalt

Alloy Deposition from sulfamate electrolytes — Application to Electroforming, Plating

surf. finish. 85 (1998) 65-73.

3-2. T. Horiuchi, Y. Furuuchi, R. Nakamura, K. Hirota, Micro-gear fabrication using

optical projection lithography on copper-clad plastic substrates and electroplating of

nickel. Microelectron. Eng. 83 (2006) 1316-1320.

https://doi.org/10.1016/j.mee.2006.01.083.

3-3. Y. Li, X. Pan, Y. Zhang, X. Chen, Write-Once-Read-Many-Times and Bipolar

Resistive Switching Characteristics of TiN/HfO2/Pt Devices Dependent on the

Electroforming Polarity, IEEE Electron Device Lett., 36 (2015) 1149-1152.

https://doi.org/10.1109/LED.2015.2477421.

3-4. D. -Y. Park, K. S. Park, J. M. Ko, D. -H. Cho, S. H. Lim, W. Y. Kim, B. Y. Yoo, N.

V. Myung, Electrodeposited Ni1-xCox Nanocrystalline Thin Films: Structure-Property

Relationships, J. Electrochem. Soc. 153 (2006) C814. https://doi.org/10.1149/1.2353792

3-5. T. Fujimura, M. Kunimoto, Y. Fukunaka, T. Homma, Analysis of the hydrogen

evolution reaction at Ni micro-patterned electrodes, Electrochim. Acta 368 (2021)

137678 https://doi.org/10.1016/j.electacta.2020.137678.4.

3-6. E. Tamburri, F. Toschi, V. Guglielmotti, E. Scatena, S. Orlanducci, M. Letizia

Terranova, Nanofabrication by electrochemical routes of Ni-coated ordered arrays of

carbon nanotubes, J. Nanopart. Res. 11 (2009) 1311–1319.

https://doi.org/10.1007/s11051-008-9520-y



45

3-7. T. M. T. Huynh, F. Wess, N. T. M. Hai, W. Reckien, T. Bredow, A. Fluegel, M.

Arnold, D. Mayer, Hu. Keller, P. Broekmann, On the role of halides and thiols in

additive-assisted copper electroplating, Electrochim. Acta 89 (2013) 537-548.

https://doi.org/10.1016/j.electacta.2012.10.152

3-8. Y. Tsuru, M. Nomura, F.R. Foulkes, Effects of chloride, bromide and iodide ions

on internal stress in films deposited during high speed nickel electroplating from a

nickel sulfamate bath, J. Appl. Electrochem. 30 (2000) 231-238.

https://doi.org/10.1023/A:1003970925918

3-9. W. C. Grande and J. B. Talbot, Electrodeposition of Thin Films of Nickel‐Iron: II.

Modeling, 140 (1993) 675. https://doi.org/10.1149/1.2056141

3-10. W. C. Grande and J. B. Talbot, Electrodeposition of Thin Films of Nickel‐Iron: I .

Experimental, J. Electrochem. Soc.140 (1993) 669. https://doi.org/10.1149/1.2056140

3-11. A. Karimzadeh, M. Aliofkhazraei, F. C. Walsh, A review of electrodeposited

Ni-Co alloy and composite coatings: Microstructure, properties and applications, Surf.

Coat. Technol. 372 (2019) 463-498. https://doi.org/10.1016/j.surfcoat.2019.04.079

3-12. N. Zech, E. J. Podlaha D. Landolt, Anomalous Codeposition of Iron Group Metals:

I. Experimental Results, J. Electrochem. Soc. 146 (1999) 2886.

https://doi.org/10.1149/1.1392024

3-13. M. Matlosz, Competitive Adsorption Effects in the Electrodeposition of

Iron-Nickel Alloys, J. Electrochem. Soc. 140 (1993) 2272.

https://doi.org/10.1149/1.2220807



46

3-14. A. Saraby-Reintjes, M. Fleischmann, Kinetics of electrodeposition of nickel from

watts baths, Electrochimi. Acta 29 (1984) 557-566,

https://doi.org/10.1016/0013-4686(84)87109-1

3-15. Y. -P. Lin, J. R. Selma, Electrodeposition of Corrosion-Resistant Ni-Zn Alloy: I .

Cyclic Voltammetric Study, J. Electrochem. Soc. 140 (1993) 1299.

https://doi.org/10.1149/1.2220974

https://doi.org/10.1149/1.2220974


47

Fig. 3-1 Relationship between the Co content and the current density in electrodeposited

Ni-Co alloys with different additives.
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Fig. 3-2 Relationship between the Co content and pH value in Ni-Co electrodeposition

with and without the addition of NaBr at the current density of 50 A/m2.
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Fig. 3-3 XRD patterns of Ni-Co alloys electrodeposited at 200 A/m2 with different

additive conditions and at different pH: (a) NaBr, pH 1.5, (b) NaBr, pH 4, (c) no

additive, pH 1.5, (d) no additive, pH 4, (e) no additive, pH 8.
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Fig. 3-4 Cyclic voltammograms of (a) Ni deposition, No. 1 and No. 4, (b) Co deposition,

No. 2 and No. 5, (c) Ni-Co co-deposition, No. 3 and No. 6.
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Fig. 3-5 Cyclic voltammograms of Ni electrodeposition at (a) pH 2, (b) pH 3, (c) pH 4

and (d) pH 6 without NaBr.
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Fig. 3-6 Linear sweep voltammograms of Ni electrodeposition at different scan rates

(positive sweep) without NaBr.
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CHAPTER

Micro-Mechanical Characterization of Ni-Co Alloy

Deposits

4-1. Introduction

In chapter 2, the mechanical property characterization of electrodeposited Ni-Co

alloys were conducted by hardness test. However, mechanical properties of metallic

materials are known to have a sample size effect [4-1~4-3], where an increase in the

strength is observed as the size of the sample used in the mechanical property

characterization reaches the micro-scale or smaller. Dimensions of the movable

components in miniaturized electronic devices are often on the micro-scale or smaller.

Hence, the sample size effect has to be considered in the mechanical property

characterization.

Mechanical property can be easily measured by hardness test [4-4, 4-5]. The

hardness is determined from the indentation mark created on the surfaces of the

electrodeposited material after applying a constant loading for a length of time.

Generally, a large indentation mark is generated on a soft electrodeposited material, and

the indentation mark becomes small when the mechanical strength is high. From the

size of the indentation mark and the loading force, the hardness can be calculated. The
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hardness is called micro-hardness [4-4] or nano-hardness [4-5] when the indentation

mark is on the micrometer or nanometer scale, respectively. In a study on

micro-hardness of electrodeposited nickel-cobalt alloys [4-5], the micro-hardness is

reported to be dependent on the current density used in the alloy electrodeposition, with

the micro-hardness increasing along with increasing current density. However, materials

surrounding the indentation mark, especially materials at the bottom of the indentation

mark, could also affect generation of the indentation mark [4-6]. Therefore, it is difficult

to include the sample size effect in the clarification of the mechanical properties on the

micro-scale by a hardness test.

For precise evaluation of the mechanical property on the micro-scale toward

micro-components in miniaturized electronic devices, micro-compression [4-7~4-9]

micro-tensile [4-10], and micro-bending [4-11~4-13] tests are developed.

Micro-mechanical properties of micro-grained nickel, nano-grained nickel [4-14],

nano-grained copper [4-12], nano-grained gold, nano-grained gold-copper alloys,

amorphous nickel-phosphorus alloy, and single crystalline nickel-cobalt alloys [4-15]

are reported in previous studies. On the other hand, there is still very limited reporting

on micro-mechanical properties of polycrystalline nickel-cobalt alloys.

Nickel-cobalt alloys applied in MEMS are prepared by alloy electrodeposition, and

electrodeposited nickel-cobalt alloys are polycrystals. Mechanical properties of metals

are closely related to their average grain size and the composition. The relationship

between the average grain size and mechanical strength usually follows the Hall-Petch

relationship, where the strength is inversely proportional to square root of the average

grain size. Meanwhile, the strength is dependent on the composition (cobalt content) in
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a nickel-cobalt alloy since the nickel-cobalt system forms a solid-solution that results in

a strengthening effect. In addition, the average grain size and composition are easily

affected by the electrodeposition conditions, such as the current density, the use of

additives (surface brightener), and composition of the bath. This implies

micro-mechanical properties of electrodeposited nickel-cobalt alloys are dependent on

the electrodeposition condition.

In this work, nickel-cobalt alloys were electrodeposited from a sulfamate bath, and

the mechanical properties on the micro-scale are evaluated by compression test using

micro-pillar type specimens fabricated from the electrodeposited alloys by focused ion

beam (FIB). Effects of the electrochemical parameters, such as the current density, on

the average grain size and cobalt content are reported. Then, contributions of the grain

boundary strengthening mechanism and solid-solution strengthening mechanism on the

micro-mechanical properties are studied. The yield strength is determined from the

engineering stress-engineering strain curve generated from the micro-compression test,

and compared with the micro-hardness determined from micro-Vickers hardness test.

4-2. Experimental

Micro-pillar type specimens were fabricated from the nickel-cobalt alloys by a

focused ion beam system (FIB, FB2100, Hitachi, Tokyo, Japan) using Ga as the liquid

metal ion source. A four-step milling method using different beam currents was applied

to produce micro-pillars with desired and precise dimensions. The beam currents were

6.64, 1.48 and 0.35 nA for coarse milling and 0.07 nA for fine milling and final

polishing. The micro-pillar had a cuboidal shape with dimensions of 20 µm in height

and a 10 × 10 µm2 square cross-section. Observations of the micro-pillars were
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conducted through a scanning ion microscope (SIM) installed in the FIB before and

after the micro-compression test.

The micro-compression test was conducted using a test machine specially designed

for micro-sized samples. The test machine was equipped with a flat-topped indenter

with a diameter of 50 μm on the top surface. The test machine had the load resolution of

10 μN, and the displacement resolution was 5 nm. A constant displacement rate of 0.1

μm/s was used in all micro-compression tests, which gave a constant strain rate at 5 ×

10-3 s-1. More details of the test machine are reported in a previous study

4-3. Micro-mechanical property

SIM images of micro-pillars fabricated from the alloys are shown in Fig. 4. The

micro-pillars were all precisely fabricated with a square cross-section, and the aspect

ratio of height to length of one side was two. Boundaries of the crystal structure in

metallic materials could be observed from the SIM images. On the surfaces of the

micro-pillars prepared in this study, camouflage patterns were observed, and these were

suggested to be the texture boundaries since the sizes of the patterns were all much

larger than the average grain size values estimated from the Scherrer equation. For

instance, the average grain size of the alloy electrodeposited at 15 mA/cm2 in the

sulfamate bath containing the nickel bromide was 21.6 nm, and the average size of the

camouflage patterns was in the hundreds of nanometer level.

Images of the micro-pillars after the micro-compression test are shown in Fig. 5.

All micro-pillars showed swelling at some parts of the cross-section after the

compression, which is a typical deformation behavior of nanocrystalline metallic

materials. Engineering stress-engineering strain (SS) curves generated from
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compression tests of the micro-pillars are shown in Fig. 6. The yield point was not clear

in all SS curves. Therefore, the yield strength (σy) was determined from the 0.2% offset

line of the elastic deformation region [4-16]. A summary of the yield strengths is listed

in Table 2. The yield strengths obtained in this study were all higher than bulk

electrodeposited nickel-cobalt alloys reported by Li et al. (1200 MPa) [37], and 2~3

folds of the values reported for nickel-ferrum alloys (700 MPa) [4-17].

Relationships between the average grain size, micro-hardness and yield strength

are shown in Fig. 7. Generally, for both of the micro-hardness and yield strength,

strengthening was observed following a refinement of the average grain size as

illustrated by the dashed trendlines. This trend followed the Hall-Petch relationship well

[30, 31], and confirmed that the mechanical strength was mostly dependent on the grain

boundary strengthening mechanism. Alloys with smaller grain size have less

dislocations pile up and less stress at grain boundaries, which contributes to a higher

mechanical strength. The highest yield strength at 2.37 GPa was obtained from the

micro-pillar having the average grain size at 13.6 nm and 58.48 at.% of cobalt, and the

highest micro-hardness at 457.4 HV was also obtained from the alloy with the same

average grain size and composition. The alloy having the finest average grain size at

13.2 nm had a micro-hardness of 438.8 HV and a yield strength of 2.18 GPa, which

both values were the second highest among the alloys/micro-pillars evaluated in this

study. This result indicated that the composition, via the solid-solution strengthening

mechanism, also had a significant contribution to the overall strength since the cobalt

content in the alloy with the average grain size at 13.2 nm (32.78 at.%) was much lower

than that of the alloy made of 13.6 nm grains (58.48 at.%).



58

Relationships between the composition, micro-hardness and yield strength are

shown in Fig. 8. The composition dependency of the mechanical strength was not that

obvious. A weak relationship between the composition and the strength could be

concluded since a local maximum in the strength was obtained as the composition

approached roughly 58 at.% of cobalt. For the three alloys electrodeposited with the two

additives (nickel bromide and the Surf-Bright, ■), the average grain size merely

changed between 13.6 and 13.9 nm and the cobalt content varied between 58.48 to

66.64 at.% when the current density changed from 12 to 20 mA/cm2. In these three

alloys, a decrease in both of the micro-hardness and yield strength was observed

following an increase in the cobalt content as indicated by the dashed trendlines in Fig.

8.

Information of the Tabor factor [4-18], which is the ratio of the micro-hardness in

the unit of MPa by the yield strength also in the unit of MPa (Hv in MPa/σy in MPa), is

provided in Table 2. The Tabor factor is reported to be between 3 and 4 in literature

[4-18]. In this study, the Tabor factors were between ca. 1.9 and 2.2. Fig. 9 shows a

plotting of the Tabor factor against the yield strength, and a linear relationship (R2 value

= 0.88) between the two could be observed. Generally, the Tabor factor became smaller

along with an increase in the yield strength.

4-4. Chapter Summary

The nickel-cobalt alloys were prepared by alloy electrodeposition with a sulfamate

bath. Micro-compression test was conducted using micro-pillar type specimens to

investigate the mechanical strength on the micro-scale. The yield strength was found to

be highly dependent on the average grain size based on the grain boundary

strengthening mechanism. 3-5. E
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Current density

(mA/cm2)

Grain size

(nm)

Co content

(at. %)

Micro-hardness, Hv

(HV)

Sulfamate bath only 15 21.2 21.5 364.0 ± 11.7

Sulfamate bath +

Nickel bromide

12 20.1 59.58 422.0 ± 11.7

15 21.6 60.05 376.2 ± 14.4

18 28.2 57.39 395.6 ± 17.8

20 20.9 58.40 414.0 ± 12.4

Sulfamate bath +

Surf-Bright
15 13.2 32.78 438.8 ± 9.2

Sulfamate bath +

Nickel bromide +

Surf-Bright

12 13.6 65.47 426.2 ± 13.5

15 13.9 66.64 417.2 ± 11.0

20 13.6 58.48 457.4 ± 14.5

Table. 4-1 Effects of the current density on the average grain size, cobalt content and

micro-hardness.
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Fig. 4-1 SIM images of the micro-pillars fabricated from the nickel-cobalt alloys

electrodeposited with the bath containing (a)~(d) nickel bromide, (e) the Surf-Bright, or

(f)~(h) both nickel bromide and the Surf-Bright, and at a current density of (a) and (f)

12 mA/cm2, (b), (e) and (g) 15 mA/cm2, (c) 18 mA/cm2 and (d) and (h) 20 mA/cm2.
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Fig. 4-2 SEM image of the deformed micro-pillars fabricated from the nickel-cobalt

alloys electrodeposited with the bath containing (a) ~ (d) nickel bromide, (e) the

Surf-Bright, or (f) ~ (h) both nickel bromide and the Surf-Bright, and at a current

density of (a) and (f) 12 mA/cm2, (b), (e) and (g) 15 mA/cm2, (c) 18 mA/cm2 and (d)

and (h) 20 mA/cm2.
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Fig. 4-3 Engineering stress-strain curves generated from compression of the

micro-pillars fabricated from the nickel-cobalt alloys electrodeposited with the bath

containing (a)~(d) nickel bromide, (e) the Surf-Bright, or (f)~(h) both nickel bromide

and the Surf-Bright, and at a current density of (a) and (f) 12 mA/cm2, (b), (e) and (g)

15 mA/cm2, (c) 18 mA/cm2 and (d) and (h) 20 mA/cm2.
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Fig. 4-4 Relationships between the average grain size, micro-hardness and yield

strength.
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Fig. 4-5 Relationships between the composition, micro-hardness and yield strength.
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Fig. 4-6 Relationship between the yield strength and the Tabor factor.
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CHAPTER

Electrodeposition and Micro-Mechanical

Characterization of Ni-B Alloys

5-1. Introduction

Miniaturized electronic devices are becoming more complex and smaller to fulfill

requirements in future trends of electronics industry, such as sizes of the movable

component in microelectromechanical systems (MEMS) are often on the micro-scale or

nano-scale [5-1], and the high-density packaging of semiconductor devices is

increasingly demanded. Ni and its alloy electrodeposits have been widely applied in

miniaturized electronics due to their corrosion resistance, electrocatalytic activity,

excellent magnetic and mechanical properties [5-2, 5-3]. On the other hand,

electrodeposited Ni-based materials typically exhibit low thermal stability and lose their

high mechanical strengths after annealing at a relatively low temperature [5-4], which is

a major limitation in their applications. For example, the abnormal grain growth of

electrodeposited Ni can be observed after heat treatment of 200 °C for 2 h [5-5].

Incorporation of B is an effective method to enhance the mechanical strength, wear

resistance and thermal characteristic of Ni-based materials [5-6~5-8]. The formation of

intermetallic compounds, such as Ni3B or Ni2B, contributes to outstanding mechanical
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performance by the precipitation strengthening mechanism in Ni-B plating. For instance,

Ni-B alloys are regarded as potential electrical contact materials in electronic and

semiconductor industries due to their electrical conductivity, erosion resistance and

solderability [5-9, 5-10]. It is also reported that Ni-B alloys have a better performance in

the under bump metallization (UBM) packaging process comparing to Ni-P [5-11]. In

addition, Kwon et al. have reported Ni-B MEMS-based micro-probe for wafer-level

integrated circuit tests with a higher stiffness than conventional Ni-Co probe [5-12].

Furthermore, heat treatment or thermal annealing is a common process applied in

fabrication of electronic components, such as the fabrication of MEMS accelerometer

[5-13]. Mechanical properties of electrodeposits are expected to be affected by the heat

treatment process. For electrodeposited Ni-B alloys, after the heat treatment, Ni3B

intermetallic phase is formed in the heat treated Ni-B alloys as reported in several works

[5-14~516], and the Ni3B phase leads to an increase in the hardness due to the

precipitation strengthening mechanism [5-9]. The Ni-B alloys are also reported to soften

when the heat treatment time is prolonged, or when a high heat treatment temperature is

used [5-14, 5-16].

Electroless deposition and electrodeposition and physical vapour deposition

techniques (e.g. sputtering) are common methods applied in fabrication of Ni-B alloy

films [5-17]. On the other hand, physical vapour deposition methods are known to

involve complex processing sequence and high process cost. Electroless deposition and

electrodeposition methods are easily adoptable for production of electronic components

because of the low production cost and simple process. Among the two deposition

methods, electrodeposition offers a higher deposition rate, better crystallinity, higher
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stability of the electrolyte and more uniform distribution of the second element in the

metal matrix when comparing with the electroless deposition method. For instance, the

deposition rate in electrodeposition is reported to be up to 600 times higher than the

deposition rate in electroless deposition [5-18]. In addition, the composition and

micro-structure in the deposited alloy can be easily controlled by the electrodeposition

parameters, such as the current density and the use of additives [5-19]. Ni-B alloy

deposition through an electroless method also suffers from a low bath life.

Mechanical properties of metallic materials often exhibit the sample size effect,

which the mechanical strength varies as the size of the sample reduces to the

micro-scale or smaller. Thus, the sample size effect has to be considered in the

mechanical property evaluation for design of micro-components in miniaturized devices.

Mechanical properties of electrodeposits can be evaluated by micro-hardness test [5-9,

5-10, 5-20]. Although the size of the indentation mark generated in a micro-hardness

test could be on the micro-scale or smaller, the formation of the indentation mark is still

affected by the substrate. In order to evaluate the mechanical property for the design of

micro-components, mechanical test using specimens having the size on the micro-scale

are developed [5-21].

In this study, mechanical properties on the micro-scale of electrodeposited Ni-B

alloy films are characterized by micro-compression test using micro-pillar type

specimens fabricated by a focused ion beam system. The mechanical strength and

deformation behavior are determined by the micro-compression test. Results obtained

from a micro-Vickers hardness tester are also prepared as comparisons. In addition,
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effects of the heat treatment on the crystalline structure and mechanical properties of the

electrodeposited Ni-B alloy films are evaluated to clarify the thermal stability.

5-2. Experimental

Cu plates (Kikuya PM Co., Ltd., Tokyo, Japan) in sizes of 10 mm × 10 mm were

used as the substrates in the Ni-B alloy electrodeposition. The counter electrode was a

Pt plate (Kikuya PM Co., Ltd., Tokyo, Japan). The electrodeposition was conducted at

50 ℃ with an additive-free Watt’s bath (Okuno Chemical Industries Co. Ltd, Japan)

containing 300 g/L NiSO4·6H2O, 50 g/L NiCl2·6H2O, and 50 g/L H3BO3. 10.0 vol.%

EB-MK (dimethylamine borane as main ingredient), which is a commercially available

additive provided by World Metal Co., Ltd., Osaka, Japan, was used as the boron source.

The electrodeposition was conducted by a galvanostatic method with the current density

ranged from 1 A/dm2 to 4 A/dm2, and continuous mixing of the bath was performed by

stirring with a magnetic stirrer at 200 rpm. The thicknesses of Ni-B alloy films prepared

in this study were all thicker than 50 µm, which was confirmed through observation of

the cross-section.

The electrodeposited Ni-B alloy films were firstly heat treated under vacuum

atmosphere (< 0.1 Pa) at different temperatures by a vacuum furnace (FT-01VAC-30,

FULL-TECH Co., Ltd., Osaka, Japan), and an optimized heat treat temperature was set

at 250 °C. The microhardness test results are provided in the supplementary (Fig. S1).

Then, more alloy films were heat treated at 250 °C for 1 h, 2 h and 4 h. The surface

morphology of the films was observed by a scanning electron microscope (SEM,

SU4300SE Hitachi, Ltd., Tokyo, Japan). The surface roughness (Ra) was characterized

by a laser scanning microscope (VK-X3000, Keyence Corp., Osaka, Japan). Crystalline
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characteristics of the Ni-B alloy films were characterized by an X-ray diffractometer

(XRD, Ultima IV, Rigaku Corp., Tokyo, Japan). The Ni and B contents were

determined by inductively coupled plasma mass spectrometry (ICPS-8100, Shimadzu

Corp., Kyoto, Japan). Micro-hardness of the alloy films was evaluated by a

micro-Vickers hardness tester (HMV-G20S, Shimadzu Corporation, Kyoto, Japan) at a

loading of 200 g.

The micro-pillar type specimens were fabricated from the Ni-B alloy films with a

focused ion beam system (FIB, FB2100, Hitachi, Ltd., Tokyo, Japan). Each micro-pillar

had a hexahedron shape with a dimension of an 8 µm × 8 µm square cross-section and

16 µm in height. Observations of the as-fabricated and deformed micro-pillars were

conducted through a scanning ion microscope (SIM) equipped in the FIB system and

the SEM. The micro-compression test was conducted using a test machine specially

designed for micro-sized specimens [5-22]. The test machine system was equipped with

a flat-topped indenter having a diameter of 50 μm on the tip surface. The displacement

rate was kept at a constant speed of 0.1 μm/s in all micro-compression tests.

5-3. Surface morphology

SEM images of the as-deposited and heat-treated Ni-B alloy films are shown in Fig.

1. The as-deposited alloy film had a uniform surface as shown in Fig. 1(a), while a few

particles were observed in the 250 °C and 2 h heat-treated film as shown in Fig. 1(b).

Furthermore, the average size of the particles was found to increase after 250 °C and 4 h

of the heat treatment (Fig. 1(c)). The particles are suggested to be the intermetallic

compound, Ni3B.
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Values of the surface roughness (Ra) of the as-deposited alloy films are

summarized in Fig. 2. The surface roughness significantly decreased as the current

density increased, and the surface roughness reached 0.16 μm when 4 A/dm2 was used.

One explanation for the reduced surface roughness is that the nucleation rate becomes

higher along with an increase in the current density in electrodeposition, and an

increased nucleation rate often leads to a more uniform surface morphology.

5-4. Composition

The B content in the electrodeposited Ni-B alloy films was confirmed to decrease

as the current density increased as shown in Fig. 3. Ogihara et al. reported a similar

tendency [5-23], which the B content decreased following an increase in the current

density. It is suggested that the deposition rate of Ni is enhanced when a higher current

density is used, while the deposition rate of B remains almost the same as the current

density varies. In this way, the B content is lowered when a higher current density is

used.

In this study, three of the Ni-B alloys fabricated at current densities of 1 A/dm2, 1.5

A/dm2 and 4 A/dm2 (B content of 14.3 at.%, 7.1 at.% and 2.8 at.%) were selected for the

heat treatment at 250 °C. Based on the phase diagram of Ni-B [5-24], most B in the

heat-treated Ni-B alloys prepared in this study would exist as an intermetallic

compound, Ni3B, within this B content range, and only a few B atoms can form solid

solution in Ni matrix. The Ni3B is expected to work as precipitates in the alloy film and

affects mechanical properties of the Ni-B alloy films.

5-5. Crystalline characterization
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XRD characterization was conducted to examine effects of the heat treatment on

the crystalline structure in the electrodeposited Ni-B alloy films. The XRD patterns are

shown in Fig. 4. The major diffraction peaks of the Ni matrix were sharpened after the

250 °C heat treatment, and this suggested an improvement in the crystallinity. Besides,

after heat treatment at 250 °C for 4 h, some new diffraction peaks were observed and

believed to be contributed by the intermetallic compound, Ni3B. This crystal structural

change is reported in other studies.

The mean size of the ordered domains (L) in crystallography can be estimated by

the Scherrer equation:




cos
KL 

where K is a shape factor, λ is the wave length of the X-ray, β is the width at half

maximum intensity, and θ is the Bragg angle. The value of L is commonly treated as the

average grain size of a material. In this study, the value of L could be regarded as the

average grain size of the Ni-rich matrix.

A slight increase in L was observed along with an increase in the current density as

shown in Fig. 5. This increase in L implies an improvement in the crystallinity. As

mentioned in previous section, the B content decreased from 14.3 at.% to 2.8 at.% as

the current density increased form 1 A/dm2 to 4 A/dm2. Hence, the increase in L is

suggested to be a result of the decreased B content [5-25]. A more significant increase

in L was observed in the 1 h heat treated electrodeposits, indicating a positive influence

on the crystallinity of the Ni-rich matrix by the heat treatment. Also, L was hardly
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affected when prolonging the heat treatment time to 2 h. In addition, the growth of (220)

oriented Ni (near 2θ = 77°) was confirmed.

5-6. Hardness and micro-compression characteristics

SEM images of the micro-pillars after the micro-compression test are shown in Fig.

6. Images of the micro-pillars before the micro-compression test are provided in the

supplementary (Fig. S2). All micro-pillars fabricated from the as-deposited Ni-B films

(non-heat treated) showed a typical ductile deformation behavior. The deformation

behavior changed to brittle fractures after the 250 °C heat treatment. The

ductile-to-brittle transition was observed in the Ni-B alloy micro-pillar fabricated at a

current density of 1 A/dm2 when the heat treatment time was shorter than 1 h. The

transition occurred in the micro-pillars fabricated at 1.5 A/dm2 and 4 A/dm2 with a

longer heat treatment time at 2 h and 4 h, respectively. This transition in the

deformation behavior is believed to be related to the B content and the precipitation of

Ni3B. The precipitation of Ni3B caused a significant increase in the flow stress, and the

shear band propagation became more likely to occur and the micro-pillar deformed

through a brittle fracture type catastrophic failure. The precipitation of Ni3B is expected

to occur at a higher rate in Ni-B alloy films with a higher B content, thus, the transition

occurs in a shorter period of the heat treatment time.

Engineering stress-engineering strain curves generated from the

micro-compression test are shown in Fig. 7. More engineering stress-engineering strain

curves are provided in Fig. S3. For the micro-pillar that showed a ductile deformation,

the yield point was not clear in the engineering stress-engineering strain curve. Thus,
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the yield point was determined by the 0.2 % offset line of the elastic deformation region

and used as the compressive strength. The 2 h heat treated Ni-B alloy film deposited at

1 A/dm2 (14.3 at.% B) showed the maximum yield strength of 5.05 GPa among all

ductile micro-pillars. For the brittle micro-pillar, the fracture strength was used as the

compressive strength. A maximum compressive strength of 5.52 GPa was confirmed in

a Ni-B alloy micro-pillar deposited at 4 A/dm2 (2.8 at.% B) after 4 h of the heat

treatment. Generally, the Ni-B alloy micro-pillar with a high B content showed a high

mechanical strength, and further strengthening was observed after the heat treatment.

For the as-deposited (non-heat-treated) Ni-B alloy films, relationships between the

B content, micro-hardness and yield strength are plotted in Fig. 8. Dependence of the

hardness and yield strength on the B content were similar. The hardness and yield

strength of the Ni-2.8%B alloy film was greatly attributed to the solid solution

strengthening mechanism. As the B content increased from 2.8 at.% to 7.1 at.%, it is

suggested that the decrease in the volume fraction of the nanocrystalline Ni phase

caused a slight softening effect. The high mechanical strength of Ni-14.3%B alloy is

considered to be a result of high Ni3B content. Relationships between the compressive

strength and L are shown in Fig. 9. Improvement of the crystallinity was observed after

the 250 °C heat treatment. In the 1 h and 2 h heat treated alloys, a decrease in the

strength was observed along with an increase in L, which can be explained by the

Hall-Petch effect. Regarding effects of the heat treatment on the mechanical properties,

a slight decrease in the compressive strength was observed after 1 h of the heat

treatment (●→▲) in the three Ni-B alloy films. The mechanical strength was lowered

because of the residual stress relaxation, which often leads to a decrease in the
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mechanical strength. In the meantime, the amount of Ni3B in the Ni-B alloy films might

be still low because of the limited heat treatment time and resulted insignificant

influences on the overall strength. On the other hand, a significant strengthening effect

was observed when the heat treatment time was longer than 2 h (▲→◆/■), while L

remained at the same level. Hence, it is believed that the continuing precipitation of

Ni3B resulted this strengthening effect in the Ni-B alloys by the precipitation

strengthening mechanism.

5-7. Chapter Summary

Ni-B alloy films with the B content ranged from 2.8 at.% to 14.3 at.% were

electrodeposited by controlling the current density. The B content was found to decrease

along with an increase in the current density. Surface roughness (Ra) of the alloy films

decreased following with an increase in the current density. Micro-compression test was

conducted to appraise the micro-mechanical strength. As-deposited Ni-B alloy films

showed high yield strengths in a range of 4 GPa to 5 GPa and ductile deformation

behaviors. The high strength was further enhanced after the 250 °C heat treatment for 1

h to 4 h, and a maximum fracture strength of 5.52 GPa was obtained owing to the

precipitation strengthening effect by the intermetallic compound, Ni3B. Along with an

increase in the heat treatment time, the deformation behavior changed from ductile to

brittle. In conclusion, the electrodeposited Ni-B alloy films showed an excellent

micro-mechanical strength and thermal stability and demonstrated the applicability

toward miniaturized electronics.
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Fig. 5-1 SEM micrographs of (a) as-deposited and heat treated (b) at 250 °C for 2 h and

(c) at 250 °C for 4 h Ni-B alloy films electrodeposited at current density of 1 A/dm2.
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Fig. 5-2 Relationship between the surface roughness (Ra) and the current density.
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Fig. 5-3 Relationship between the B content and the current density.
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Fig. 5-4 XRD patterns of as-deposited Ni-B alloys (a) deposited at the current density of

4 A/dm2, (b) 1.5 A/dm2, (c) 1 A/dm2; and 250 °C heat-treated Ni-B alloys treated for (d)

1 h and (e) 4 h, deposited at 1.5 A/dm2.
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Fig. 5-5 Dependence of L on the current density in as-deposited and heat treated

(250 °C) Ni-B alloy films.
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Fig. 5-6 SEM images of the deformed micro-pillars fabricated from as-deposited and

heat-treated (250 °C) Ni-B alloy films deposited at different current densities.
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Fig. 5-7 Engineering strain-engineering stress curves generated from

micro-compression of the micro-pillars fabricated from the as-deposited and

heat-treated (250 °C) Ni-B alloy films deposited at 4 A/dm2.
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Fig. 5-8 Relationships between the composition, micro-hardness (blue dots) and yield

strength (green dots) of as-deposited Ni-B alloy films.
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Fig. 5-9 Relationships between the compressive strength and L of as-deposited and heat

treated (250 °C) Ni-B alloy films.
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CHAPTER

Specimen Size Effect of Ni-B Alloys

6-1. Introduction

The strengths of metallic materials are known to be dependent on the specimen

sizes on micro-scale or nano-scale, which is known as the specimen size effect

[6-1~6-3]. For example, in single crystal face centered cubic metals, the strengthening is

observed when the extrinsic sample dimensions are reduced below the required distance

for dislocation self-duplication. In this case, the conventional dislocation propagation

mechanism ceases and the materials are left in a “dislocation-starved state”, making the

deformation process harder and leading to a size-dependent strength response (Greer et

al., 2005) [6-3]. The effect can be described by a power law dependence, σ ∝ D−n,

where σ is the strength, D is the specimen size and n is a scaling exponent [6-4~6-6]. In

design of structure components in electronic devices, the mechanical property

characterization is critical to understand the reliability and structure stability of the

structure component. Thus, the specimen size effect has to be considered in the design

of micro-scale components in miniaturized devices, such as micro-electro-mechanical

system (MEMS) devices.

On the other hand, the experimental results of specimens composed of

nanocrystalline metals are divergent. Both smaller-is-weaker and smaller-is-stronger
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specimen size effects are reported. For instance, following a decrease in the specimen

size, the strength of nanocrystalline nickel-tungsten nano-pillars was reported to

decrease from 1.47 GPa to 0.86 GPa [6-7], while a strengthening specimen size effect

was reported in 60 nm grained nanocrystalline nickel [6-8]. The specimen size effect in

nanocrystalline materials is reported to be depended on the critical size ratio, D/d, where

D is the specimen size and d is the grain size. Gu et al. proposed a model which

assumes that only the grains distributed on the outer sample surface contribute to the

specimen size effect [6-9]. When D/d is large, the strength approaches the strength of a

bulk-size specimen. For D/d ≈ 1, a weakening effect is observed due to the grain

boundary sliding mechanism. Zhu et al. proposed an assumption that the specimen size

effect can switch from strengthening to weakening by reducing D/d below a critical

value through molecular dynamics simulation [6-10]. The difference in the specimen

size effects is considered to be a result of the competition between different mechanisms,

including the surface strengthening, grain boundary mediated deformation and

dislocation mediated deformation.

Emerging focused ion beam milling and micro-mechanical testing technology

provide ways for precise evaluation of the mechanical property on micro- and

nano-scale [6-11, 6-12]. A previous study has reported the micro-mechanical properties

of nickel-phosphorus alloy films, and a smaller-is-stronger specimen size effect was

observed in 300 °C heat-treated nickel-phosphorus alloys. The fracture strength

increased from 3.1 GPa to 4.7 GPa when cross-section of the micro-specimen reduces

from 20 × 20 µm2 to 10 × 10 µm2 [6-12].
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Nickel-boron alloys are reported to show excellent mechanical strength, wear

resistance and thermal characteristic and have a great application potential in the

miniaturized electronics [6-13, 6-14]. Nickel-boron alloy films can be easily fabricated

through electrodeposition method, and the alloy film deposition can be easily integrated

with existing micro-scale components fabrication techniques [6-15, 6-19]. Besides, the

formation of intermetallic compounds Ni3B have in heat-treated nickel-boron alloys

could further enhance the mechanical strength by the precipitation strengthening

mechanism as reported in a previous study [6-17]. However, the specimen size effect on

the strength and deformation mode of as-deposited and heat-treated nickel-boron alloy

still remain unknown. Also, cylinder shaped pillars with tapering angles are commonly

used in studies on the specimen size effect. The tapering angle may result an

over/underestimation of the strength [6-18].

Therefore, the specimen size effect on mechanical properties of electrodeposited

nickel-boron alloys is evaluated by micro-compression test using non-tapered pillar type

micro-specimens in this work. The mechanical strength is determined from the

engineering stress-engineering strain curve generated from the micro-compression test.

The nickel-boron alloys are annealed at different temperatures to evaluated influences

of the Ni3B. Micro-specimens with different sizes are fabricated from the

as-electrodeposited and annealed nickel-boron alloys by focus ion beam system. The

changes in the deformation mode of different alloys are also observed and discussed.
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6-2. Experimental

The nickel-boron alloys were prepared by electrodeposition method. The alloy

films were annealed at 250 °C and 400 °C in a vacuum atmosphere of < 0.1 Pa for 4 h

using a vacuum furnace (FT-01VAC-30, FULL-TECH Co., Ltd., Osaka, Japan).

Crystalline characteristics of the nickel-boron alloys were evaluated by an X-ray

diffractometer (XRD, Ultima IV, Rigaku Corp., Tokyo, Japan).

The pillar type micro-specimens were fabricated from the nickel-boron alloy films

by a focus ion beam system (FIB, FB2100, Hitachi, Japan). The micro-specimen had a

non-tapered cuboid shape with dimensions of 4 µm × 4 µm × 8 µm, 8 µm × 8 µm × 16

µm, 12 µm × 12 µm × 24 µm and 16 µm × 16 µm × 32 µm. The aspect ratio

(height/length of the square cross-section) of the micro-specimen was maintained at 2.

The length of the square cross-section is denoted as the specimen size h. At least 2

micro-specimens of each designed size were fabricated from each alloy. Exact sizes of

the micro-specimens were measured by a scanning electron microscope (SEM,

SU4300SE Hitachi Co., Ltd., Japan). Observations of the micro-specimens of each

designed size were fabricated from each alloy. Exact sizes of the micro-specimens were

conducted through the SEM. The uniaxial compression test was conducted using a

specially designed test system, which was equipped with a flat-topped indenter. To

eliminate the effects of strain gradients, the strain rate was kept at 6.25×10-3 μm/s in all

the tests.
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6-3. Crystalline structure

XRD measurement was conducted to characterize the crystalline structure of

as-deposited and annealed nickel-boron alloys. The XRD patterns of different alloys are

shown in Fig. 1. Peak sharpening was confirmed after both 250 °C and 400 °C

annealing, which indicated an improvement in the crystallinity of the nickel-rich matrix.

Besides, several diffraction peaks appeared in the range of 2θ = 35° ~ 50° after the

400 °C annealing. These new peaks are suggested to be contributed by the precipitation

of intermetallic compound Ni3B. The grain size of annealed alloys calculated by

Scherrer equation is 10.8 nm and 23.3 nm for 250 °C and 400 °C, respectively.

6-4. Deformation mode

SEM images of the nickel-boron micro-specimens with different dimensions after

the compression test are shown in Fig. 2. All micro-specimens fabricated from the

as-deposited nickel-boron alloys exhibited a typical ductile deformation mode. The

deformation mode switched to a brittle fracture behavior after the annealing at 250 °C.

On the other hand, the micro-specimens showed a ductile fracture failure mode with

improved plasticity after the annealing at 400 °C. The sign of shear bands can still be

observed from Fig. 2(e) and 2(f).

6-5. Strength

Engineering stress-engineering strain curves generated from compression tests of

different micro-specimens are shown in Fig. 3. For micro-specimens which showed a

ductile deformation (as-deposited and 400 °C annealed), the 0.2% offset yield strengths

were regarded as their compressive strengths [6-19]. For the brittle ones, their
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compressive strengths were defined as the fracture strength when the first shear band

occurred. A maximum compressive strength of 5.79 GPa was confirmed in the alloy

after 4 h of annealing at 250 °C, with a high elastic limit of ca. 14%. On the contrary,

the ductile deformed ones only showed a elastic limit below 10%. Engineering

stress-engineering strain curves of the micro-specimens prepared from the 400 °C

annealed nickel-boron alloy are shown in Fig. 4. A strain softening after the yield point

was observed in all specimens due to the formation of shear bands and the ductile

fracture. We can find that the failure strength increased as h decreasing, while the elastic

limit increased as h increasing.

The as-deposited nickel-boron alloy showed a typical ductile compressive

deformation mode. In the case of the 250 °C annealed alloy, precipitation of

intermetallic compound Ni3B caused a significant increase in the flow stress due to

precipitation strengthening. During the compression, the increasing loading firstly

reached the stress required to drive shear band propagation, and led to a catastrophic

failure. Regarding the 400 °C annealed alloy, an increase in the grain size was

confirmed through the XRD evaluation. In this case, values of the flow stress became

smaller and closer to those needed to induce fracture processes. When the plastic flow is

intensive, nanocracks formed in a specimen gradually transform into nanovoids and

microvoids and locate in one section of the specimen [6-20]. Then, ductile fracture

occurs through coalescence of the microvoids shortly after the yield point.

Relationships between the compressive strength and the specimen size h are shown

in Fig. 5. A strengthening effect was observed after the annealing at 250 °C basically

due to the precipitation strengthening effect by Ni3B, while a softening effect was found
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after the annealing at 400 °C. The weakening effect in the 400 °C annealed alloy is

considered to be a result of coarsened nickel-rich matrix, the enlarged grain size caused

a decrease in the flow stress following the Hall-Petch relationship. Meanwhile, the

aggregation of Ni3B particles may also reduce the reinforcement sites in the entire alloy

specimen. All types of micro-specimens showed a smaller-is-stronger specimen size

effect. Among the three alloys, 250 °C annealed one gave a largest scaling exponent of

0.149, and as-deposited alloy gave a smallest scaling exponent of 0.109.

For brittle materials, the stress to trigger shear band propagation is expected to be

related to the probability of having weak flaws in the specimen, which depends on the

specimen volume. The existence of weak flaws such as nanocracks, inclusions and

surface irregularities would act as stress concentration sites. Then flaws located in one

specimen section converge and result in brittle intergranular fracture [6-20]. In this case,

Weibull statistics could be used to describe the dependence of the failure stress on the

specimen size.

According to Weibull statistics [6-21], the probability of failure in a material under

a given uniaxial stress, σ , is:


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where σ0 is a scaling parameter, m is the Weibull modulus, and V is the volume of the

specimen. Assume the fracture probability caused by the weak flaw in samples with

different dimensions are the same, i.e., Pf = constant, the equation is arranged to the

following:
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Hence, the Weibull statistics can be plotted as －lnV vs. lnσ, as shown in Fig. 6.

The fitting gave a Weibull modulus m = 18.014. Weibull statistics has also been used to

describe the strength of brittle materials in other studies. For example, Jang et al.

repored m = 10.84 in Zr35Ti30Co6Be29 metallic glasses and Wu et al. reported m = 25.5

in (Zr48Cu45Al7)98Y2 metallic glasses [6-22]. Generally, lower Weibull modulus implies

higher flaw-sensitivity, and hence a stronger dependence on the specimen size.

Therefore, the specimen size effect of brittle samples reported in this study could be

attributed to the lower probability of having weak flaws in smaller samples.

Regarding ductile fractured ones, the size dependence of their yield strengths can

also be explained by the existence of weak flaws in samples having a different volume.

The deformation is considered to be caused by collaboration of plastic flow and shear

band propagation. In the case of the 400 °C annealed alloy, the ductile fracture type

failure is greatly affected by the weak flaws, and hence exhibited an obvious specimen

size effect (scaling exponent of 0.143), which is close to the one in the 250 °C annealed

alloy. On the contrary, as-deposited nickel-boron alloys showed a ductile deformation

mode with the least contribution by flaw-induced shear band propagation. The specimen

size effect in this case is considered to be a result of grain boundary sliding dominated

mechanism. Deformation initiation sites in nanocrystals are depleted when the specimen
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size becomes small, which results an increase in the yield strength [6-8]. Nagoshi et al.

also reported a smaller-is-stronger specimen size effect in 60 nm grained

nanocrystalline nickel and gave a similar scaling exponent of 0.125 [6-8]. Unlike single

crystals commonly show a scaling exponent between 0.5 and 0.7 [6-4~6-6], the

specimen size effect in nanocrystalline materials is suggested to be much weaker due to

different deformation mechanisms.

6-6. Chapter Summary

Electrodeposited nickel-boron alloys with boron content of 0.52 wt.% were

fabricated into pillar type micro-specimens for micro-compression test to investigate the

specimen size effect on their mechanical strength. As-deposited nickel-boron alloy

exhibited a ductile compressive deformation mode. The deformation mode switched to a

brittle fracture type catastrophic failure after the annealing at 250 °C with improved

elastic limit. On the other hand, the micro-specimens fabricated from 400 °C annealed

alloy showed a ductile fracture deformation mode and improved plasticity comparing to

250 °C annealed ones.

As-deposited nickel-boron alloy exhibited a high yield strength and ductile

compressive deformation mode. An increase in the failure strength was confirmed after

the annealing at 250 °C due to the precipitation strengthening of the intermetallic

compound Ni3B. On the other hand, a softening effect was observed after the annealing

at 400 °C. A small-is-stronger specimen size effect was confirmed as the specimen size

decreased. The fracture strength of 250 °C annealed alloys increased from 4.64 GPa to
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5.63 GPa as the extrinsic specimen size h reduced from 16 μm to 4 μm. Through the

Weibull statistics, we find that the micro-specimens showed flaw-sensitivity, and the

dependence of their strength on the specimen size can be explained by the lower

probability of having weak flaws in smaller specimens.
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Fig. 6-1 XRD patterns of (a) as-deposited, (b) 250 °C, 4 h and (c) 400 °C, 4 h annealed

nickel-boron alloys.
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Fig. 6-2 SEM micrographs of the deformed micro-specimens fabricated from

as-deposited and annealed nickel-boron alloys with two different dimensions of h = 4

µm and h = 12 µm. (a) as-deposited, h = 4 µm, (b) as-deposited, h = 12 µm, (c) 250 °C,

h = 4 µm, (d) 250 °C, h = 12 µm, (e) 400 °C, h = 4 µm, (f) 400 °C, h = 12 µm. Inset

images are the corresponding SEM micrographs of the micro-specimens before

compression.
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Fig. 6-3 Stress-strain curves of compression tests of micro-specimens fabricated from

as-deposited and annealed nickel-boron alloy with the specimen size of h = 4µm.
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Fig. 6-4 Stress-strain curves of compression tests of micro-specimens fabricated from

400 °C annealed nickel-boron alloy with different specimen sizes of h.
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Fig. 6-5 Relationships between the compressive strength and the specimen size h.
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Fig. 6-6 Weibull plots of compressive strengths of nickel-boron alloys.
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CHAPTER

Conclusions

In this thesis, Ni alloy films were produced by electrodeposition method.

In chapter 2, the Co content was found to increase from ca. 20 to 60 at.% after

introduction of NiBr2. Refinement in the average grain size was observed after addition

of a surface brightener (NSF-E) into the bath. The micro-hardness was confirmed to be

affected by both of the grain size due to the grain boundary strengthening and the alloy

composition due to the solid solution strengthening, and the dependency was higher on

the grain size. The microhardness reached 548 Hv in a Ni-Co alloy deposit having 13.6

nm grain size and 66.64 at.% Co content.

In chapter 3, micro-mechanical properties of electrodeposited nickel-cobalt alloys

were reported in this study to provide design information of micro-components in

MEMS. Micro-compression test was conducted using micro-pillar type specimens to

investigate the mechanical strength on the micro-scale. The yield strength was found to

be highly dependent on the average grain size based on the grain boundary

strengthening mechanism. The cobalt content also showed some influences on the yield

strength indicating a contribution from the solid-solution strengthening mechanism. The
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highest yield strength at 2.37 GPa was obtained from a micro-pillar fabricated from an

alloy electrodeposited with the sulfamate bath containing nickel bromide and the

Surf-Bright, with an average grain size of 13.6 nm and composed of 58.48 at.% of

cobalt.

In chapter 4, effects of bromide ions in the Ni-Co alloy electrodeposition were

studied. The presence of bromide ions further promoted the anomalous codeposition

behavior in Ni-Co alloy electrodeposition, and led to a significant increase in the Co

content, which the Co content increased from 30 at.% to 60 at.% after the addition of

NaBr. The bromide ions were found to work as the accelerator in the reduction of cobalt

and suppressed the reduction of nickel. By changing pH of the electrolyte, the alloy

electrodeposition was confirmed to be affected by the hydroxide ion intermediates

generated at cathode. The anomalous codeposition behavior was found to be promoted

in a lower pH environment. The introduction of bromide ions and the low pH

environment resulted a synergistic effect to the anomalous codeposition behavior.

In chapter 5, Ni-B alloy films with the B content ranged from 2.8 at.% to 14.3 at.%

were electrodeposited by controlling the current density. Micro-compression test was

conducted to appraise the micro-mechanical strength. As-deposited Ni-B alloy films

showed high yield strengths in a range of 4 GPa to 5 GPa and ductile deformation

behaviors. The high strength was further enhanced after the 250 °C heat treatment, and

a maximum fracture strength of 5.52 GPa was obtained owing to the precipitation

strengthening effect by the intermetallic compound, Ni3B. The electrodeposited Ni-B

alloy films showed an excellent micro-mechanical strength and thermal stability and

demonstrated the applicability toward miniaturized electronics.
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In chapter 6, electrodeposited nickel-boron alloys with boron content of 0.52 wt.%

were fabricated into pillar type micro-specimens for micro-compression test to

investigate the specimen size effect on their mechanical strength. As-deposited

nickel-boron alloy exhibited a high yield strength and ductile compressive deformation

mode. A small-is-stronger specimen size effect was confirmed as the specimen size

decreased. The fracture strength of 250 °C annealed alloys increased from 4.64 GPa to

5.63 GPa as the extrinsic specimen size h reduced from 16 μm to 4 μm. Through the

Weibull statistics, we find that the micro-specimens showed flaw-sensitivity, and the

dependence of their strength on the specimen size can be explained by the lower

probability of having weak flaws in smaller specimens.

In summary, Ni-Co and Ni-B alloy films were fabricated by eletrcodeposition

method. The morphology, crystal structure and composition were controlled by varying

the electrodeposition parameters including the current density, pH and additives. The

effects of additive NaBr on the Ni-Co electrodeposition were studied by electrochemical

analytical methods in this work, the bromide ions were found to work as the accelerator

in the reduction of cobalt and suppressed the reduction of nickel. Effects of the pH are

also investigated to provide possible explanation to the phenomenon observed, and the

anomalous codeposition behavior becomes more obvious in a more acidic electrolyte.

Micro-mechanical properties of electrodeposited Ni-Co and Ni-B alloys were

studied by micro-compression test was conducted using micro-pillar type specimens to

investigate the mechanical strength on the micro-scale. The yield strength was found to

be highly dependent on the average grain size and the alloy composition. A

small-is-stronger specimen size effect was confirmed as the specimen size decreased.
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