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However, the Ag content of these solders is above 3.0wt.%, which will increase the cost 

of solders. In addition, the high Ag content is easy to form a coarse slab-shaped Ag3Sn in the 

solder joint, causing stress concentration and deteriorating the reliability of solder joints [18]. 

The toughness of the SnAgCu solder can be effectively improved after reducing the Ag 

contents, improving the drop impact resistance and thermal fatigue performance of the solder 

joint [19]. Therefore, it is a trends to develop SnAgCu series solders with low Ag contents. 

1.1.2 Solder interconnection 

Solder interconnection plays an important role in electronic packaging. It is a process in 

which the solder and substrate/metal layer of the die undergo a metallurgical reaction to achieve 

interatomic bonding [20]. Solder joint mainly plays four roles: mechanical support, 

transmission of electric energy, signal transmission, and heat dissipation channels [21]. With 

the trends in the harsh condition, multi-functional and miniaturization of electronic products, 

this promoted the development of electronic packaging toward miniaturization and high density. 

Fig.1-2 shows the trend of electronic packaging technologies[22]. From the original TO 

(Transistor Outline) and DIP (Double in-line Package) gradually developed to QFP (Quad Flat 

Package) and BGA (Ball Grid Array) technology, to the current advanced 3D Packaging and 

SiP (System in Package) technology. Specically for the most advanced electronic packaging 

techniques of 3D packaging, which is the solution of high-level integration and miniaturization. 

Fig. 1-3 shows a typical structure of 3D packaging [23]; dies are stacked vertically and 

connected using solder bumps or some other type of interconnect, corresponding to the solder 

joints with different forms and sizes. Therefore, the amount of Input/Output on the chip was 

increased, and the pitches of Input/Output decreased, corresponding to the demands for solder 

joints reliability also increased. 

In this case, the traditional SnAgCu solder can no longer meet the needs of future 

electronic product development, so it is an urgent need to develop new high strength and 

ductility lead-free solders. 
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Fig.1-2 The trend of electronic packaging technologies [22]. 

 

Fig.1-3 Illustrations of representative  3D chip stack lidless modules with select conceptual heat flow paths 

shown [23]. 

1.1.3 Improvement properties of lead-free solders 

To further improve the performance of lead-free solder, two methods are main utilized: 

microalloying and composite solder methods.  

(a) Microalloying method 

Microalloying is a method to improve the performance of the solder by adding a small 

amount of alloying elements, such as Ni, Ti, Co [24-28]. The summary is shown in Table 1-1. 

These alloying elements are dissolved in the solder matrix and precipitate at the grain 

boundaries, or form nano-scale IMC with the solder matrix to improve the properties of the 

solder. Wang et al. [24] investigated the effect of Ni addition on the wettability and  
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1.2.1 Strength-ductility mechanism of composite solder 

The strength-ductility mechanism is the theoretical basis of the composite solders design, 

as well as the important basis of selection of reinforcements. Only by systematically mastering 

these mechanisms, can the design of composite solder be more effective. The main mechanisms 

is summarized as follows [33-37]. 

(a) Orowan strengthening effect [33,34] 

The Orowan strengthening mechanism is the effect of the hard particles dispersed in the 

alloy on the hindering effect of dislocation movement. When dislocations on the slip surface 

encounter the hard particles, they would be blocked by the particle and bend. The dislocation 

bending intensifies as the external stress increases, causing the dislocation lines near the 

particle to meet on the left and right sides. The positive and negative dislocations cancel out, 

forming a dislocation ring surrounding the hard particles. The rest of the dislocation line 

continues to move forward. The schematic diagram of dislocations bypassing the second phase 

particles is shown in Fig. 1-4. This method of blocking dislocation movement by small-sized 

hard particles improves the strength and hardness of the materials.  

(b) Grain refinement effect [35] 

The smaller the grain size, the greater the number of grains per unit volume of the material; 

the larger the grain boundary area, the greater the resistance to plastic deformation of the 

material. Due to the grain boundaries, dislocations in deformed grains are blocked at the grain 

boundaries, and the slip band of each grain also ends near the grain boundaries; Meanwhile, 

multiple slips took place to coordinate the deformation due to different grain orientations, and  

 

Fig. 1-4 The schematic diagram of dislocations bypassing the second phase particles. 
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dislocation intercross occurred during the multiple slips. The above two aspects increased the  

resistance of dislocation movement, improving the strength of the composite solder. 

When the grains are small and uniform, the materials also exhibit good plasticity and 

toughness. Under the same deformation degree, the deformation is dispersed in much grain, 

resulting in much uniform deformation and less stress concentration, allowing it to withstand 

a larger amount of deformation before breaking. 

(c) Thermal mismatch effect [36] 

During the preparation or service of the composite solders, the different CTE between 

solder matrix and the reinforcement could produce lattice distortion. On the other hand, the 

high-density dislocation appears at the lattice distortion area.When slipping dislocations pass 

through the distortion area, dislocation delivery occurrs between moving dislocation and lattice 

distortion induced high density dislocation. Both of them could enhance the strength of 

materials. 

(d) Load transfer effect [37] 

Load transfer is a process where the load of the matrix material is transferred to the 

reinforcement phase through the interface. The interface is a key factor, and a good interface 

can achieve a synergistic improvement in strength and plasticity. 

1.2.2 Choice of reinforcement 

In part1.1.2, I had mentioned that a new high strength and ductility lead-free solder need 

to be developed. For this demand, it can be devided into two parts. The first part is a high 

strength, and the second part is high plasticity. Among the four kinds strengthen-ductility 

mechanisms mentioned in part 1.2.1, Orowan strengthening is the most effective mechanism 

[34]. Therefore, It is crucial to select suitable particle doping into the solder matrix to improve 

the strength of composite solder.  

On the other hand, both grain refinement and load transfer effects can improve the 

ductility of solders. For the load transfer effect, the effective load transfer materials are mainly 

low-dimensional (whiskers, fibers, CNTs, GNS, etc.) rather than particle-shaped materials. 

Based on the above analysis, two types of reinforcement should be selected simultaneously to 
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(b) Choice of whisker reinforcement 

It is known that the composite materials with effective load transfer efficiency mainly 

include continuous fiber-reinforced composite and discontinuous reinforced composite [54]. 

The application of continuous fiber-reinforced composite materials is limited due to its high 

cost and complex preparation methods [55,56]. In addition, due to the miniaturization of flip 

chip and BGA solder joints, continuous fiber-reinforced composite solder is unsuitable for 

microelectronic connections [57]. Composite solders reinforced with discontinuous reinforcing 

phases mainly include short fiber reinforced, and whisker reinforced composite solders. The 

whisker reinforcement belongs to the single crystal with higher strength and smaller density 

difference compared with short fiber [58], so it is more suitable as a reinforcing phase for 

discontinuous composite solder. However, conventional whisker materials, such as SiC 

whisker and Al 2O3 whisker, are mostly one-dimensional materials, making the prepared 

composite solders exhibit anisotropy. For composite solder, if there is anisotropy in 

performance, the stability and reliability of the solder joint cannot be guaranteed. 

Among several whisker materials, tetra needle-like ZnO whisker (T-ZnOw) is the only 

known whisker with a three-dimensional spatial structure [59,60]. T-ZnOw has a four-corner 

needle shape, and four columnar single crystals extended from the core radial direction. The 

angle between any two needles is 109°. The typical morphology of T-ZnOw is shown in Fig. 

1-5 [61]. This special structure not only allows load transfer, but also acts as the skeleton in a 

solder matrix to improve the mechanical properties. Moreover, the tetrahedral spatial  

 

Fig. 1-5 The typical morphology of T-ZnOw [61]. 
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configuration of T-ZnOw implies that the prepared composite solders have isotropic properties, 

which is not possible with other whisker materials. 

In summary, among many reinforcing phases, nano-sized ZrO2 and T-ZnOw are selected 

as reinforcements to fabricate hybrid reinforced lead-free composite solders. 

1.2.3 Surface modification of reinforcements 

Despite its promising potential, some issues limit the application of ZrO2 and T-ZnOw in 

SnAgCu solder. This includes the poor wettability between reinforcements (ZrO2 and T-ZnOw) 

and SnAgCu, resulting in a weak bonding interface between the reinforcement and solder 

matrix. Thereby reducing the strengthening effect of the reinforcement. And the interface 

between whisker and matrix is the region controlling the load transfer efficiency from the 

matrix to the reinforcement [62]. Therefore, the weak bonding interface is also the reason for 

the decreased ductility of composite materials [63]. Furthermore, nano-ZrO2 has a high specific 

surface area, causing the agglomeration trend, which is difficult to disperse in the solder matrix. 

Both the weak bonding and agglomeration could deteriorate the performance of composite 

solders. Therefore, it is important to develop systematic methods to solve these problems, 

which do not only ensure good interfacial bonding between reinforcements (ZrO2 and T-ZnOw) 

and SnAgCu solder matrix, but also obtain uniform distribution of reinforcements in 

Sn1.0Ag0.5Cu solder matrix, thereby simultaneously improving strength and ductility of the 

composite solders. 

To improve the interface between the reinforcement and the solder matrix, the surface 

modification of the reinforcements has been considered to be an effective method. The current 

surface modification methods mainly include electroless plating, sol-gel, and magnetron 

sputtering. 

(a) Electroless plating method 

Electroless plating is a method in which metal ions are reduced to metal through a 

controllable oxidation-reduction reaction under the catalysis of metal and without an external 

current. The product is then deposited on the surface of various materials to form a dense 

coating [64]. It is widely utilized in the surface modification of materials. Yasin et al. [65] 
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method is also relatively low. Therefore, it is unclear whether the powder metallurgy method 

is suitable for preparing SnAgCu composite solder. Overall, in order to prepare the composite 

solder with high performance, a fabrication method suitable for this study should be adopted. 

1.3 Reliability concerns for solder joints 

With the trend of miniaturization, high-density and harsh condition of electronic 

packaging, the number of solder joints per unit area is increasing, and the size of solder joints 

is decreasing. In this case, the service conditions of the solder joints in the electronic 

components are more severe, allowing higher requirements on the reliability of solder joints.  

1.3.1 Challenges of solder joint during thermal aging 

The reliability of solder joints is mainly determined by the performance of the solder joints 

and the working environment where the solder joints are located [88]. Reliability issues mainly 

include: thermal aging, creep, thermal fatigue and electromigration [89-92]. Among several 

reliability problems, thermal aging is the most common issue, which attributed to the low 

melting point of the SnAgCu solder alloy. Degradation of microstructure and properties of 

solder joints could occur even at room temperature. For example, coarsening of the solder seam 

microstructure and the growth of the interfacial IMC, etc., and the higher service temperature 

further accelerate the process [93,94]. The typical coarsening images are shown in Fig. 1-7 and 

Fig. 1-8, respectively. The coarsening of the solder microstructure and excessively thick 

interfacial IMC caused the failure of the solder joint. Therefore, it is of great significance to 

study the evolution principle of microstructure and mechanical properties of solder joints 

during thermal aging and seek effective ways to restrain the deterioration. 

 
Fig. 1-7 Cross-sectional BSE images of SAC305 micro-joints in flip chip assembly: (a) After 500 h aging 

time; (b) after 2000 thermal shock (TS) cycles [93].  
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1.3.2 Microstructure coarsing 

The coarsening of the microstructure of solder joints can be divided into two parts, one is 

the coarsening of the solder, and the other is the coarsening of the interfacial IMC. 

The coarsening of the solder microstructure mainly refers to t coarse Ag3Sn. These coarse 

Ag3Sn will cause stress concentration to induce the generation of microcracks, causing failure 

of the solder joint [98]. The formation of the coarse Ag3Sn is mainly attributed to the high Ag 

content. The Ag content should be reduced to overcome this problem. Zhao et al. [99] prepared 

low Ag solders, and the coarse Ag3Sn was significantly reduced. In addition, the percentage 

failure in mechanical shock/drop tests for SAC105 solder joints was half that for SAC305 

solder joints during thermal cycling [100]. On the other hands, During long-term service, the 

coarsening of Cu6Sn5 IMC in solder also occurred [101]. The Cu source of Cu6Sn5 IMC comes 

from the solder itself, and the other part comes from the Cu substrate. Therefore, some methods 

should be adopted to inhibit the diffusion of Cu atoms, reducing the formation of coarse Cu6Sn5 

in the solder area. 

The coarsening of the interfacial IMC is caused by the continuous diffusion between the 

Cu atoms from the Cu substrate and the Sn atoms in the soldering seam during the thermal 

aging, producing thicker interfacial IMC. Due to the inherently brittle of interfacial IMC, 

thicker IMC is more prone to cracks, which eventually lead to the failure of the solder joint. 

To effectively suppress the growth of the interfacial IMC, several studies have been carried 

out [102,103]. Nai et al. [102] reported the interfacial intermetallic growth and shear strength 

of CNTs reinforced SnAgCu composite solder joints. The results showed that the composite 

solder joints exhibited a lower diffusion coefficient, indicating that the presence of CNTs was 

effective in retarding the growth of the IMC layer. The schematic diagram of CNTs hindered 

the diffusion of Sn and Cu atoms is shown in Fig. 1-9. In addition, the shear strength of as-

soldered and aged composite solder joints were higher than that of plain solder joints. Afolabi 

et al. [103] investigated the effect of isothermal aging on the morphology and shear strength 

of Sn-5Sb solder reinforced with carbon nanotubes. For the interfacial IMC layer evolution, 

appreciable retardation in IMC layer growth was observed in the composite solder joints  
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Fig. 1-9 Schematic diagram of CNTs hindered the diffusion of Sn and Cu atoms [102]. 

against the plain solder joint. And the composite solder joints showed better shear strength due 

to the exceptional mechanical properties of CNTs and the proper dispersion of CNTs in the 

solder matrix. 

In summary, the microstructure coarsening of the solder joint is mainly attributed to the 

high Ag content and fast Cu-Sn interdiffusion rate. In order to obtain a good microstructure of 

solder joint, the newly developed solder should be a composite solder that has low Ag and can 

effectively inhibit Cu-Sn interdiffusion. 

1.3.3 Mechanical limitation 

Due to the microstructure coarsening of the solder joint, correspondingly, the mechanical 

properties are also decreased. Zhao et al. [99] reported the thermal aging behavior of SnAgCu 

solder joints. The results showed that the shear strength of solder joint was decreased with the 

increase of aging time. After reasonable addition of nano Fe2O3, the reliability of composite 

solder joint was better than that of plain solder, which would be attributed to the suppressed 

IMC growth. Similarly, Anah et al. [101] reported that the shear strength of SnAg solder joint 

exhibited a decreased trend as the aging time increased. In addition, the fracture of the solder 

joint partly occurred near the solder/Cu interface  and partly inside the solder. After 1000 h 

aging, the fracture occurred completely near the solder/Cu interface. To solve the issue that the 

shear strength was declined during aging, some reinforcements were tried to added. The CNTs 

reinforced SnAgCu solder joint shows a better shear strength after reflow than the plain solder 
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needles of the whisker will be broken if the ball milling process is applied. In order to ensure 

the integrity of the space structure of T-ZnOw, the ball milling process was cancelled. Therefore, 

the surface modification method of T-ZnOw was a pyrolysis method based on self-assembly.  

1.4.2 Dispersed distribution of reinforcement assisted with ultrasonic agitation 

The dispersed distribution of the reinforcements in the solder matrix is the key to obtain 

high-performance composite solder. However, neither the traditional casting nor the powder 

metallurgy method can dispersely add the nano-scale reinforcing phase to the solder matrix, as 

mentioned in part 1.2.4. 

To solve this problem, an ultrasonic stirring is introduced into the casting method. When 

ultrasonic vibration is applied to the melt, the cavitation effect and the acoustic flow effect 

occur. The cavitation effect refers to the formation of cavitation bubbles in the melt under 

alternating positive and negative pressures of ultrasonic vibration [116]. The cavitation bubble 

expands rapidly and bursts. During the process, instantaneous high pressure impact force is 

generated, which can make the agglomerated particles dispersed [117]. At the same time, 

ultrasonic vibration can also produce acoustic streaming effects [118]. The eddy current effect 

produced by the acoustic current can effectively homogenize the processed melt. Based on the 

above characteristics, ultrasonic vibration is considered to be an effective method to 

homogenize the enhanced phase. It has been successfully applied to prepare composite 

materials [119-121]. Nie et al. [119] fabricated SiC particles-reinforced magnesium matrix 

composite by ultrasonic vibration. The UTS, yield strength and elongation of the SiCp/AZ91 

composites were simultaneously improved compared with the as-cast AZ91 alloy. Kai et al 

[120] investigated the effects of ultrasonic  

vibration on the microstructure and tensile properties of the nano ZrB2/2024Al composites. The 

results showed that the large clusters of the agglomeration could be divided into dispersed 

particles and uniformly distributed in the matrix. At the same time, the ultrasonic treatment 

also has a significant degassing effect and results in fewer defects and mechanical property 

enhancement of the nanocomposites. The yield stress and elongation of the composite were 77% 

and 10% higher than that of the composites without ultrasonic processing, respectively. Gao et  
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Fig. 1-10 The sketch of effects of ultrasonic cavitation and acoustic streaming on distribution of particles 

[121]. 

al. [121] reported improvement of particles distribution of in-situ 5 vol% TiB2 particulates 

reinforced Al-4.5Cu alloy matrix composites with ultrasonic vibration treatment. The 

particulate distribution was effectively improved, uniformly distributed along grain boundary 

area. The yield strength of the composite was improved by 114% and 61% compared with base 

metal and untreated composite, respectively. In addition, the ultrasonic vibration mechanism 

was illustrated, and the sketch of the effects of ultrasonic cavitation and acoustic streaming on 

the distribution of particles is shown in Fig. 1-10. However, ultrasonic stirring is rarely used in 

the preparation of composite solders. Therefore, the ultrasonic stirring method is applied to 

obtain the dispersed distribution of the reinforcements in the solder matrix.  

1.4.3 The design concept of multi-phase and multi-scale hybrid reinforced composite 

solder 

The development of new lead-free solders mainly includes microalloying and composite 

solders methods. For the microalloying method, the design and preparation of alloy 

components are mature due to long-term development. For example, based on phase diagram 

software and thermodynamic software, the best alloy composition can be calculated and then 

combined with experiments, the best performance solder alloy can be obtained. In recent years, 
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the design and preparation of composite solders have gradually become a hot research topic. 

Various reinforcements are added to the solder matrix; some could improve the performance 

of plain solder, whereas some worsen the performance. In this case, the development efficiency 

of the composite solder is very low, wasting time and financial resources. This is mainly due 

to the relatively short development time of composite solders, and the design criteria and 

principles of composite solders are unclear. These design criteria and principles are urgently 

needed to guide the design of composite solders. 

In this study, through the design and preparation of multi-phase and multi-scale hybrid 

reinforced composite solders, I systematically elaborated how to select the appropriate 

reinforcing phase, how to regulate the interface between the reinforcement and the solder 

matrix, and how to construct  a multi-phase and multi-scale hybrid reinforced composite system 

based on the strengthening-ductility mechanism. I hope that this information from this study 

can provide some support for the improvement of the design criterion and principle of 

composite solder. 

1.5 Research purpose and outline of this study 

This study aims to develop a Sn1.0Ag0.5Cu solder with high strength-ductility, and obtain 

high reliability of Sn1.0Ag0.5Cu solder joints. To improve the strength and plasticity 

synergistically, the design concept of multi-phase and multi-scale hybrid enhancement is 

proposed. In addition, a new surface modification method, the ball milling-pyrolysis method, 

is proposed. In this study, the surface modification of the reinforcements, preparation of the 

composite solder, the interface regulation between the reinforcements and solder matrix, 

strengthening-ductility behavior of composite solders, and the reliability of composite solder 

joints were systematically designed. This research is expected to provide theoretical and 

experimental basis for the development of high strength-ductility lead-free solders. The outline 

of the dissertation is as follows: 

In chapter 1, briefly illustrated the solder interconnection in electronic packaging, the 

development of lead-free solders, and reliability concerns for solder joints. The problems 
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existing in the development of composite solder are pointed out. Some ideas and methods to 

solve these problems are proposed. 

In chapter 2, a new surface modification method, ball milling-pyrolysis method, is 

proposed. The proposed method is successfully applied to the surface modification of ZrO2 

nanoparticles and T-ZnOw. The attachment of NiO on ZrO2 could be regulated by controlling 

the ball milling time and Ni/Zr molar ratios. In addition, the formation mechanism of 

NiO/ZrO2(NiO/T-ZnOw) are explored using in-situ transmission electron microscopy (TEM). 

The interface relationship between the reinforcements and the modified layer NiO are also 

studied. 

In chapter 3, NiO/ZrO2-reinforced Sn1.0Ag0.5Cu composite solder is prepared with 

ultrasonic stirring. The microstructure evolution and refinement mechanism of composite 

solders are systematically investigated. The Sn/NiO/ZrO2 interface system based on mutual 

solid solution is designed. In addition, the melting point and mechanical properties of 

composite solders are also studied. 

In chapter 4, NiO/T-ZnOw-reinforced Sn1.0Ag0.5Cu composite solder is prepared with 

ultrasonic stirring. The microstructure evolution and refinement mechanism of composite 

solders are systematically investigated. Sn/NiO/T-ZnOw interface system is designed. 

Moreover, the strengthening-ductility of composite solder was investigated. 

In chapter 5, NiO/ZrO2 and NiO/T-ZnOw hybrid reinforced Sn1.0Ag0.5Cu composite 

solder is prepared with ultrasonic stirring. The microstructure evolution and mechanical 

properties of composite solders are systematically investigated. Morever, the thermal stability 

of composite solder is also investigated. 

In chapter 6, the wetting performance of NiO/ZrO2 and NiO/T-ZnOw hybrid reinforced 

Sn1.0Ag0.5Cu composite solder is conducted. The composite solder/Cu solder joints with 

reflow are prepared, and the microstructure and shear strength of solder joints are investigated. 

Reliability of solder joints were also studied during thermal aging. 

In Conclusion, brief achievements and results of each chapter in this thesis are 

summarized. The future plan is listed as well.  
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overlay of Zr and Ni distributions. These images clearly demonstrate that NiO/ZrO2 was 

successfully prepared by the ball milling-pyrolysis method. 

Above, I had analyzed the final solid product (NiO/ZrO2) of pyrolysis of precursor/ZrO2 

by TEM. In order to further systematically investigate the pyrolysis process of precursor/ZrO2, 

especially the gas products in the dynamic pyrolysis process, TPD-MS test was conducted. For 

the TPD-MS system, TPD is acting as a furnace, its function is to thermal decompose the 

sample by heating, and the function of MS is to detect the composition of these gases. Fig. 2-

4 exhibits the TPD-MS analysis of precursor/ZrO2. Fig. 2-4(a) shows the TPD-MS spectra  

 
Fig. 2-4 TPD-MS analysis of precursor/ZrO2. (a) TPD-MS spectra collected during the pyrolysis of the 

mixture of ZrO2 and precursor. (b) relative yields of the gases. 
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Fig. 2-6 TEM images of NiO/ZrO2 milled for (a) 0, (b) 1, (c) 5, (d) 10, and (e) 20 h. (f) Fitting kinetic curves 

of NiO particle size vs. ball milling time. 
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Fig. 2-7 HRTEM images of NiO/ZrO2 milled for (a) 0, (b) 1, (c) 5, and (d) 20 h. 

Fig. 2-7(d). On the one hand, in terms of thermodynamics, the huge energy generated during 

the ball milling increased the free energy of the ZrO2. When the free energy of the ZrO2 crystal 

phase was higher than that of the amorphous phase, the amorphous transformation was 

occurred. On the other hand, defects were generated on the surface of ZrO2 due to the huge 

impact and friction generated during the ball milling. And as the milling time increased, the  

defect density also increased, which has been mentioned in Fig. 2-5(b). With the increase of 

the ball milling time, when the crystal defects cannot withstand the defect stress caused by ball 

milling, the ZrO2 lattice system became unstable and collapsed to form amorphous. The typical 

feature was the disordered arrangement of atoms, which was appeared in Fig. 2-7(d). 

Furthermore, as the NiO particle size produced after 10 h of milling was quite similar to that 
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Fig. 2-10 TEM images of NiO/ZrO2 with Ni/Zr molar ratios of (a) 5%, (b) 10%, (c) 20%, and (d) 40%. 

Table 2-2 Size ranges and average particle sizes of NiO with different Ni/Zr molar ratios 

Ni/Zr ratios 5 % 10 % 20 % 40 % 

Size range (nm) 

Average size (nm) 

1.1-10.6 

5.9 

4.0-12.1 

8.2 

5.6-14.1 

9.2 

9.7-28.9 

18.7 

most of the activation sites on ZrO2 were exhaust, which means the surface of ZrO2 was almost 

completely covered. Continue to increase the content of NiO, the volume of a single NiO 

increased significantly, corresponding the size of NiO nanoparticles increased obviously. 

To further evaluate the cover degree of NiO to ZrO2, the coverage rate of NiO to ZrO2 

were measured. At 5% Ni/Zr (Fig. 2-10(a)), the coverage rate was 54.1%. With the increase 

the Ni/Zr molar ratio, the coverage rate gradually increased. when the Ni/Zr molar ratio reached 
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Table 2-3. Zn and O were detected, which is consistent with the XRD results shown in Fig. 2-

17. Fig. 2-18(b), which is a magnified view of Fig. 2-18(a), indicates that the surface was 

smooth and clean without attached impurities. In the modified T-ZnOw (Fig. 2-18(c)), the 

special spatial structure of the whisker was maintained except for the broken nanotips, 

suggesting that our modification method caused little damage to the original material. The high 

magnification view (Fig. 2-18(d)) shows that many nano-sized particles were uniformly 

attached to the T-ZnOw surface. The EDS results for area B in Fig. 2-18(c) are also presented 

in Table 2-3. Zn, Ni, and O were detected. The combined EDS results in Table 2-3 and the 

XRD patterns in Fig. 2-17 suggest that these nano-sized particles were NiO. Therefore, NiO 

was successfully coated on T-ZnOw. 

Table 2-3 EDS results for raw T-ZnOw and NiO/T-ZnOw in Fig. 2-18 (at. %) 

Location Zn Ni O  

A 

B 

48.91 

40.72 

- 

2.91 

51.09 

56.26 

 

 

 

Fig. 2-18 SEM images of (a) raw T-ZnOw and (c) NiO/T-ZnOw. (b) and (d) are magnified views of (a) and 

(c), respectively. 
















































































































































































































































































