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Abstract 

 

In the 3D printing technology, the research for using various materials has been 

performing. In this research work, 3D printable high viscous materials are suggested as one 

of the solutions for problems in the traditional 3D printing technology.  

First, Cu-Ag coreshell was synthesized as a functional material. In terms of the 

reaction rate, reaction rate limiting step was defined as a fundamental research, and then 

prepared Cu-Ag coreshell was printed and analyzed. Second, the high viscous Cu paste was 

prepared and then metal 3D printed structure was fabricated by using new printing method. 

In the synthesis of Cu-Ag coreshell, different sizes of Cu particle, 2μm and 100nm 

were used, and when 2μm Cu was applied, the reaction rate was limited by film diffusion 

control. However, when 100nm Cu was applied, reaction rate was controlled by CuO film 

and the rate of the reaction, which includes removing CuO film in the solution, is limited by 

chemical reaction control. The shape of Cu-Ag particle is spherical in the 2μm Cu condition 

and dendrite shape in the 100nm Cu condition respectively. The conductivity of Cu-Ag 

coreshell paste increased as increasing content of coreshell particle in the paste and sintering 

temperature.  

In order to print high viscous metal paste, the high viscous Cu paste was printed by 

using screw extruder, and the viscosity of Cu paste was measured as a fundamental research. 

As increasing wt.% of Cu in the paste, the viscosity also increased. In addition, the shrinkage 

factor was reduced by increasing wt.% of Cu in the paste. An optimized printing condition 

for the high viscous material was obtained, and by using this condition, 3D metal structure 

was fabricated. The final product was heat treated and polished. Through these processes, a 

fine quality of metal 3D structure was printed. 
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 Chapter 1 

Introduction 

 

3D printing technology has been considered the 3
rd

 industrial revolution. Various 

types of 3D printing methods have been introduced and new equipment has been 

commercially provided. Traditional 3D printing methods can only print specific materials 

such as thermoplastics, UV curable ink, and metal powder [1-4]. Printing metallic 3D 

structure is one aspect of additive manufacturing that has gotten a lot of attention. Current 

processes such as SLS (selective laser sintering) and EBM (electron beam melting) methods 

have been using to fabricate 3D metal structures [1]. The existing 3D printers and 3D 

printable materials are shown in Figure 1.1. 

These processes directly melt metal particles and produce 3D structure by stacking 

and sintering metal layers. However, these processes have some problems that make them 

difficult to apply to industries. The cost of the printing equipment and well as the 

maintenance is rather high due to the advanced laser and electron beam system. The 

equipment is expensive and this equipment only can print metal. It is not effective to use in 

machines where critical mechanical properties are required. In addition, too much time is 

consumed for the completion of a printed 3D structure. 

For this research, to solve the current problems, high viscous, low cost, materials are 

applied to accessible 3D printing processes. Traditional metal 3D printers only use metal 

powders as printing materials, but in this research, high viscous materials including particles 

are used as printable materials. 
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Figure 1.1: Existing 3D printers and 3D printable materials. 
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In this research work to fabricate the 3D structure by using high viscous materials 

and functional materials, two kind of research were performed. First, 3D printable functional 

material was synthesized and printed. Second, metal paste was synthesized and metal 3D 

printed structure was synthesized by using high viscous metal paste. The introduction about 

each research will be described below. 

1.1 Part 1: Synthesis of functional material: Cu-Ag coreshell 

In this study, coreshell was synthesized as a functional material to apply to high 

viscous printable material for 3D printed electronics. Coreshell has special properties 

including optical [5], drug storable and releasable properties [6], catalytic properties as used 

in organic reactions [7], specific reactivity [8] and antimicrobial property [9]. The unique 

characteristics of coreshell are expected to benefit multiple industries and other research 

fields. 

Now, many methods exist for the synthesis of coreshell. For example spray pyrolysis 

[10], polymer shell method [11], radical polymerization [12], sono-synthesis [13] and 

reduction reaction method [14], have been studied. Also, to produce coreshell with stable film, 

many additives precursors and stabilizers are used in the synthesizing process. 

In order to widen the application of coreshell to multiple industries, synthesizing 

processes should be simple. Synthesizing methods mentioned as above are complicated in 

that they involve many steps and the associated cost is high. Furthermore, if stabilizers and 

other additives are used to synthesize coreshell, additional processing steps are required to 

remove these materials making the total synthesis process more complicated. Therefore, in 

this study, Cu-Ag coreshell was simply prepared by using solid-liquid method without 

stabilizers or additives. Because of the high conductivities of these two metals, Cu-Ag 

coreshell is applicable to printed electronics and 3D printing technology as materials for solar 

cell or high viscous conductive paste. Many studies for exploiting the useful properties of Cu-
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Ag coreshell have been conducted [15]. In this research, in order to compare the particle size 

effect on synthesis of Cu-Ag coreshell, different particle sizes of Cu particles were used. 

Experiments were also carried out at different Ag ion conditions to confirm the effect of Ag 

ion concentration in solution on the reaction rate during Cu- Ag coreshell synthesis. As a 

result, the difference in reaction rate between 100nm and 2µm particle conditions was 

compared and analyzed as basic research for synthesizing Cu-Ag coreshell in the point of 

view of reaction rate. Furthermore, to apply high viscous material Cu-Ag coreshell was 

mixed with high viscous flux and its electrical conductivity was also measured. 

1.2 Part 2: High viscous material for 3D printing technology 

The limitation of usage of 3D printable materials is the biggest problem in the 3D 

printing technology. In order to apply 3D printing technology to other industries and research 

fields, this limitation of 3D printing technology should be solved. To solve this problem, use 

of high viscous materials for 3D printing process is suggested and applied to this research. 

Because of viscosity of high viscous materials, printed structure can maintain their structure 

when high viscous material is printed. In addition, high viscous materials consist of powder 

and high viscous flux. Therefore, for example if the ceramic or metal powder is used as the 

powder material in the high viscous material, 3D printing process can print all of materials. 

Even though high viscous material deos not include powder material, if high viscous material 

has special function itself, it can be used as 3D printable materials for special purpose. 

In this study, high viscous materials were prepared and printed to confirm the 

efficiency of high viscous materials and optimize their printing conditions. High viscous Cu 

paste was prepared and printed as one of the examples of 3D printable material because of its 

significant applicability. Printing a metallic 3D structure is one aspect of additive 

manufacturing that has recieved a significant amount of attention. Current processes such as 

SLS (selective laser sintering) and EBM (electron beam melting) methods have been used to 
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fabricate 3D metal structures [1, 3]. These processes directly melt metal particles and produce 

3D structures by stacking and sintering metal layers. However, these processes have some 

problems that make them difficult to apply to industries. The cost of the printing equipment 

and the maintenance is rather high due to the advanced laser and electron beam system. 

Another disadvantage is that the printing equipment can only print metal. The cost and 

limited printability is not effective in machines where critical mechanical properties are 

required. In addition, too much time is consumed for the completion of a printed 3D structure. 

In order to solve these current problems, high viscous, low cost materials are applied to 

accessible 3D printing processes. Traditional metal 3D printers only use metal powders as 

printing materials, but in this research, high viscous materials that mix particles and flux are 

used as printable materials. Usually, high viscous materials are synthesized by mixing 

particles, high viscous flux, and additives [16-23]. Typically, high viscous flux is prepared by 

using an organic solution and additives so it is hard to handle and needs special caution. 

However, the high vicous flux was easily synthesized by using a water soluble polymer and 

additives in this research. As a main printable material, Cu particles were used to synthesize a 

high viscous metal paste because Cu is one of the cheapest metals and has many applications 

due to its high electrical conductivity. [24, 25] 

Traditional 3D printing methods, SLS (selective laser sintering) [26], FDM (fused 

deposition modeling) [27] and SLA (stereolithigraphy apparatus) [28], can only print 

specially prepared materials, not high viscous materials. Therefore, other printing methods 

are needed in order to overcome the limits of the current technology. In order to extrude high 

viscous materials, another printing process involving a screw extruder was used in this 

research.  

Following the printing of the high viscous material, after treatment should be 

performed because printed 3D structures using high viscous material do not harden. 
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Therefore, hardening processes such as UV curing, chemical or heat treatment should be used 

to make printed structures complete. In this study, the metal particle, Cu, was used as the 

main printable material, so the sintering process was conducted to harden the printed metal 

structure. In addition, printing parameters for the screw extruder were also optimized to print 

synthesized high viscous materials. 

The viscosity of the material is the most significant factor since it controls the printing 

process and its printing parameters. Therefore, as a fundamental part of the research, the 

viscosity of high viscous material was measured and compared by changing the content of Cu 

particles in the paste. 
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Chapter 2 

Materials and experimental procedure 

 

2.1 Part 1: Materials 

Copper oxide was reduced to Cu metal particles and then used as Cu nano particles. 

2µm Cu particle (Nano Technology) was also used in this experiment. Hydrazine 

monohydrate (purity≥99%, Alfa Aesar) was used to reduce copper oxide and average particle 

size of Cu nano particle reduced by hydrazine monohydrate was 100nm. Silver nitrate 

(Purity≥99.8%, Sigma Aldrich) was used as source of Ag ions in solution. 

2.2 Part 1: Experimental procedure 

2.2.1 Synthesis process of Cu-Ag coreshell, analysis and theory 

The concentration of Cu was fixed but particle size of Cu and concentration of Ag 

were experimental variables. All experiments were performed at room temperature. The 

synthesis process was as follows: First, a 1Ｘ10
-1 

mol·dm
-3

, 50ml Cu particle solution was 

prepared by mixing 100nm Cu particles and distilled water. Next Ag ion solutions were 

prepared where the concentration of Ag differed for each experiment and had values of 1Ｘ

10
-2

 mol·dm
-3

, 5Ｘ10
-2

 mol·dm
-3

, 1Ｘ10
-1

 mol·dm
-3

, 1.5Ｘ10
-1

 mol·dm
-3

, 2Ｘ10
-1

 mol·dm
-3

 

and 4Ｘ10
-1

 mol·dm
-3

. When Cu solution and Ag ion solutions were mixed in each 

experiment, their concentration changed because total volume of solution changed from 50 

ml to 100 ml. Therefore, the concentration of Cu became 5Ｘ10
-2

 mol·dm
-3

 in the mixed 

solution and that of Ag ion in solution became 5Ｘ10
-3

 mol·dm
-3

, 2.5Ｘ10
-2

 mol·dm
-3

, 5Ｘ10
-

2
 mol·dm

-3
, 7.5Ｘ10

-2
 mol·dm

-3
, 1Ｘ10

-1
 mol·dm

-3
 and 2Ｘ10

-1
 mol·dm

-3
 at 100ml solution 
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for each experiment. After combining the two solutions, the mixture was stirred at 300 rpm 

and reacted for 10 minutes. The mixture was then subjected to a centrifuge in order to 

separate the Cu-Ag coreshell particles from the solution at 6,000 rpm for 10 minutes. Next, 

the Cu-Ag coreshell was washed with distilled water after the centrifuge process was 

complete. The rinse water and coreshell mixture was then subjected to a centrifuge process 

again at the same condition. Finally the coreshell was then dried in a vacuum oven at 80℃. 

Experiments involving 2µm Cu particles were performed by the same process as mentioned 

above. Each sample was analyzed by ICP (Optima 7000 DV, Perkin Elmer) and scanning 

electron microscopy (TM-1000 Tabletop Microscope, Hitachi and S-4800 scanning electron 

microscopy, Hitachi). 

Prepared Cu-Ag coreshell was mixed with high viscous flux to make Cu-Ag coreshell 

paste. To confirm contents effect on conductivity of paste, the content of coreshell particles in 

the paste was changed from 19 vol.% to 31 vol.% of Cu-Ag coreshell particles. The paste was 

heat treated by using a furnace (Box furnace, Lindberg/Blue M) at 500℃ for 20min. In 

addition to confirm the effect of heat treatment temperature, the heat treatment temperature 

was also changed from 400℃ to 550℃. The electrical conductivity of heat treated samples 

was measured by using 4-pin probe (LORESTA-GP MCP-T610, Mitsubishi Chemical 

Corporation). 
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2.2.2 Shrinking core model 

In this research, the shrinking core model was used to determine reaction limiting 

steps. When the particles and reactant are reacted with each other, sometimes particles can 

maintain their size or decrease or increase. In this case, the rate of this reaction can be 

influenced by three different factors. The concentration of the reactant, the chemical reaction 

between two reactants, and the layer produced on the surface of particle can control the total 

reaction rate. This shrinking core model is developed to confirm and explain the rate control 

factors of the reaction which contains reaction between particles and liquid or gas. Through 

this theory, the reaction control factor, actually a limiting step, can be defined, and by using 

this confirmed step, rate of reaction can be controlled. Because of this, the shrining core 

model is used in this experiment. 

In order to apply the shrinking core model to the experiment, two assumptions are 

needed. First, the reaction should not be reversible. If the reaction is reversible the particle 

size cannot be formed and decreased uniformly so it is hard to calculate and estimate their 

expected particle size mathematically. Second, the particle shape should be spherical and the 

radius, R, is constant during the reaction, and the reaction interface at rc shrinks uniformly. 

There are three resistances, actually reaction rate limiting step. First, film diffusion 

control, second, product layer diffusion control, and third, chemical reaction control. These 

three kinds of limiting steps are introduced simply above. These limiting steps will be 

introduced in the next part. 

2.2.3 Limiting step 

In the shrinking core model, there are three reaction limiting steps, film diffusion 

control, product layer diffusion control and chemical reaction control. The rate of reaction 

able to apply the shrinking core model is controlled by those three limiting steps. Generally, 

the reaction rate is defined by the slowest reaction in the reaction. In the reaction, the three 
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limiting steps are able to occur, but only one limiting step, the slowest among all steps, can be 

the limiting step of the reaction. All limiting steps will be introduced below. 

2.2.3.1 Film diffusion control 

When the reactant reacts with the particles, the film diffusion layer surrounding 

surface of particles will be created. The film diffusion layer is shown in Figure 2.1.  

In this case, the concentration of the particle depends on the radius of the particle. The 

concentration of the reactant, the solution or gas, is constant at the outside of film diffusion 

layer. However, the concentration of the reactant is controlled by film diffusion layer, and 

closer to the surface of the particle, lower the concentration of reactant is shown. The 

concentration change of the reactant is shown in Figure 2.2. 

The reaction rate is controlled by the diffusion rate of the reactant in the film diffusion 

layer. The reaction completed time is calculated. The equation and each component are 

shown below. 

      
   

      
 

tcomp: The completed time 

  : The molar density of the particle 

R: The radius of the particle 

b: The stoichiometry number of the reactant in the reaction 

CA: The concentration of the reactant 

km: The mass transfer coefficient between the fluid and the particle 

In addition, the radius of unreacted core in terms of fractional time for complete 

conversion is obtained and shown below. 
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Figure 2.1: Shrinking core model when the film diffusion control is limiting the reaction rate. 
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Figure 2.2: The concentration changes of the reactant by film diffusion control. 
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      (

  
 
)
 

 

t: The reaction time 

tcomp: The Completed reaction time 

XB: The fractional conversion 

rc: The radius of unreacted particle 

R: The radius of the particle 

Through this equation, the relationship of time with radius and with conversion can be 

obtained. 

2.2.3.2 Product layer diffusion control 

When the diffusion through product layer is limiting the rate of the reaction, the 

concentration change of the reactant is changed by the effective diffusivity of the reactant. In 

this case the film diffusion layer is also formed around the surface of the particle, but this 

film diffusion layer cannot influence the concentration change of the reactant. The change of 

the concentration of the reactant is changed by diffusivity of the product layer. The 

concentration change of the reactant controlled by product layer is shown in Figure 2.3. 

In this case, the completed time of the reaction can be expressed by a mathematical 

method, which is the expression shown below. 
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Figure 2.3: The concentration changes of the reactant by product layer diffusion control. 
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tcomp: The completed time 

  : The molar density of the particle 

R: The radius of the particle 

b: The stoichiometry number of the reactant in the reaction 

CA: The concentration of the reactant 

De: The effective diffusion coefficient 

In addition, the completed time is also expressed in terms of fractional conversion. 

The equation is shown below. 

 

     
    (    )

 
   (    )     (

  
 
)
 

   (
  
 
)
 

 

Each component is the same as noticed in the film diffusion control part. 

2.2.3.3 Chemical reaction control 

When the rate of the reaction is controlled by chemical reaction control, the reaction 

rate is not affected by film diffusion layer and product layer. Therefore, the reaction rate is 

proportional to the available surface of unreacted particle. Figure 2.4 shows the concentration 

change of the reactant in the chemical reaction control. In this case the reaction rate is related 

to the first-order rate constant for the surface reaction. The expressed completed time of this 

limiting control is shown below. 
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Figure 2.4: The concentration changes of the reactant by chemical reaction control. 
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tcomp: The completed time 

  : The molar density of the particle 

R: The radius of the particle 

b: The stoichiometry number of the reactant in the reaction 

CA: The concentration of the reactant 

k’’: The first order rate constant 

The fractional conversion term of the equation is shown below too. 

 

     
   (    )

 
      

  
 

 

Each component is same as noticed in the film diffusion control part. 
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2.3 Part 2: Materials 

Copper particles were used to synthesize a high viscous metal paste. 106μm (Acros 

Organics, 99%, powder) and 25μm (Sigma Aldrich, 99%, powder) of copper particles were 

applied. Polyvinyl carboxy polymer (MakingCosmetics) and PVA (polyvinyl alcohol, Fisher 

Science Education) was used as a viscosity enhancement reagent in the high viscous flux. 

2.4 Part 2: Experimental procedure 

2.4.1 Synthesis of high viscous Cu paste 

To prepare the high viscous material, the viscosity enhancement reagent, 7 wt.% of 

polyvinyl carboxy polymer, was dissolved in water. In addition, the pH of the solution was 

controlled to 7 by using sodium hydroxide and then stirring until the solution transformed 

into gel. After preparing the gel, PVA was dissolved in the water and then 7 wt.% of the PVA 

solution was prepared. After making two kinds of materials, the polyvinyl carboxy polymer 

gel and the PVA solution were mixed to make a high viscous flux at the specific ratio 

(polyvinyl carboxy polymer:PVA = 95:5). After the two polymers were completely mixed, 

the Cu powder was added to the prepared high viscous flux. The contents of Cu changed to 

50, 55, 60 and 65 wt.%. Cu particles and the high viscous material were thoroughly mixed 

and then the Cu paste was kept from any further air contact. 

2.4.2 Viscosity measurement 

The prepared high viscous metal paste was printed by using an extruder type 3D 

printing machine. By using this equipment, the viscosity of metal paste could be obtained by 

using Hagen-Poiseuille equation [29]. The equation is shown below: 
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Q: The volumetric flow rate  

L: The length of tip 

R: The radius of tip 

ΔP: The difference of pressure between the end and top of the tip  

μ: The viscosity of material.  

 In this experiment the volumetric flow rate was measured every minute. It was 

performed for a total of 5 minutes and the measured volumetric flow was plotted. The slope 

was determined by the volumetric flow rate. The radius (1 mm) and the length (13 mm) of the 

tip were fixed respectively. ΔP was calculated by using the viscosity-known material 

(viscosity range: 3,700,000~3,800,000 cP). However, ΔP can be changed by materials, μ/ΔP 

was expressed as an expression of viscosity of high viscous materials in the experiment. 

2.4.3 3D printing process and heat treatment 

In order to print the high viscous metal paste and construct metal 3D structures, an 

extruder type of printing machine was developed and a FDM 3D printer (Opencreators, NP-

mendel) was modified and connected to the extruder. The schematic of 3D printing 

equipment is shown in Figure 2.5. Printing conditions were optimized according to the 

viscosity. All of printed metal 3D structures were air dried at room temperature and heat 

treated with charcoal by using a box furnace (Box furnace, Lindberg/Blue M) at 950 ℃ for 

two hours. 
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Figure 2.5: Schematic of 3D printer for high viscous materials and screw extruder. 
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Chapter 3 

Results and discussion 

 

Part 1: Synthesis of functional material: Cu-Ag coreshell 

3.1 The limiting step of reaction 

In this study, Cu-Ag coreshell was synthesized by using 2µm and 100nm Cu particles 

without any additives and stabilizers. The concentration of produced Cu ions was measured 

by ICP analysis and the change in concentration of Cu ions at 2µm Cu conditions is shown in 

Figure 3.1, and the measured concentration of Cu ion is also shown at Table 3.1. 

Based on Figure 3.1, it can be confirmed that the reaction was finished between 5 and 

10 seconds for the 2µm Cu particle condition for all concentrations of Ag ion. In Figure 3.1, 

it is observable that the concentration of produced Cu ions and reaction rate increases as the 

concentration of Ag ions increases.  

The reaction rate was calculated and the order of reaction was also calculated by 

based on the changes of concentration of Cu ions. In this experiment, 4 reactions can occur in 

solution and the reaction equations for this experiment are as follows: 

 

                 (                 ) (3.1) 

              (                 ) (3.2) 

                (                 ) (3.3) 

                (                ) (3.4) 
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Figure 3.1: The concentration of Cu ion in solution at different Ag ion concentrations (2µm 

Cu particle condition). 
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Table 3.1: The Concentration of Cu ions (M) measured by ICP at the different 

concentration of Ag ion in solution, 2μm Cu condition. 

Concentration  

of Cu ion (M) 
0.005 0.025 0.05 0.75 0.1 0.2 

Time (sec) 

5 0.003277 0.011419 0.021477 0.022453 0.034195 0.035469 

10 0.003583 0.011958 0.022266 0.0285 0.034211 0.040313 

20 0.003611 0.011966 0.02293 0.036719 0.032164 0.039703 

30 0.003777 0.011628 0.022305 0.028297 0.031703 0.040719 

60 0.003302 0.011002 0.021328 0.034016 0.031539 0.037844 

180 0.003084 0.010778 0.021227 0.033031 0.03707 0.048344 

300 0.002982 0.01042 0.019398 0.032859 0.033984 0.043547 

600 0.003408 0.010313 0.021328 0.033266 0.037313 0.043547 
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When calculating Gibbs free energy, the reaction described by equation (3.1) is the 

predominant reaction as compared to the other reactions, and this reaction in the solution is 

shown in Figure 3.2. 

Therefore, equations (3.2) and (3.3) are not considered. In addition, because of the 

Gibbs free energy, equation (3.4) cannot occur meaning that hydrogen ion cannot influence 

this reaction. The Concentration of Cu (5Ｘ10
-2

 mol·dm
-3

, 100 ml) was fixed in reaction 

equation above, therefore the concentration of Cu can be considered as a rate constant in this 

rate equation. The rate equation can be expressed as is seen below. 

       

  
          (3.5) 

The order of reaction for each condition was calculated and is plotted in Figure 3.3. 

The order of reaction was determined to be 0.65 for the 2µm Cu particle. In order to confirm 

which step was the limiter of the reaction rate at this condition, the shrinking core model was 

applied in this paper. Analysis of the conversion-time curve was used to confirm limiting step 

of this reaction. Through analysis of this curve, the reaction rate limiting step can be 

determined [30]. In Figure 3.4, the conversion-time curve is expressed and compared with 

theoretical curve. 

When the conversion-time curve plot (generated by experimental data) is compared 

with the theoretical curve in Figure 3.4, the tendency of 2µm Cu particle curve is the same as 

film diffusion control curve. Seemingly, the reaction rate of 2µm Cu particles is limited by 

film diffusion control. 
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Figure 3.2: Synthesizing reaction of Cu-Ag coreshell in the aqueous solution. 
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Figure 3.3: Plot of log(rate) versus log({Ag
+
}), 2µm Cu particle condition. 
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Figure 3.4: Empirical conversion-time curve at 2µm Cu particle condition, (A) theoretical 

film diffusion control conversion-time curve. 
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In Figure 3.5, the change in concentration of produced Cu ions for experiments 

involving 100nm Cu particles is shown, and the measured data is shown in the Table 3.2. 

According to Figure 3.5, the reaction went along continuously when 100nm Cu particles were 

used. In addition, as shown in Figure 3.1, the reaction was quickly finished when 2μm Cu 

particles were used, but in the case of experiments involving 100nm Cu particles, the reaction 

was not quickly finished. Generally, when particles are of a small size, the reaction rate will 

increase because surface area will increase too. However, a 100nm particle is 20 times 

smaller than a 2μm Cu particle in this case. Nevertheless, the reaction rate of the 100nm Cu 

condition was slower than that of the 2μm Cu condition. This result occurs due to the 

presence of CuO film on surface of 100nm Cu particles.  

Nano-sized Cu particle can be easily oxidized in an ambient environment. According 

to previous research, to prevent Cu nano particles from oxidizing, the pressure of oxygen 

should be controlled at 2.6Ｘ10
-45

 atm in air [31]. Controlling the oxygen pressure mentioned 

before is impossible, and it means that oxidation of Cu nano particles cannot be prevented in 

air. From this result, it seems that when 100nm Cu particles are prepared to synthesize Cu-Ag 

coreshell the surface of Cu nano particle is oxidized, and at the same time CuO film is formed 

on the surface before 100nm Cu particles react with Ag ion solution.  

Through SEM and EDS analysis, it was confirmed that 100nm Cu particles were 

already oxidized about 2 wt.% but 2μm Cu particles were not. The EDS and SEM results of 

2μm and 100nm Cu particles are shown at Figure 3.6. 

Through Pilling-Bedworth ratio, RPB, the stability of copper oxide film was checked 

[32]. RPB of copper oxide is 1.6. Thus, copper oxide film is a stable and passivating film 

capable of providing a protective effect. For this reason, Ag ions cannot diffuse to copper 

through copper oxide film formed on surface of 100nm Cu particles. 
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Figure 3.5: The concentration of Cu ion in solution at different Ag ion concentrations 

(100nm Cu particle condition). 
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Table 3.2: The Concentration of Cu ions (M) measured by ICP at the different 

concentration of Ag ion in solution, 100nm Cu condition. 

Concentration  

of Cu ion (M) 
0.005 0.025 0.05 0.75 0.1 0.2 

Time (sec) 

5 0.005016 0.010268 0.015816 0.007732 0.017584 0.023594 

10 0.004545 0.010358 0.014763 0.017464 0.015005 0.021625 

20 0.004213 0.010401 0.014744 0.025492 0.017016 0.019281 

30 0.004835 0.009216 0.015805 0.021195 0.024266 0.028938 

60 0.003322 0.008249 0.018352 0.023969 0.032016 0.027234 

180 0.002698 0.010499 0.022734 0.028352 0.039057 0.043313 

300 0.002854 0.010991 0.022313 0.029977 0.041578 0.038016 

600 0.003091 0.010892 0.022906 0.032211 0.042411 0.044203 
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Figure 3.6: SEM images and EDS analysis results of Cu particles, (A) 2μm Cu 

particle and (B) 100nm Cu particle. 
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In this condition, the pH of solution is between 4.67 and 5.89 at a concentration of Ag 

ions between 2Ｘ10
-1

 mol·dm
-3

 and 5Ｘ10
-3

 mol·dm
-3

. The surface charge of copper oxide is 

positive in this pH range [33], so Ag ions are not adsorbed on surface of copper oxide film. 

Therefore, in this condition, the reaction described by equation (3.1) can occur and another 

reaction can occur in solution described by the following equation: 

                 (                 ) (3.6) 

In this case, it can be considered that equation (3.4) cannot occur, because of its 

Gibbs free energy. Because of the low pH condition, copper oxide film reacts with acid in 

solution and then copper oxide becomes copper ion and these Cu ions are released in solution 

(equation (3.6)). At this time, a pure Cu surface will be exposed, Ag ions and the newly 

exposed Cu surface can then react in solution and allowing for Ag film to be coated on the 

surface of Cu (equation (3.1)). This reaction occurs continuously and finally Cu-Ag coreshell 

is synthesized in solution. In Figure 3.7, the schematic of this reaction is shown. 

Roughly 2 wt.% of Cu was oxidized, but it was not partially oxidized. Because all 

100nm Cu particles were oxidized as much as 2 wt.% and formed copper oxide film, the 

reaction using 100nm Cu particles was slower than the reaction using 2µm Cu particles 

which were not oxidized. In order to synthesize Cu-Ag coreshell by using 100nm Cu particles, 

the copper oxide film must be removed first. 

In this reaction, the pH of solution can influence on the reaction (equation (3.5)). 

Therefore, the total reaction rate is limited by the reaction between copper oxide film and 

hydrogen ion in solution. In order to increase the reaction rate in this condition, copper oxide 

film should be removed fast, and pH control can be used to dissolve copper oxide film. The 

reaction rate of equation (3.5) was measured at different pH conditions. 
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Figure 3.7: Schematic of synthesizing Cu-Ag coreshell process using 100nm Cu particles. 
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The results of pH dependence of reaction rate are shown in Figure 3.8. In Figure 3.8, 

it can be confirmed that as the pH of solution decreases, the reaction rate of equation (3.6) 

increases. In addition, it was considered that the concentration of Ag ions in solution cannot 

influence this reaction rate because when 2µm was applied, reaction was quickly finished. As 

a result, the rate equation can be expressed as is seen below. 

       

  
         (3.7) 

The order of reaction was also calculated to be ~ 0.2 (R
2
 = 97%) for the 100nm Cu 

particle condition. This reaction is that of copper oxide on the surface of 100nm Cu particles 

reacting with hydrogen ions in solution. Product layer control cannot limit this reaction rate 

because the reaction occurs on the surface. Thus, it can be expected that equation (3.6) can be 

governed by film diffusion control or chemical reaction control. In order to confirm which 

limiting step is truly controlling this reaction rate, analysis of the conversion-time curve was 

again used, and then experimental curve was compared to theoretical curve. In Figure 3.9, 

these two curves are expressed. As shown in Figure 3.9, the tendency of conversion-time 

curve behavior for equation (3.6) is the same as the conversion-time curve for chemical 

reaction control. Therefore, when 100nm Cu particles are used to synthesize Cu-Ag coreshell, 

the entire reaction rate is controlled by equation (3.6). In addition, the reaction rate of 

equation (3.6) is limited by chemical reaction control. 

When the concentration of Ag ions was 1Ｘ10
-1

 mol·dm
-3

 and 2Ｘ10
-1

 mol·dm
-3

 as 

seen in Figure 3.5, the concentration of produced Cu ions in solution was the same for these 

concentrations. For the 2µm Cu particle condition seen in Figure 3.1, as the concentration of 

Ag ions increases, the concentration of produced Cu ions also increases. However, for the 

100nm Cu particle condition seen in Figure 3.5, when the concentration of Ag ions is under 1

Ｘ10
-1

 mol·dm
-3

, the concentration of produced Cu ions increases as the concentration of Ag 

ions increases. 
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Figure 3.8: pH dependence of reaction rate, 100nm Cu particle condition. 
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Figure 3.9: Empirical conversion-time curve at 100nm Cu particle condition, (A) 

theoretical chemical reaction control conversion-time curve. 

  



37 

This means that a stable Cu-Ag coreshell which does not react with Ag ions in 

solution is synthesized when 100nm Cu particle is used with 1Ｘ10
-1

 mol·dm
-3

 concentration 

of Ag ion. If Cu-Ag coreshell synthesized in 1Ｘ10
-1

 mol·dm
-3

 Ag ion concentration is stable, 

the concentration of produced Cu ions at a higher concentration of Ag ion conditions should 

be maintained as same as 1Ｘ10
-1

 mol·dm
-3

 condition. In order to confirm, Cu-Ag coreshell 

was synthesized at higher concentration of Ag ions. In Figure 3.10, results are shown. 

In the case of 100nm Cu particles, the concentration of Cu ions did not increase at 1Ｘ

10
-1

 ~ 6Ｘ 10
-1

 mol·dm
-3

, and the concentrations of Cu ions measured at different 

concentrations of Ag ions were similar. However, the concentration of Cu ion increased 

between 1Ｘ10
-1

 and 2Ｘ10
-1

 mol·dm
-3

 conditions in 2µm Cu particle, and the other results 

were similar to those observed for the 100nm Cu particle conditions. Therefore, stable Cu-Ag 

coreshell can be synthesized in 100nm Cu particles with 1Ｘ10
-1

 mol·dm
-3

 of Ag ions or 2µm 

with 2Ｘ10
-1

 mol·dm
-3

 of Ag ions. According to this result, it was confirmed that when 

concentration of Ag ions is 1Ｘ10
-1

 mol·dm
-3

, the Cu-Ag coreshell synthesized at 2µm Cu 

particle condition is less stable as compared to the 100nm Cu particle condition because the 

concentration of Cu ions in solution increases as the concentration of Ag ions increases. 

 



38 

 

Figure 3.10: The concentration of Cu ions at the different concentration of Ag ions condition. 
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3.2 The shape and cementation ratio of Cu-Ag coreshell 

A SEM micrograph of prepared Cu-Ag coreshell was also taken in order to confirm 

the morphology of Cu-Ag coreshell used 2μm and 100nm Cu particles and is seen in Figure 

3.11. 

When SEM micrographs for the two particle size conditions are compared in Figure 

3.11, it is notable that the morphology of synthesized coreshell was spherical for the 2µm Cu 

particle size condition, but when 100nm Cu particles were applied, the synthesized Cu-Ag 

coreshell had dendrite structure. Disk shape of Cu-Ag coreshell was also observed in the two 

conditions.  

The difference of shape in formation of Cu-Ag coreshell is resulted by different 

reaction rates affected by existence of CuO film on the surface. Actually, the reaction rate of 

2µm Cu particle is much faster than that of 100nm particle condition. In the 2 µm Cu particle 

condition, Ag metal rapidly covers to the surface of Cu particles because 2µm Cu particles 

have no CuO film on their surface so that Ag ions in the solution can react fast without any 

obstacle. Because of rapid reaction rate, the Cu-Ag coreshell has no time and chance to grow 

and form to the specific shape. Therefore, the Cu-Ag coreshell can form spherical shape the 

most stable shape in this 2µm Cu particle condition. The reaction rate of 100nm Cu particle 

condition is relatively slower than that of 2µm Cu particle condition because of existence of 

CuO film on the surface of Cu nano particle. Therefore, when the Ag ions react to Cu nano 

particles, the approaching to Cu surface of Ag ion is disturbed by CuO film. The part of the 

CuO film is slowly dissolved and removed by reacting with acid in the solution, and then the 

surface of pure Cu will be exposed. At that time Ag ions can react with the pure Cu surface. 

  



40 

 

Figure 3.11: SEM images and EDS results of synthesized Cu-Ag coreshell, (A) 2μm 

Cu particles condition and (B) 100nm Cu particles condition. 
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During Ag is reduced on the part of Cu surface, the other part of CuO film also will 

be removed and then Ag ions will react with other exposed pure Cu surface. While this 

process is repeated, the Ag formed on the first exposed part of Cu surface can grow 

continuously and the other parts which were covered by Ag metal later also can. Therefore, 

the Cu-Ag coreshell using 100nm Cu particle can have enough time to grow to produce a 

dendrite shape. It is possible because this reaction is controlled by CuO film on the surface of 

Cu nano particles.  From this result, it was confirmed that even though same method was 

used to synthesize Cu-Ag coreshell, their particle shape can be changed by reaction rate 

controlled by CuO film and particle size. 

The cementation ratio of the Cu-Ag coreshell was also calculated. The result is shown 

in the Table 3.3. In 2μm and 100nm Cu particle size condition, when the concentration of Ag 

ion in solution increased, the cementation ratio of Ag on the Cu-Ag coreshell also increased.  

3.3 Electrical conductivity measurement 

The conductivity of Cu-Ag coreshell was measured by using a 4-pin probe. Cu-Ag 

coreshell paste was synthesized and its particle content was changed. In Figure 3.12, the 

result of conductivity measurement was shown and Table 3.4 shows the measurement result 

of conductivity of coreshell paste at different coreshell contents. The conductivity of the 

coreshell paste increased as content of coreshell particles in the paste increased. In addition 

the conductivity at 31 vol.% was 10 times higher than the conductivity at 19 vol.%. This 

paste had 4% of conductivity of bulk silver metal (6.3Ｘ10
5
 S·cm

-1
) [34]. In this experiment, 

the maximum content which can mix with high viscous flux was 31 vol.%. In order to 

increase conductivity of paste sintering temperature was changed, but the particle content was 

fixed to the highest content, 31 vol.%. The conductivity results of paste sintered at different 

temperature are shown in Figure 3.13 and Table 3.5. 
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Table 3.3: The cementation ratio of Cu-Ag coreshell at the different concentrations of Ag 

ions. 

Conditions 2μm Cu 100nm Cu 

Concentration  

of Ag ion (M) 
Cu (wt.%) Ag (wt.%) Cu (wt.%) Ag (wt.%) 

0.005 84.68 15.32 79.68 20.32 

0.025 52.98 47.02 51.86 48.14 

0.05 28.51 71.49 25.97 74.03 

0.075 12.99 87.01 13.48 86.52 

0.1 9.16 90.84 4.73 95.27 

0.2 1.01 98.99 3.74 96.26 
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Figure 3.12: The conductivity of Cu-Ag coreshell paste synthesized at different contents of 

coreshell particles. 
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Table 3.4: The conductivity of Cu-Ag coreshell paste at different coreshell contents. 

Content of Cu-Ag coreshell 

(vol.%) 
Conductivity (S/cm) 

19 2649 

23 3388.2 

37 4508 

31 25926 
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Figure 3.13: The conductivity of Cu-Ag coreshell paste sintered at different temperature. 
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Table 3.5: The conductivity of Cu-Ag coreshell paste at different sintering temperatures. 

Content of Cu-Ag coreshell 

(vol.%) 
Conductivity (S/cm) 

19 8473.6 

23 19287 

37 27506 

31 44196 

 

 

  



47 

The conductivity of coreshell paste increased as sintering temperature increased. It 

means that the coreshell particles are more connected each other at the high sintering 

temperature, so that it can have higher conductivity than the other conditions even they have 

same particle content in the paste. The conductivity was 7% of that of bulk Ag metal at 

highest sintering temperature condition. The surfaces of sintered coreshell paste are shown in 

Figure 3.14. 

According to Figure 3.14, at the low temperature, 400℃ and 450℃, most particles 

are melted. They are not perfectly connected each other and just have some small neck 

between coreshell particles. However, at the other conditions, 500℃ and 550℃, the particles 

are connected well, and most of particles are melted and connected, finally they formed thin 

layer. That kind of thin layer could be observed in all of temperature conditions, and it was 

much more formed and observed as increasing sintering temperature. Cu-Ag coreshell thin 

layer is formed a lot, and they can connect each other easily at the high sintering temperature 

condition. For this reason the conductivity of paste increased as sintering temperature 

increased even though all of the surface of sintered paste were porous and had some cracks. 
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Figure 3.14: SEM images of sintered Cu-Ag coreshell paste at different temperature 

(A)400℃, (B)450℃, (C)500℃ and (D)550℃. 
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Part 2: High viscous material for 3D printing technology 

3.4 Viscosity of high viscous Cu paste 

Before the viscosity was measured, it was confirmed whether Cu paste was 

Newtonian fluid or not. If this Cu paste is not Newtonian fluid, Hagen-Poiseuille equation 

cannot be used to measure viscosity of synthesized Cu paste. Therefore, in order to confirm 

this one, the volume of the sprayed Cu paste at the different Cu content condition was 

measured. The volume verses time graph was plotted to confirm whether the graph is linear 

function and the graph is linear function, this Cu paste functioned as Newtonian fluid. This 

result is shown in Figure 3.15 and Table 3.6. In all of conditions, the plotted graph has linear 

function, the prepared Cu paste is considered as Newtonian fluid in this research. The 

viscosity of the paste was measured by using the Hagen-Poiseuille equation. The result of the 

measurement (μ/ΔP) is shown in Figure 3.16 and the specific data is shown in Table 3.7. 

The measured μ/ΔP values increased as the content of Cu in the paste increased. It 

means that the viscosity of the Cu paste increased as the Cu contents increased. By using 

viscosity-known materials the absolute viscosity of the Cu paste was calculated. The highest 

viscosity was around 2.3Χ10
7
 cP. The packing ratio between the flux and the particles 

changed because of the addition of Cu particles. In this case, as the metal content increased, 

the fluidity of the paste decreased. The fluidity of paste can directly influence the printing 

speed. Figure 3.17 shows the measurement of the volumetric flow rate of the Cu paste. The 

volumetric flow rate dropped dramatically (from 50 to 55 wt.% Cu), while the other 

conditions  gradually dropped. The entire volumetric flow rate of the Cu paste decreased as 

the metal content increased. This means that when viscosity of paste is high, the material can 

have a low volumetric flow rate, which causes a decrease in the printing speed. In order to 

increase the printing speed, the viscosity of the paste should decrease. 
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Figure 3.15: The time dependence of the sprayed volume of Cu paste at the different 

Cu content conditions. 
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Table 3.6: The measurement results of sprayed volume of Cu paste (cm
3
) at different 

Cu content conditions. 

Cu content 

(wt.%) 
50 55 60 65 

Time  

(min) 

1 0.639 0.260 0.211 0.131 

2 1.359 0.580 0.469 0.285 

3 2.105 0.901 0.675 0.455 

4 2.854 1.207 0.950 0.636 

5 3.599 1.506 1.220 0.836 
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Figure 3.16: Plotted μ/ΔP versus different Cu contents. 
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Table 3.7: The viscosity of Cu paste and μ/ΔP at different Cu contents. 

Cu content (wt.%) 50 55 60 65 

μ/ΔP (P·cm
2·Kgf

-1
) 0.0025 0.0061 0.0075 0.0088 

Calculated viscosity (cP) 6,975,583 16,808,201  20,768,557  23,242,575  
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Figure 3.17: The volumetric flow rate of Cu paste at different Cu content. 
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3.5 Printing process and optimization of parameters for 3D metal structure 

3D metal structures were printed by the using the high viscous Cu paste and the screw 

extruder 3D printer. In order to obtain a fine 3D metal structure, printing conditions were 

changed as shown in Table 3.8. 

In order to adjust the printing head speed and screw rpm (control quantity of printed 

paste), the rpm of screw extruder was fixed but only the printing head speed was changed. 

Because fill density can affect the quality of final structure, this parameter was also changed 

in this experiment. These parameters are very important for printing high viscous materials 

because unlike traditional 3D printing processes, such as FDM, the printed material does not 

solidify quickly. Therefore, if the printing speed is too fast, the printed layers could 

disconnect. In addition, if the fill density is too low, the printed layers cannot be stacked 

properly (or the printed layers would collapse) and the final structure cannot be printed the 

same as the 3D modeling generated in the CAD (computer aided software).  

If the fill density is too high, each of the printed layers can overlap, compromising the 

integrity. When patterns are overlapped, the excess printed material will remain in the printed 

layer and will push outward from each other. These excess materials can cause an expansion 

of each printed layer. Thus, if the fill density and the printing speed are not optimized, fine 

products cannot be fabricated using the high viscous materials. Examples of these problems 

are shown below in Figure 3.18. 

In order to print the prepared Cu paste, printing conditions were optimized. Printing 

head speeds were controlled every 6-8 mm/sec, and fill density was controlled between 75 - 

85%, which was a suitable condition to print fine 3D structures. Printed 3D structures using 

high viscous Cu paste are shown in Figure 3.19. 
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Table 3.8: Printing parameters. 

Printing Parameter Condition 

Tip size 500 μm 

Printing head speed 2 ~ 10 mm/s 

Layer height 0.4 mm 

Fill density 50 ~ 90 % 

rpm (ΔP, screw extruder) 45 rpm 
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Figure 3.18: Problems during printing high viscous material without optimization of printing 

parameters, (A) Printing head speed and ΔP (B) fill density. 
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Figure 3.19: 3D structures printed by using Cu paste (106 μm, 65wt.%) and screw extruder 

3D printer. 
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After printing the 3D structures, they were heat treated. Because of the heat treatment, 

the surface of the sintered 3D metal structure was not clean and the size of final product 

shrank. In order to measure the shrinkage of the final product, cylinder shaped structures 

were printed and heat treated. After this process, the volume of the printed cylinder was 

measured. The volume of the final structure was reduced to 25% of its original volume. 

During the heat treatment process, evaporation of the high viscous flux and binder will occur, 

which creates a lot of void spaces between the layers and metal particles. In addition, the 

distance between metal particles decreased because metal particles were melted and formed 

necks. Metal particles can connect, but because of the empty spaces resulting from high flux 

ratio in the paste, the size of final structure was reduced. In Figure 3.20, SEM images of the 

surface of the 3D structure can be seen. 

In Figure 3.20 (A), there is a large amount of empty space, but the structure can 

maintain its shape because of high viscous flux and binder in the paste. In Figure 3.20 (B), 

the surface of the 3D structure has less empty space than (A) and the particles of (B) are well 

connected to each other. Therefore, during the sintering process, metal particles fill the empty 

space. For this reason, the size of the final product decreased. After heat treatment, some 

samples had cracks on the surface of product. This is a result of the rapid shrinkage that 

occurred during the heat treatment process, which also caused a relatively high content of 

flux. Therefore, in order to reduce the defects and shrinkage of the final product, less flux 

should be used and the metal content should increase. 
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Figure 3.20: SEM images of surface of 3D metal structure, (A) before sintering process and 

(B) after sintering process, mag. X 3,000. 
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3.6 Packing factor effect on fabrication of 3D metal structures 

To prevent the formation of defects and impact from shrinking, high metal content Cu 

paste was prepared. 25μm size Cu particles were mixed with a high viscous flux. A 

maximum 86 wt.% Cu particles could be mixed in the flux. However, 86 wt.% of Cu paste 

was too thick and its adhesion was too weak, so 82 wt.% Cu paste was printed using a screw 

extruder. In this part of the experiment, the packing factor of the Cu paste was changed by 

using different particle sizes. In order to confirm the effect of the packing factor versus the 

shrinkage of the final product, 106 μm and 25 μm of Cu were mixed at different ratios (106 

μm : 25 μm = 7:3 and 3:7). A total of 4 kinds of Cu paste were synthesized and printed. In 

addition, the same printing conditions were applied and adjusted to print the Cu paste. The 

sintering process was also conducted using the same conditions. After the heat treatment 

process, the volume of the final structure was measured. The volume of the final product was 

roughly between 25-77% of its original 3D modeling size. By decreasing the Cu particle size 

and increasing the small particle ratio in the paste, the Cu content can increase from 65 wt. % 

to 82 wt.% which, in turn, reduces the shrinkage of the final product. The measured shrinkage 

factor at different Cu contents is shown in Figure 3.21. Figure 3.21 shows how the shrinkage 

factor decreased as the Cu content increased in the paste. Increasing Cu content causes an 

increase of the packing factor in the Cu paste. The Cu paste, which has a high packing factor, 

should be used to reduce the shrinkage of the final product. By applying the information from 

this result, the shrinkage of final structure can be prevented or reduced. The whole process 

for fabricating metal 3D structures required both the extruder printing process and the 

sintering process, in order to obtain a fine product free of small cracks or defects. As one of 

the treatment methods, a simple polishing process was performed. After finishing, the rough 

surface of the product was properly cleaned. The whole fabrication process of the 3D metal 

structure is shown in Figure 3.22. 
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Figure 3.21: Shrinkage factor in the paste and comparison of the final structure size at 

different Cu content. 
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Figure 3.22: The whole fabrication process of 3D metal structures with high viscous Cu paste. 

  



64 

Chapter 4 

Conclusion 

 

In this study, two kinds of research were performed. In aspect of synthesizing 3D 

printable functional materials, Cu-Ag coreshell particle was synthesized and this coreshell 

particle was mixed with high viscous flux to prepare conductive paste. In addition, to solve 

the limitation of usage of 3D printable materials, High viscous Cu metal paste was also 

synthesized as an example of 3D printable high viscous materials and printed by using screw 

extruder printer. 

First, in the Cu-Ag coreshell part, two different sizes of Cu particle were used to 

prepare Cu-Ag coreshell. In terms of the reaction rate, as increasing concentration of Ag ions 

in the solution, both reaction rates also increased. However, the reaction rate of 2μm Cu 

condition was faster than that of 100nm Cu condition. Because of CuO film on the 100nm Cu 

particles, slow reaction rate in the 100nm Cu condition was measured. Through shrinking 

core model theory reaction rate limiting step was confirmed. When 2μm Cu particle was used 

to prepare the Cu-Ag coreshell, it is confirmed that the reaction rate was controlled by film 

diffusion control. In the 100nm Cu condition, the reaction react was controlled by CuO film 

on the surface of the Cu nano particle. This CuO film was dissolved by acid in the solution, 

the rate of this reaction is limited by chemical reaction control. 

The shape of the synthesized Cu-Ag coreshell has spherical in the 2μm Cu condition, 

and dendrite-shaped Cu-Ag coresehll was formed in the 100nm Cu condition. In addition, the 

more stable Cu-Ag coreshell, which does not react with Ag ions in the solution in the high Ag 

ion concentration, could be synthesized when 100nm Cu was applied. The Cu-Ag coreshell 

paste was prepared at the different coreshell contents. The conductivity of Cu-Ag coreshell 

paste increased as volume of Cu-Ag coreshell particles in the paste increased.  
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The conductivity of the highest particle content was 10 times higher than that of the 

lowest condition. In this case, however, the conductivity was only 4% of conductivity of bulk 

silver. As the sintering temperature increased, the conductivity also increased. The 

conductivity of the highest sintering temperature condition was 4.6 times higher than that of 

the lowest condition. In this case, the conductivity of the coreshell paste has 7% of the 

conductivity bulk Ag metal. In order to apply this material to 3D printable materials, high 

viscous flux suitable for this particle should be developed and then increasing content of 

particle in the paste should be necessary. In addition, this synthesis method can be used to 

control shape of coreshell particle in terms of synthesis of functional material. 

Second, high viscous Cu paste was synthesized and printed using a screw extruder 

type of 3D printer. As a fundamental aspect of this research, the viscosity of the Cu paste was 

measured using the Hagen-Poiseuille equation and equipment because the viscosity of the 3D 

printable high viscous materials is hard to measure using existing methods. As the Cu content 

increased, the viscosity of the Cu paste also increased and the viscosity of the printed paste 

was 2.3Χ10
7
 cP at 65 wt.% of Cu. The materials, which had an extremely high viscosity, can 

be measured through this viscosity measurement method. In addition, printing parameters can 

also be optimized through changing the viscosity of materials. To print high viscous Cu paste, 

the printing conditions were also optimized to attain an adequate 3D structure. In this case, 

the suitable printing speed was 6-8 mm/sec and the fill density was 75-85%. 

The sintering process was used as one of the after treatment methods. After sintering, 

the shrinkage of the final product was observed. The shrinkage factor decreased as the Cu 

particle contents increased. In this study, 23% of the shrinkage factor was obtained at the 

highest Cu content condition. In addition, it was confirmed that as the particle size decreased, 

the maximum content of the Cu in the paste increased. Also, when 106 μm and 25μm of Cu 

particles were mixed to modify the packing factor of Cu paste and increase Cu content, the 
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Cu content of the paste increased as the ratio of smaller particles in the paste increased. 

Therefore, in order to prevent the shrinkage of the final product, the packing factor of Cu 

paste should increase and the ratio of flux in the metal paste should decrease. 

After sintering, in order to remove the cracks after treatment, polishing was conducted 

because it is one of the surface treatment methods of the metal. According to the printed 

materials, this final step can be changed. Therefore, after treatment methods (suitable for the 

specific materials) should be developed, in order to improve quality of the final 3D structure 

using high viscous materials.  

The printing processes and parameters can be changed by viscosity, and the quality of 

the 3D structure can also be changed by viscosity. The viscosity can be affected by various 

factors including the packing factor, the particle size, the shape, and the component of high 

viscous flux. The viscosity of materials and the factors affecting the viscosity are significant 

elements in the 3D printing technology that uses high visous materials. Therefore, in order for 

further research work to improve and apply these mateirals and processes effectively, the 

relationship between viscosity and the factors affecting viscosity of materials should be 

analyzed and studied thoroughly. In addition, the prototype of the 3D printer for high viscous 

materials, the screw extruder, was used in this research to display the printed products. In 

order to improve the quality and accuracy of the final products, printing equipment with 

optimal printing conditions should be developed. 
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