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Abstract 
 

Analysis of Pressurized Cavity on Replication of  

Micro-Patterns with Injection Molding 

 

Sung Ho Park 

School of Mechanical and Aerospace Engineering 

The Graduate School 

Seoul National University 

 

First, we studied the effect of the cavity air pressure on the replication of 

micro-patterns in injection molding. When pressure is applied to the cavity air, 

the pressure at the flow front is increased and air surging in the mold channel 

occurs according to the injection rate and the cavity pressure. The pressure of 

the air trapped inside the micro-pattern is increased due to the decrease in 

volume in accordance with the progress of the pattern replication. The pressure 

gradient to the pattern direction with the cavity air pressure is larger than the 

case of non-pressurized. Therefore, the hesitation is reduced with the cavity air 

pressure resulting in the improvement of replication of the microscopic pattern.  
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In this investigation, we carried out experiments for molds with a 

macroscopic pattern (ribs) and a microscopic pattern. In order to evaluate the 

quality of replication, we measured the filling heights of patterns with different 

ratio of the cavity air pressure to the injection pressure. The experimental 

results showed that the application of cavity pressure helps the replication of 

patterns both for macroscopic and microscopic scales. 

Second, numerical study was performed on the fluid flow with pressurized 

cavity air. The air flowing gap is modeled in order to implement the effect of 

the air surging. The pressure gradient through the micro-pattern was calculated 

when the flow front passes the micro-pattern. Numerical analysis was 

performed with respect to the various injection rates (0.24, 0.36, 0.48m/s) and a 

variety of mold inner pressure (0.1, 1, 4MPa). The height of the micro-pattern 

according to the injection speed and the cavity air pressure was analyzed for 

comparing the enhancement of replication. 

 

 

 

Keywords : Injection molding, Micro-patterns, Replication, Pressurized 
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CHAPTER 1                                                                          

 

Introduction 
 

1.1  Overview  

 

Microscopic or sub-microscopic patterns have been used in a variety of 

industrial applications. Polymers are mainly used to fabricate parts with these 

patterns on the surface[1]. There are several fabrication methods, including 

electron beam (e-beam), chemical vapor deposition (CVD), hot embossing, 

nano imprinting lithography (NIL), photolithography techniques as well as 

injection molding[2, 3]. 

Among these methods, injection molding process is suited to produce large 

quantities of molded plastic parts[4, 5]. In recent years, it has become more 

affordable to fabricate microscopic and sub-microscopic patterns for application 

to the semiconductor industry and the bio/nano manufacturing area. However, 

there are a number of difficulties to fabricate the parts with patterns including 

the problem in the replication of the patterns[6-8]. Hesitation effect is generally 

known to interfere with the pattern replication process[9]. The dimension of the 



2                                                        

                                                                                        

 

microscopic patterns is much smaller than the mold cavity thickness. Therefore, 

when polymer melt is injected, it tends to fill the mold cavity first as the melt 

experiences much less resistance than into the microscopic patterns). The flow 

stagnates at the entrance of microscopic patterns (“hesitates”) while the cavity 

is completely filled and melt resin is solidified before completely filling the 

microscopic patterns[10]. 

Injection molding with cavity air pressure was rarely practiced and used to 

suppress the volatiles in the polymer melt from nucleating to form bubbles[11]. 

The applied pressure in the cavity air increases the lowest pressure in the melt 

above the saturation pressure of the volatiles inside the melt throughout the 

molding process. For parts molded with the cavity air pressure, tensile strength 

and Izod impact strength have been measured and no deterioration in the 

mechanical properties was observed compared with conventional molding 

process[12]. 

 

1.2  Effect of the cavity air pressure 

 

Usually the injection molding comprises a process for drying the plastic resin. 

Drying is accomplished according to the proper temperature and time through 
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the oven. If the progress of the resin molding without drying process, the 

moisture is vaporized by the high temperature generated in the process. The 

vaporized gas generates a defect in the form of bubbles in the product, or by 

expressing out the surface that makes the surface defect. In addition, the gas 

inside the resin will cause a lot of other defects in the process. 

The cavity air pressure increases the pressure of the resin inside the cavity 

with injection molding process. Therefore, the pressure of the water remained 

inside the resin is also increased. The vaporization temperature of the water is 

increased as the ambient pressure increases according to the triple point curve 

as shown in Figure 1.2. Therefore, the air pressure inside the cavity suppress the 

vaporization occurs. This not only reduces significantly the occurrence of 

surface defects, also save the energy required for drying the resin. 
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Figure 1. 1 Schematic view of gas bubble in the resin with and without 

cavity air pressure 

 

Figure 1. 2 Increase of the vaporization temperature of the water with the 

pressure 
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1.3  Hesitation effect 

 

For the fabrication of microscopic and sub-microscopic patterns, the 

hesitation effect is usually observed as illustrated in Figure 1.4(a). When 

polymer melt resin is injected into the cavity, it tends to fill the main cavity first 

as it has the largest cross-section and thus experiences least resistance to the 

flow. Only after the main cavity body is filled, the polymer melt is pushed into 

the microscopic patterns. However, as the mold is constantly cooled throughout 

the process, the melt viscosity becomes higher when the microscopic patterns 

start to be filled. As a result, the polymer melt cannot reach into the patterns and 

the replication becomes unsatisfactory. If pressure is applied to the cavity air 

during the melt injection, the flow through the main cavity will slow down. As 

illustrated in Figure 1.4(b), this slow-down of the cavity flow makes the 

patterns to be filled alongside the main cavity flow and improve the replication 

quality. 
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Figure 1. 3 Pressure gradient and micro-pattern replication properties 

changed by cavity air pressure 

 

 

(a)                           (b) 

Figure 1. 4 Polymer melt flow in the cavity with microscopic patterns: (a) 

when cavity air is not pressurized. “Hesitation effect” is apparent; (b) when 

cavity air is pressurized. The patterns are filled alongside the main cavity 

flow. 
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1.4  Objectives of the research 

 

In this study, we reduce the hesitation effect at the size of the micro-structure 

and improve replication with injection molding by applying a constant air 

pressure into the mold cavity. In order to apply the internal air pressure into the 

mold cavity, we used the pressurization machine and the sealing mold. Also we 

find out the parameters that affect the improvement of patterns replication ratio.  

 

Investigating the enhancement of replication characteristics on injection 

molding with pressurized cavity air. 

 

- Experimental setup for air pressurization machine and mold 

- Test for mechanical property of specimens molded with cavity air 

pressure 

- Experiments for molds with a macroscopic pattern (ribs) and a 

microscopic pattern 

- Measuring the filling heights of patterns with different ratio of the 

cavity air pressure to the injection pressure 
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When pressure is applied to the cavity air, the pressure at the flow front is also 

increased and thus the overall pressure gradient in the polymer melt is lowered. 

Therefore, the melt flow in the cavity becomes slower providing more time for 

the polymer melt to fill the patterns on the cavity surface resulting in the 

improvement of replication of the microscopic pattern. Therefore, we conducted 

the numerical analysis for this phenomenon. 

 

- Flow analysis on non-isothermal two phase flow for polymer melt and 

pressurized air 

- Numerical analysis of the changes of the pressure gradient for the 

direction to fill the micro-patterns with the cavity air pressure 

- Investigating the change of viscosity and shear rate near the micro-

patterns 

- Comparison and analysis of replication improvement between 

experimental and numerical results 
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CHAPTER 2                                                                         

Material and Process 

 

2.1  Micro injection molding 

 

Material, environment, injection machines, molds, injection conditions affects 

the quality of the injection-molded article. Configuration of the polymer, pre-

treatment and the uniformity of material affects the molding. The ambient 

temperature, humidity and the influence of the dust also important in 

environmental conditions. The accuracy of injection machine is required and it 

is possible to adjust the injection speed, packing time and holding pressure. The 

mold design with gate, runners, sprue and the cooling/heating lines is also 

important. In addition, the plasticization conditions, cooling conditions, the 

release process determines the quality of the molding product. 

An injection molding of the high aspect ratio micro-patterns is not an easy task. 

Therefore a lot of effort to improve the replication of micro-patterns were made. 

The mold temperature, injection rate, packing pressure and time were an 

important factor in micro-injection molding. The small width of the 
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microchannel is to cool the resin quickly in the mold wall. Therefore, the 

pattern is difficult to charge since the solidified layer forming. In order to solve 

this problem, higher mold temperature and injection speed are needed. The high 

mold temperature prevent heat loss near the mold wall. Also the high speed of 

injection can fill the micro-patterns prior to solidification of resin occurs.  

Liou et al.[13] studied for the influence of temperature and injection speed of 

the high aspect ratio of the micro- and sub micro-patterns. Experiments were 

conducted with respect to the channel width of 10um and 2um while increasing 

the temperature and the injection pressure. PMMA was used for resin. As the 

injection pressure and the temperature increased, the aspect ratio of the micro-

patterns was also increased. But more than 160 degrees temperature, gas 

trapped in the micro-channel was swollen and cause the poor micro-pattern 

replication or surface defect. In the case of the injection pressure, there is a 

physical limit capacity on injection machine. In addition, the higher the 

injection pressure, there is a disadvantage of increasing the residual stress inside 

the molded article. 

The vacuum injection method is also used to eliminate the air inside the 

micro-channels that prevent the replication of micro-patterns. Sha et al.[14] 

studied the effects of vacuum injection molding with respect to the micro-

channel having 100x250um cross-section. In general, the vacuum injection 
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molding improve the replication and the surface quality of the injection molded 

components with micro-patterns. However, the air evacuation could lead to a 

decrease of the surface temperature in micro channels as a result of taking away 

warm air from the cavity. So the air evacuation could have a detrimental effect 

on the melt fill for polymers that are sensitive to changes of mold temperature. 

The aspect ratio of molded micro-channel was decreased in the injection 

molding using a POM resin. 

 

 

Figure 2. 1 Factors influencing the quality of the injection molding 
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2.2 Polymers 

 

2.2.1  Polypropylene(PP) 

 

Polypropylene, also known as PP, is a thermoplastic polymer used in a wide 

variety of applications including packaging and labeling. Density of PP is 

between 0.89 g/cm³. Therefore, PP is the commodity plastic with the lowest 

density. With lower density, moldings parts with lower weight and more parts of 

a certain mass of plastic can be produced. Crystalline and amorphous regions 

differ only slightly in their density. The melting point of polypropylene occurs 

at a range, so a melting point is determined by finding the highest temperature 

of a differential scanning calorimetry chart. PP used in all the experiments has a 

melting point of 160 °C.  

In this study, TE5005 (PP, LG Chemical) is used for experimental material. 

Figure 2. 2 and 2. 3 shows the PVT (Pressure-Volume-Temperature) and 

viscosity properties of PP. Melting process of polypropylene can be achieved 

via extrusion and molding.  
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Figure 2. 2 PVT (Pressure-Volume-Temperature) diagram of 

Polypropylene (PP) 

 

Figure 2. 3 Flow curves of Polypropylene (PP) using Cross-WLF model 
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Table 2. 1 Properties of Polypropylene (PP) 

Property value 

Density(solid) 0.892g/cm3 

Density(melt) 0.749g/cm3 

Melting Point 160 oC 

Processing temperature 220-240 oC 

Mold temperature Not required 

 

 

2.2.2  Polymethylmethacrylate(PMMA) 

 

Polymethylmethacrylate (PMMA) is a transparent thermoplastic often used in 

sheet form as a lightweight or shatter-resistant alternative to glass. All common 

molding processes may be used, including injection molding, compression 

molding, and extrusion.  

In this study, Dilpet80 (PMMA, Asahi kasei Chemical) is used for 

experimental material. Figure 2.4 and 2.5 shows the PVT (Pressure-Volume-

Temperature) and viscosity properties of PMMA. 

The glass transition temperature (Tg) of PMMA is 105 °C. The Tg values of 

commercial grades of PMMA range from 85 to 165 °C . the range is so wide 
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because of the vast number of commercial compositions which are copolymers 

with co-monomers other than methyl methacrylate. 

 

 

Figure 2. 4 PVT (Pressure-Volume-Temperature) diagram of 

Polymethylmethacrylate (PMMA) 
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Figure 2. 5 PVT (Pressure-Volume-Temperature) diagram of 

Polymethylmethacrylate (PMMA) 

Table 2. 2 Properties of PMMA 

Property 4032D 

Density(solid) 1.059 g/cm3 

Density(melt) 1.185 g/cm3 

Melting Point 160 oC 

Processing temperature 220-260 oC 

Mold temperature 70 oC 
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2.3  Process for pressurizing the air 

 

2.3.1  Injection molding machine 

 

The all electric injection molding machine SE50D (Sumitomo, Japan) was 

used for experiments. Diameter of screw is 25 mm and capacity limit of 

injection molding is 51cm3. Maximum clamping force is 50 Ton and maximum 

distance between tie bar is 350mm.  

 

Table 2. 3 Specification of Injection molding machine (SE50D, Sumitomo) 

Specification value 

Screw diameter 25 mm 

Injection Capacity 51 cm3 

Clamping force 50 Ton 

Distance between tie bar 360 x 310 mm 

Mold thick 160~350 mm 
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2.3.2  Pressurization machine 

 

The pressurization machine is composed of the regulator, booster, check valve, 

relief valve and the system controller. Information regarding the opening and 

closing is transmitted to the controller via the proximity sensor attached to the 

mold. When the mold is closed, pressurization machine supply the air into the 

mold cavity. It fills the inside of mold cavity at a constant pressure (4MPa) with 

check valve. It exhausts air out of the mold with relief valve if the air pressure 

is higher than 4MPa. Because the air supplied to the mold is required to be 

maintained at a sufficient supply time for the set pressure, the actual injection 

molding takes place by the adjusting the delay about 1 second. 
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Figure 2. 6 Experimental setup for applying cavity air 
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Figure 2. 7 Composition of air pressurization machine 

 

 

Figure 2. 8 Composition of air pressurization machine 
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2.3.3  Mold sealing 

 

The mold used for injection molding with internal pressure is required for the 

O-ring seal(green line part of Figure 2.9). NBR O-ring is used for sealing 

typically but cannot withstand the internal pressure on this process. For this 

reason, we use the high hardness urethane O-ring for mold sealing.  

The ejector pins are used to take out the injection molded article from the 

mold. When demolding the molded article with micro-pattern, it gets a lot of 

damage to the pattern caused by the physical force in the lateral direction. 

Therefore, it requires a large number of ejector pin in order to reduce the 

defects generated during the demolding. The ejector pins are free to move 

during the demolding process, so there is a gap between the mold and the 

ejector pins. Twelve number of ejector pins were used for this experiment in 

order to prevent the damage from the releasing process. The air is flowed 

through the gap between the ejector pin and the mold. If a number of ejector 

pins are used, we can’t ignore leak which interfere with maintaining a constant 

pressure in cavity. Therefore, we have to seal between the O-ring and ejector 

pin. However, because the ejector pin must be moved in order to release the 

product, it cannot always be fixed for the sealing. Therefore, we made a little 

gap between core mold and moving plate. The O-ring is loose enough to move 
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the ejector pin when the mold is opened and seal the gap when the mold is 

closed as shown in Figure 2. 11. 

For supplying air into cavity, we made an air channel of mold and air flowing 

gap around of air channel. The height of air channel and air flowing gap are 

5mm and 0.015mm respectively. The air flowing gap designed to allow for air 

flowing and prevent the overflow of the resin. 
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Figure 2. 9 Configuration of the sealed mold 

 

Figure 2. 10 Structure of mold and overall schematic of melt flow and 

cavity air 
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Figure 2. 11 Cross sectional view of the sealing for ejector pins 

 

 

Figure 2. 12 Cross sectional view of the mold with dimensions of air runner 

and air flowing gap 

 

We measured the pressure of the cavity air with pressure sensor (601A, 

Kistler) as shown in Figure 2. 13. Since it takes about one second to fill the 

mold cavity with pressurized air, the all experiments were carried out after one 
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seconds of air supply. Also we verify that pressurization machine can hold 

constant air pressure.  

 

Figure 2. 13 Air pressure measurement of the mold cavity 

 

2.4  Measurement of pattern height 

 

The height of the patterns was measured with laser scanning digital 

microscope (OLS4100, Olympus). Heights of 5 microscopic patterns were 

measured for each of 5 molded articles. The reason for large deviation of the 

data values in each of the injection condition is the characteristics of the PP on 

the micro-patterns charge. Non-uniformity appears at the top surface of the 
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micro-patterns, as shown in Figure 2. 14. The reason for this can be described in 

three steps. First, the flow front cannot advance with a shape of conventional 

single peak or dual peaks after forming gum region with certain height because 

of augmented extensional viscosity in this narrow region. Second, while the 

main flow is hesitating and forming thin solidified skin, the melt inside under 

high pressure penetrates the skin. Third, the penetrated melt swells due to high 

normal stress difference. Therefore, the height according to the position in the 

same line is determined variously. So we used the average value of total height 

of the one patterns lines. The deviation of the measured height may be large, but 

it can determine the overall aspect. 

 

Figure 2. 14 Instability in top surface of micro line patterns.
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CHAPTER 3 
                                                                        

 

Mechanical test of specimens with 

pressurized cavity air  

 

3.1  Compare the inner and surface of specimen 

 

The tensile specimens were made of PMMA resin and PC resin. All the tensile 

specimens were produced according to ASTM D638 standard[15]. It was 

compared to the same resin as the absence or presence of the drying process for 

suppressing of water vaporization when applying cavity air pressure. The 

polymer pellets were dried for 4 hours at 70 degrees. 

In the case of PMMA tensile specimen with non-drying process and 0MPa 

cavity air, the internal moisture of the specimen is vaporized and bubbles are 

formed. A specimen molded with 4MPa cavity air pressure has confirmed that 

the bubbles does not appear by suppress the vaporization of the internal water. 

In the case of the specimen produced using the ABS resin with non-dry, it was 
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confirmed that the silver streak defects appear on the specimen surface. Also 

the surface defect was improved by 4MPa cavity air pressure. 

 

 

Figure 3. 1 Comparison of the air bubble present inside the specimen (with 

4MPa cavity air pressure) 

 

 

Figure 3. 2 Comparison of the air bubble present inside the specimen 

(without cavity air pressure) 
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Figure 3. 3 Comparison of the surface defects (without cavity air pressure) 
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Figure 3. 4 Comparison of the surface defects (with 4MPa cavity air 

pressure) 
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3.2 Tensile strength test 

 

Tensile test was carried out for pressure and 0MPa 4MPa to examine the effect 

of the cavity air pressure on the mechanical properties. PC and PMMA resin 

were used for the experiments. Dry resin was used for 0MPa and non-dry resin 

for 4MPa. The tensile strength was no difference between 0 and 4MPa for the 

both case. Through this, we confirmed that the mechanical properties is same 

even if the cavity air pressure was applied. 
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Figure 3. 5 Tensile strength test results of PC (without cavity air pressure) 
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 Figure 3. 6 Tensile strength test results of PC (with 4MPa cavity air 

pressure) 
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 Figure 3. 7 Tensile strength test results of PMMA (without cavity air 

pressure) 
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Figure 3. 8 Tensile strength test results of PMMA (with 4MPa cavity air 

pressure) 
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CHAPTER 4  

                                                                   
 

Experimental analysis on replication of 

macro- and micro-features 

 

4.1 Changes in the macroscopic flow front 

 

We investigated the changes in the flow front that occur in the case of 

applying cavity pressure to the mold. The air pressure in the mold increases, a 

high pressure is generated in the flow front. In addition, it was confirmed that 

the amount of charge is about 7% smaller in case of 4MPa than the case of 

0MPa due to the influence of the air pressure inside the mold. 

We investigated the change in the flow front of the injection according to the 

injection delay time when the air pressure 4MPa. The delay time required for 

filling the cavity air into the mold was measured in one second. A charging 

experiments were performed for each of one, two, three seconds delay with 

respect to the rectangular plate of 100x100x2mm. There was no difference in 
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changes of the flow front between one second injection delay and more than 

one second. 

 

 

Figure 4. 1 Tensile strength test results of PMMA (with 4MPa cavity air 

pressure) 
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Figure 4. 2 Tensile strength test results of PMMA (with 4MPa cavity air 

pressure) 

 

 

Figure 4. 3 Tensile strength test results of PMMA (with 4MPa cavity air 

pressure) 
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4.2 Measurement of the air surging 

 

The air surging inside the mold was measured. Air more than the set pressure 

is discharged to the outside through a check valve. But the Injection time is a 

very short time to about 1 second. Therefore, air surging occurs and there is a 

need for a process to measure it. As shown in Figure 4. 4-9, the experiments 

were performed by increasing the air pressure from 1MPa to 4MPa. The cavity 

air pressure was increased to 20% by air surging when the 4MPa cavity air was 

applied.  

 

Figure 4. 4 Measurement of air surging with 1MPa cavity air pressure 
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Figure 4. 5 Measurement of air surging with 1.5MPa cavity air pressure 
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Figure 4. 6 Measurement of air surging with 2MPa cavity air pressure 
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Figure 4. 7 Measurement of air surging with 3MPa cavity air pressure 
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Figure 4. 8 Measurement of air surging with 3.5MPa cavity air pressure 
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Figure 4. 9 Measurement of air surging with 4MPa cavity air pressure 
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4.3  Macroscopic rib pattern 

4.3.1 Dimension and configuration of pattern 

 

The experiments were performed with two geometries of patterns, namely a 

rib line pattern and a microscopic line pattern. For the rib line pattern, the size 

of the cavity was 100 x 100 x 2 mm. The dimensions and the cross-sectional 

shape of rib are shown in Figure 4. 10. 

 

Figure 4. 10 Dimension and configuration of rib pattern 

 

4.3.2 Injection molding conditions for rib pattern 

 

Charging direction of the resin was perpendicular to the line patterns and the 

short shot test was performed. We use the PP resin for molding and mold 
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temperature was 40°C (not heated). Air pressure of a 4MPa was applied, and 

the injection speed was set to be 100 mm/s. In order to evaluate the replication 

quality during the filling stage, the short shot molding test was conducted with 

90% charge. 

 

Table 4. 1 Injection molding conditions for rib pattern 

Case 
Injection  

speed 
(mm/s) 

Injection  
pressure 
(MPa) 

Gas  
pressure 
(MPa) 

Packing  
pressure 
(MPa) 

Rib patterns 100 48.3 0, 4 0(short shot) 

 

 

4.3.3 Results of rib pattern 

 

The filled heights for the mold with a rib pattern were measured for the two 

different cavity air pressures, namely, 0 MPa (no pressure) and 4 MPa. The 

comparison of filled heights after the short shot molding is shown in Figure 4. 

11. When no pressure was applied to the cavity, the filled height of the rib was 

1.7 mm. For the cavity air pressure of 4.0 MPa, the filled height was increased 
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to 2.8 mm. It is noted that the amount of charge for cavity air pressure of 4.0 

MPa was 7% less than 0 MPa. The amount of charge should not be different 

under the same injection conditions. However, the charging amount was 

reduced with the cavity air that makes inaccurate weighing of the injection 

molding machine. Therefore, we could not exactly match the end position of 

flow front for 0MPa and 4MPa in short shot test. Despite the flow front of the 

4MPa traveled less than the 0MPa, the height of rib-pattern was higher as 

represented in Figure 4. 12. Therefore, we expect more enhancement of 

replication if we could make equal weighing of 0MPa and 4MPa. 

 

 

Figure 4. 11 Comparison of rib pattern heights between the samples 

molded with cavity air pressures of 0 MPa and 4 MPa. Results of short shot 

tests with 90% charge. 
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Figure 4. 12 Comparison of end position of flow front and pattern heights 

with cavity air pressures of 0 MPa and 4 MPa 

 

4.4 Microscopic line patterns 

4.4.1 Direction of resin flow 

A schematic view of a rectangular line patterns core used in the experiment is 

shown in Figure 4. 13. Charging aspect of the resin flow varies according to the 

direction of the line patterns and the direction of resin injection. Figure 4. 13(b) 

shows a cross-section of the line patterns cavity when the resin is passed to the 

mold cavity. It shows another cross-section according to the injection direction. 

Hesitation occurs when the direction of the resin injection and line patterns are 

perpendicular each other, and the phenomenon does not appear to be the case in 

parallel. Therefore, the injection direction of the resin and the line patterns were 

compared with respect to case of perpendicular and parallel. 
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(a)                               (b) 

Figure 4. 13 Direction of resin flow: (a) against the direction of line 

patterns; (b) cross-sectional view 

 

4.4.2 Dimension and configuration of micro-patterns 

 

Mold core used in the experiment was produced by machining using diamond 

tools. 60 x 120 um  patterns was used for the case that the flow direction and 

the line patterns direction are perpendicular to each other and 100 x 200um 

patterns was used for the parallel. 



49 

                                                                                         

 

Figure 4. 14 Dimension of micro-patterns 

 

Table 4. 2 Dimension of micro-patterns 

Case A(um) B(um) H(um) 

Perpendicular case 120 60 120 
Parallel case 200 100 200 

 

 

4.4.3 Injection molding conditions for micro line patterns 

 

In this case, the directions of the resin filling and line patterns are 

perpendicular and parallel to each other. For the perpendicular direction 

experiments, the resin was PP and mold temperature was 40°C. When we used 
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the PP for the experiment in case of parallel direction, the replication was 

perfect for micro-patterns that we can’t analyze the effects of the cavity air. 

Therefore, for the parallel direction experiments, the PMMA was used for resin 

and mold temperature was 70°C. The experiment was conducted with respect to 

short shot test and full shot test. Packing pressure was applied to 70% of the 

main injection pressure for the full shot test. Also air pressure was set to 4MPa. 

The injection speed was 50, 100, 150mm/s. All the injection conditions are 

shown in Table 2. 

 

Table 4. 3 Injection molding conditions for micro line patterns 

Case 
Injection  

speed 
(mm/s) 

Injection  
pressure 
(MPa) 

Air  
pressure 
(MPa) 

Packing  
pressure 
(MPa) 

Micro-patterns 
(parallel) 

100 49.2 4 
0(short shot) 

34.4(full shot) 

 

 

Micro-patterns 
(perpendicular) 

50 50.0 4 
0(short shot) 

34.3(full shot) 

 
100 63.7 4 

0(short shot) 
44.1(full shot) 

150 73.5 4 
0(short shot) 

49.0(full shot) 
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4.4.4 Results of micro line patterns (parallel direction) 

 

In the case of parallel direction, replication of PP resin is perfect so we can’t 

compare the molding with and without cavity air. So we change the resin for 

PMMA that has the difficult pattern forming. For measuring the pattern height, 

we made the replica for micro-pattern. The heights of pattern on cross-sectional 

were observed as shown in Figure 4. 15-17. In a variety of experiments with 

different injection conditions, the sample has no difference in replication of 

pattern. 

When the melt resin flows into parallel direction of line pattern, it fills into 

channel at the same cross-section shape. Therefore, hesitation effect does not 

appear to be the case in parallel. Therefore, the effect of cavity air also does not 

exist. 
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Figure 4. 15 Cross-sectional view and patterns height (results of 100mm/s 

injection speed with packing): (a) without cavity air; (b) with cavity air 

 

 

Figure 4. 16 Cross-sectional view and patterns height (results of 100mm/s 

injection speed without packing): (a) without cavity air; (b) with cavity air 

(b) cross-sectional view\ 
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Figure 4. 17 Cross-sectional view and patterns height (results of 100mm/s 

injection speed with packing): (a) without cavity air; (b) with cavity air (b) 

cross-sectional view 
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4.4.5 Results of micro line patterns (perpendicular direction) 

 

The replication of patterns was observed to have improved with an increase in 

the injection speed as shown in Figure 4. 18-29. This is due to the fact that a 

higher pressure is required for faster injection speed and higher filling pressure 

results in better replication. It is noted that the decrease in the melt flow speed 

leads to the lower shear rate and eventually results in the increase of viscosity 

due to the shear-thinning effect. However, under the condition employed in this 

study, the increase of the viscosity was found to be not big enough to change 

the overall flow pattern. 

For short shot experiments, the replication of patterns with the air cavity 

pressure improved when compared with the non-pressurized cases. There was 

48% increase in the pattern height for the injection speed of 50 mm/s (injection 

pressure of 34.3 MPa). When the injection speed was increased to 150 mm/s 

(injection pressure of 49.0MPa), the increase in the pattern height became 

smaller. As mentioned above, the injection pressure increases with the injection 

speed, while the cavity air pressure was fixed at 4 MPa. As a result, the 

replication did not improve because of the smaller influence of the cavity 

pressure relative to the injection pressure. 
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Figure 4. 18 Measurement of patterns height (short shot test of 50mm/s 

injection speed without cavity air pressure) 
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Figure 4. 19 Measurement of patterns height (short shot test of 50mm/s 

injection speed with 4MPa cavity air pressure) 
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Figure 4. 20 Measurement of patterns height (short shot test of 100mm/s 

injection speed without cavity air pressure) 
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Figure 4. 21 Measurement of patterns height (short shot test of 100mm/s 

injection speed with 4MPa cavity air pressure) 
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Figure 4. 22 Measurement of patterns height (short shot test of 150mm/s 

injection speed without cavity air pressure) 
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Figure 4. 23 Measurement of patterns height (short shot test of 150mm/s 

injection speed with 4MPa cavity air pressure) 

 

The full shot experiments were also performed for each injection speeds. The 

improvement in the replication is similar to the short shot test results as shown 

in Figure 4. 30. Samples made from the full shot tests exhibited better 

replication than the samples by short shot tests. The increase in the pattern 

height with application of cavity air pressure was greater at lower injection 

speed, as in the short shot tests. 
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Figure 4. 24 Measurement of patterns height (full shot test of 50mm/s 

injection speed without cavity air pressure) 
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Figure 4. 25 Measurement of patterns height (full shot test of 50mm/s 

injection speed with 4MPa cavity air pressure) 
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Figure 4. 26 Measurement of patterns height (full shot test of 100mm/s 

injection speed without cavity air pressure) 
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Figure 4. 27 Measurement of patterns height (full shot test of 100mm/s 

injection speed with 4MPa cavity air pressure) 
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Figure 4. 28 Measurement of patterns height (full shot test of 150mm/s 

injection speed without cavity air pressure) 
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Figure 4. 29 Measurement of patterns height (full shot test of 150mm/s 

injection speed with 4MPa cavity air pressure) 
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Figure 4. 30 Pattern heights with different injection speeds for short and 

full shot tests. Measured values for the microscopic pattern for cavity air 

pressures of 4 MPa and 0 MPa 

 

The improvement of pattern height in accordance with the ratio of the cavity 

air pressure against the injection pressure is shown in Figure 4. 31. As can be 

seen, the replication improved with increasing cavity air pressure to the 

injection pressure ratio. There was less improvement in the replication when the 

ratio was small. 
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Figure 4. 31 Improvement in the pattern height with the ratio of 4MPa air 

pressure to the injection pressure. Measured values for the microscopic 

pattern for short and full shot tests 

 

4.5 Microscopic prism pattern 

4.5.1 Direction of resin flow and injection conditions 

 

Charging direction of the resin was perpendicular to the prism patterns and the 

short shot test was performed. We used the PMMA resin for molding and mold 

temperature was 70°C. Air pressure of a 0, 1, 2 and 4MPa was applied, and the 
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injection speed was set to be 100 mm/s. In order to evaluate the replication 

quality during the filling stage, the short shot molding test was conducted with 

90% charge.  

 

Table 4. 4 Injection molding conditions for prism patterns 

Melt 

temp. 

(ºC) 

Mold 

temp. 

(ºC) 

Injection  

speed 

(mm/s) 

Injection  

pressure 

(MPa) 

Air  

pressure 

(MPa) 

Packing  

pressure 

(MPa) 

250 70 100 114.7 0, 1,2, 4 0 

 

 

Figure 4. 32 Direction and configuration of resin flow of prism pattern 
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4.5.2 Dimension and configuration of prism pattern 

For the prism line pattern, the size of the cavity was 100 x 100 x 2 mm. The 

dimensions and the cross-sectional shape of prism are shown in Figure 4. 33-35. 

The height of prism shape is 100um and width is 200um.  

 

 

Figure 4. 33 Sectional view and dimensions of micro prism patterns (angle) 
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Figure 4. 34 Sectional view and dimensions of micro prism patterns (size) 

 

 

Figure 4. 35 3-dimensional shape of prism patterns 
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4.5.3 Results of prism pattern 

5  

6  The replication of patterns in height was observed to verify the influence of 

cavity air pressure. Each of 0, 1, 2 and 4MPa air pressure was applied to the 

cavity with injection speed of 100mm/s. The height of the prism pattern was 

about 43um with 0MPa cavity air and 63um with 4MPa cavity air. The height of 

the prism pattern was increased with increasing the cavity air pressure and we 

confirmed the replication was improved. There was 45% increase in the pattern 

height for the 4MPa cavity air pressure. 

7  

 

Figure 4. 36 Height of the prism pattern without cavity air pressure 
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Figure 4. 37 Height of the prism pattern with 1MPa cavity air pressure 

 

 

Figure 4. 38 Height of the prism pattern with 2MPa cavity air pressure 
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Figure 4. 39 Height of the prism pattern with 4MPa cavity air pressure 
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9 Figure 4. 40 Pattern heights with different cavity air for short shot tests. 

Measured values for the microscopic pattern for injection speed of 

100mm/s
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CHAPTER 5 

                                                                        

Numerical analysis on effect of 

pressurized cavity air 

5.1 Solution algorithms of numerical simulation 

5.1.1 Governing equations 

 

Conservation of Mass: 
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where u ,  , σ , S , τ , p  and D  are the velocity vector, the density, the 

total stress tensor, the body forces, the viscous stress tensor, the pressure and 

the rate of deformation tensor, respectively.  

 

The boundary conditions for velocity consist of the essential boundary 

condition on u  and the traction boundary condition on t  

 

uii uu  on             ˆ
  



77 

                                                                                         

 

tijiji tnt  on             ˆ
  

 

where u  and t  are mutually complementary subsets of the boundary   

(i.e.,  tu , 0 tu ). û  is the velocity vector prescribed on u , 

t̂  denotes the traction vector prescribed on t  and n̂  is the unit vector 

normal to t .  

 

Depending on the condition of problem, the energy conservation equation is 

also included in the governing equations. 
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where T , pC , k , Q  and t  are the temperature, the specific heat, the 

thermal conductivity, the rate of internal heat generation and the viscous 

dissipation in the fluid, respectively. The viscous dissipation term is the 

following : 
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ijijf DD2
  

 

The boundary conditions for temperature consist of the essential boundary 

condition on T  and the convection heat transfer condition on q  
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where q represents the heat flux normal to the boundary q . h designates the 

convection heat transfer coefficient and 
T  is the temperature in the free 

stream at the outer edge of boundaries. T  and q  are mutually 

complementary subsets of the boundary   (i.e.,  qT , 

0 qT ).  

 

The initial condition is given for the whole domain Ω as follows. 
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where it is required that 

 

uiiii unun  onˆ
0   

 

and 

 

 in0)( ,0 iiu
  

 

in order that a solution exists. If t  is null, the boundary condition for 

velocity must satisfy the following global condition for t≥0. 

 

0ˆ 


dSun ii

  

Here 0iu  and 0T  are the initial value for velocity and temperature, 

respectively [16-18]. 
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5.1.2 Solution algorithms of flow with moving free surfaces 

 

VOF method was first developed by Hirt and Nichols [19] and is the 

representative algorithm based on a fixed coordinate system for solving flows 

with moving free surfaces. The volume of fluid f(x, y, z, t) is defined as the 

volume fraction of a fluid in an element, which can be expressed as 

 

  
elementofvolume

fluidofvolume
f   

 

If an element is completely filled with fluid, the volume of fluid is unity (i.e., 

f=1) and the element is considered as the main flow region. If an element is 

empty (i.e., f=0), it belongs to the empty region and its contribution to the 

calculation of flow field is excluded. The elements are considered to be on the 

free surface when the volume of fluid lies between 0 and 1 (i.e., 0 < f < 1). The 

calculation field with free surface can be easily represented by using the 

variable f. Movement of the front is represented by the following transport 

equation of f : 

 

  0



f

t

f
u  
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which states that the free surface is a material line. This equation has only the 

advection term, so the solution by direct discretization is apt to cause severe 

numerical diffusion, which means the smearing of the flow front. Swaminathan 

and Voller [20] showed the effect of numerical diffusion in the case of one-

dimensional case. It is generally known that VOF method can handle the flow 

with complex motion but the problem is how to compress the numerical 

diffusion. The method to be developed must be able to avoid the artificial 

diffusion and advect the flow front without smearing. 

Many researchers developed algorithm to reconstruct the shape of flow front 

and advance the free surface considering the reconstructed geometry of 

interface. This helps both to increase the accuracy of calculation and to prevent 

the numerical diffusion. First, Noh and Woodward [21] proposed SLIC (Simple 

Line Interface Calculation) method. In this method, the update of free surface is 

decomposed into x- and y-direction and all the surfaces are considered to be 

vertical for flux calculations in the x-direction and horizontal for flux 

calculations in the y-direction. In Young’s method [22], the line segment has a 

slope and its slope is determined by considering the fractional volume of 

neighboring cells. In Hirt and Nichols [19] algorithm, the free surface is 

reconstructed either horizontally or vertically in each surface cell, depending on 
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its relation to neighboring cells. Also, Hirt and Nichols proposed donor-

acceptor method to advect the VOF variable f. The primary goal to reconstruct 

the free surface is to minimize the smearing of flow front and most of 

researchers neglected the discontinuity of free surface at the boundary of 

elements. However, Ashgriz and Poo [23] proposed FLAIR (Flux Line-Segment 

Model for Advection and Interface Reconstruction) method, in which the 

surface is approximated by a set of line segments fitted at the boundary of every 

two neighboring computational cells. In this way, the constructed interfaces are 

the continuous line segments. Recently, most of the researches base on VOF 

method uses PLIC (Piecewise-Linear Interface Calculation) method. In PLIC 

method, the interface is assumed as a line or plane whose normal vector is the 

gradient of f [24]. Lafaurie et al. [25] applied SURFER method, in which the 

flux is calculated by a combination of upwind and downwind schemes. And 

surface tension is modeled as a volume force derived from the continuum 

surface force (CSF) model [26]. 

In order to track the free surface location in a fixed grid system using the VOF 

method, it is necessary that the volume fluxes on every cell boundary should be 

calculated accurately. When using the VOF method, the fractional volume-of-

fluid, f, is defined on elements, not on nodes. This means that in contrast to the 

momentum or the energy equation, different method is required for integrating 
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the transport equation for the fractional volume-of-fluid. For that purpose, finite 

elements are utilized as cells or control volumes. The transport equation for the 

fractional volume-of-fluid in a conservative form is integrated over a cell. 

 

  0












V dVf
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combined with divergence theorem results in as follows 

 

  0d)( 






fV
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f
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where   denotes the boundary of the domain and Vi is the volume of control 

volume. 

 

5.1.3 Pressure-velocity coupling scheme 

 

The Pressure-Implicit with Splitting of Operators (PISO) pressure-velocity 

coupling scheme, part of the SIMPLE family of algorithms, is based on the 

higher degree of the approximate relation between the corrections for pressure 

and velocity[27]. One of the limitations of the SIMPLE and SIMPLEC 



84                                                      

                                                                                        

algorithms is that new velocities and corresponding fluxes do not satisfy the 

momentum balance after the pressure-correction equation is solved. As a result, 

the calculation must be repeated until the balance is satisfied. To improve the 

efficiency of this calculation, the PISO algorithm performs two additional 

corrections: neighbor correction and skewness correction. 

 

5.1.4 Rheological behavior of polymer melt 

 

In polymer processing, in particular, when a thermoplastic polymer is used, it 

is important to have a good description of the temperature and shear rate 

dependence of the viscosity. The Cross–WLF model was chosen to describe the 

rheology of the polymer melt. 
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In the simulations it is clear that viscosity is dependent on the temperature as 
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well as the shear rate. In particular, the melt near the mold wall contained a 

relatively large shear rate variation in the thickness direction. Accordingly, the 

viscosity also varied in the thickness direction. And the mold wall temperature 

also decrease the temperature of melt resin. So we consider the influence of 

temperature and shear rate on viscosity of melt resin. 

 

Table 5. 1 Cross-WLF parameters of PP 

Symbol Value unit 

n 0.3262  

Tau* 16400 Pa 

D1 8.04e+11 Pa-s 

D2 263.15 K 

A1 24.757 K 

A2 51.6 K 
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5.2 Modeling and conditions for Numerical analysis 

 

5.2.1 Analysis domain 

 

We confirmed by experimental method that surging of air occurs in the mold 

cavity when applying cavity air pressure. The pressure of the air in cavity was 

increased by 20% when applying the cavity air pressure of 4MPa. Therefore, 

we made up the analytical model that can simulate it. The analytical model, 

there is the cavity channel comprising a micro-patterns. The size difference 

between the channel region corresponding to the substrate and micro-pattern is 

almost 20 times. Thus this increase the time required for numerical analysis. In 

this study, we assume a micro-line pattern and the analysis proceeds in a two-

dimensional analysis. And the micro-pattern was simulated only three patterns. 

The reservoir was modeled on the side of air outlet in order to analyze the air 

surging. The air flowing gap is modeled as actual height to 15um. In order to 

increase the efficiency of the analysis, mesh is modeled to have a large number 

in near the wall and the micro-patterns as shown in Figure 5. 2. 
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Figure 5. 1 Modeling for numerical analysis and boundary conditions 

 

 

Figure 5. 2 Mesh near the micro-patterns and wall 

 

5.2.2 Boundary conditions  

 

The resin is injected by adjusting the injection speed (screw speed) in injection 

molding. Therefore, velocity boundary condition was used for the inlet 

boundary conditions. Numerical analysis was carried out with respect to three 
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cases of 0.24, 0.36, 0.48 m/s for analyzing the influence of cavity air according 

to the injection rate. The cavity air pressure was 1MPa. Further analysis was 

performed for each of air pressure 0.1, 1, 4MPa against the injection speed 

0.24m/s to investigate the effect on the various cavity air pressure when the 

injection speed is constant. Boundary conditions in the wall corresponding to 

the mold is a no slip boundary condition. Symmetry boundary condition was 

used for the bottom of the half channel. And we used a pressure outlet boundary 

conditions so that air can be injected and exposed. 

 

Table 5. 2 Thermal properties for resin (Polypropylene, EP-6000) 

Density 

(kg/m3) 

Specific heat 

(J/kg∙K) 

Thermal 

conductuvity 

(W/m∙K) 

761.45 2870 0.14 

 

Table 5. 3 Thermal properties for mold (Steel) 

Density 

(kg/m3) 

Specific heat 

(J/kg∙K) 

Thermal 

conductuvity 

(W/m∙K) 

8030 502.48 16.27 
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5.3 Results of numerical analysis 

 

Air surging phenomenon occurs during resin charging. Therefore, it is 

important how the pressure gradient generated to the pattern direction during 

the charging process. To investigate this, the gradient of the pressure from the 

channel direction to the micro-pattern was calculated that occurs at the time of 

flow front passing through the micro-pattern. All the comparisons of pressure 

difference were conducted at the same time and the same position. In addition, 

the height was also compared when the charge of channel ended in order to 

compare the height of the final pattern. 
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5.3.1 Air surging effect 

 

Figure 5. 3 shows the flow of the melt resin when the resin is charged through 

the cavity channel in accordance with time. When t occurs, the air pressure was 

calculated in the cavity region in which exists only air. The amount of air 

surging was about 20% of cavity air pressure, it was confirmed that a similar 

aspect with the experimental data. 

 

 

Figure 5. 3 Numerical results of the flow through the channel 
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Figure 5. 4 Air surging effect of 4MPa cavity air pressure 

 

5.3.2 Comparison of pressure gradient for direction of pattern 

filling 

 

We calculated the pressure distribution along the line of Figure 5. 5 with 

respect to 0.1, 1, 4MPa cavity air pressure for 0.24m/s injection speed. Pressure 

of the flow front was increased with the increasing of cavity air pressure 

because the inlet boundary condition is resin velocity. The flow front advanced 

in progress of the time and also the overall pressure was increased. The pressure 

difference between the channel region and the micro-pattern region are shown 



92                                                      

                                                                                        

in Figure 5. 6-8. We represented the pressure difference at each cavity air 

pressure in Figure 5. 9. The pressure difference between the channel and micro-

pattern was increased as the cavity air pressure increased. This difference 

contribute the pattern replication, so we can determine the effect of the cavity 

air on the improvement of the micro-pattern replication. 

The air surging occurs in the channel region and the trapped air in the micro-

pattern is not affected by the air surging. Therefore, the pressure difference 

between the channel and micro-pattern becomes larger as the flow is developed. 

 

Figure 5. 5 Calculating the pressure gradient along the line (from 

symmetry line to micro-pattern) 
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Figure 5. 6 Pressure calculations from the symmetry line to micro-pattern 

with 0.1MPa cavity air pressure and 0.24m/s velocity inlet 
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Figure 5. 7 Pressure calculations from the symmetry line to micro-pattern 

with 1MPa cavity air pressure and 0.24m/s velocity inlet 
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Figure 5. 8 Pressure calculations from the symmetry line to micro-pattern 

with 4MPa cavity air pressure and 0.24m/s velocity inlet 
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Figure 5. 9 Comparison of the pressure for pattern filling with 0.1, 1 and 

4MPa cavity air pressure 

 

The pressure difference between the channel region and micro-pattern region 

was shown in Figure 5. 10-13 with the 1MPa cavity air pressure and 0.24, 0.36, 

and 0.48m/s inlet velocity. We obtained the pressure distribution to the micro-

pattern in the same way of the previous analysis. The pressure difference 

between the channel and micro-pattern was decreased as the inlet velocity was 

increased because the overall pressure was increased and was less influenced by 

cavity air pressure as the inlet velocity was increased. 
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Figure 5. 10 Pressure calculations from the symmetry line to micro-pattern 

with 0.1MPa cavity air pressure and 0.36m/s velocity inlet 
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Figure 5. 11 Pressure calculations from the symmetry line to micro-pattern 

with 1MPa cavity air pressure and 0.36m/s velocity inlet 
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Figure 5. 12 Pressure calculations from the symmetry line to micro-pattern 

with 0.1MPa cavity air pressure and 0.48m/s velocity inlet 
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Figure 5. 13 Pressure calculations from the symmetry line to micro-pattern 

with 1MPa cavity air pressure and 0.48m/s velocity inlet 
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Figure 5. 14 Comparison of pressure for pattern filling of 0.24, 0.36 and 

0.48m/s velocity inlet with 1MPa cavity air pressure 

 

5.3.3 Rheological behavior near the micro-pattern 

 

We calculated the shear rate and the viscosity of the resin when passing the 

channel on which there is a micro-pattern. The shear rate and viscosity with 

respect to the inlet velocity are shown in Figure 5. 15 and Figure 5. 16, 

respectively. The shear rate and the viscosity tended to increase from the central 



102                                                      

                                                                                        

portion to the mold wall. In addition, shear rate was increased and viscosity was 

decreased with increasing the inlet velocity. Since the velocity was conditions 

for inlet boundary, difference of shear rate and the viscosity was not observed 

according to the various cavity air pressure in each velocity inlet conditions. 

 

0.0010 0.0012 0.0014 0.0016 0.0018 0.0020

0

1000

2000

3000

4000

5000

S
h

e
a
r 

ra
te

 (
s

-1
)

Position from the symmetry line (m)

 0.24 m/s

 0.36 m/s

 0.48 m/s

 

Figure 5. 15 Distribution of shear rate for 0.24, 0.36 and 0.48m/s inlet 

velocity 
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Figure 5. 16 Distribution of viscosity for 0.24, 0.36 and 0.48m/s inlet 

velocity 

 

5.3.4 Improvement on replication of micro-pattern  

 

For comparison of the experimental data, filling height of the micro-pattern 

was calculated. The numerical result of the improvement of pattern height in 

accordance with the ratio of the cavity air pressure against the injection pressure 

is shown in Figure 5. 18. The heights of the pattern filling were compared when 
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all of the channel region was filled in each case. As can be seen, the replication 

improved with increasing cavity air pressure to the injection pressure ratio. The 

absolute value was different from the experimental results, since the domain of 

the numerical analysis, cavity air pressure and filling time was different from 

the actual molding process. However, the overall tendency was same with the 

experimental results. 

 

Figure 5. 17 Micro-pattern filling for 0 and 4MPa cavity air at Inlet 

velocity 0.24mm/s 
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Figure 5. 18 Improvement in the pattern height with the ratio of 1MPa air 

pressure to the injection pressure by using numerical analysis. 
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Summary and Conclusions 

 

In the case of PMMA tensile specimen with non-drying process and 0MPa 

cavity air, the internal moisture of the specimen is vaporized and bubbles are 

formed. A specimen molded with 4MPa cavity air pressure has confirmed that 

the bubbles does not appear by suppress the vaporization of the internal water. 

In the case of the specimen produced using the ABS resin with non-dry, it was 

confirmed that the silver streak defects appear on the specimen surface. Also 

the surface defect was improved by 4MPa cavity air pressure. And we 

confirmed that the mechanical properties is same even if the cavity air pressure 

was applied. 

We carried out experiments for molds with a macroscopic pattern (ribs) and a 

microscopic pattern. In order to evaluate the quality of replication, we measured 

the filling heights of patterns with different ratio of the cavity air pressure to the 

injection pressure. The experimental results showed that the application of 

cavity pressure helps the replication of patterns both for macroscopic and 

microscopic scales. 

Numerical study was performed on the fluid flow with pressurized cavity air. 
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The pressure gradient through the micro-pattern was calculated when the flow 

front passes the micro-pattern. Analysis was performed with respect to the 

various injection rates (0.24, 0.36, 0.48m/s) and a variety of mold inner 

pressure (0.1, 1, 4MPa). The height of the micro-pattern according to the 

injection speed and the cavity air pressure was analyzed for comparing the 

enhancement of replication. The replication improved with increasing cavity air 

pressure to the injection pressure ratio. There was less improvement in the 

replication when the cavity air pressure was not enough for influencing the 

injection flow. 
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금형내압제어 사출성형공정을 이용한 

마이크로 패턴 전사성 분석 

 

서울대학교 대학원 

기계항공공학부 

박    성    호 

 

초        록 

 

사출성형 공정은 고분자 수지와 금형을 이용하여 반복적인 공정을 통

해 대량으로 생산할 수 있는 장점이 있다. 최근 마이크로/나노 사이

즈의 패턴을 가지는 성형품의 수요가 증가함에 따라, 사출성형 공정

을 활용하여 대량 생산하기 위한 연구가 활발하다. 

마이크로 사출 성형에서 마이크로 패턴의 폭은 캐비티 채널 영역의 

폭에 비하여 훨씬 작다. 이는 수지의 유동 충전에서 정체 현상을 야

기하여 마이크로 패턴 형상의 성형이 어렵게 만든다. 

본 연구에서는 사출 금형 내부에 공기 압력을 가할 경우 발생하는 마

이크로 패턴의 전사성 변화에 대하여 분석하였다. 가압된 금형 내부
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에 용융 수지를 주입하면 사출 속도에 따라서 채널 내부의 공기의 압

축이 일어나게 된다. 이 때 마이크로 패턴 내부에 갇힌 공기는 패턴 

전사에 따른 부피 감소에 의하여 압력이 증가한다. 충전 과정 중 마

이크로 패턴의 전사성에 영향을 미치는 패턴 충전 방향으로의 압력 

구배를 비교하면, 금형 내부를 가압하였을 경우가 가압하지 않은 경

우보다 크게 나타난다. 따라서 금형 내부를 가압할 경우 정체 현상이 

감소하게 되어 전사성이 향상된다. 

본 논문에서는 금형 내부의 공기가 미치는 영향을 실험적, 수치해석

적으로 살펴본다. 먼저 실험적인 증명을 위하여 매크로한 크기의 리

브 형상 패턴과 마이크로 크기의 라인 패턴에 관하여 가압 여부에 따

른 패턴 전사성을 비교하였다. 폴리프로필렌 수지를 이용한 실험에서 

금형 내부를 4MPa의 공기로 가압할 경우 전사성의 향상이 나타남을 

확인하였으며, 상대적으로 낮은 사출 속도(50mm/s)에서 전사성 향

상 효과가 높은 사출속도(150mm/s)에서 보다 더 증가함을 확인하였

다. 

또한 수치 해석적인 방법을 통하여 금형 내부의 공기 압력이 패턴 전

사성에 미치는 영향을 분석하였다. 금형 내부의 공기 압력이 존재할 

때 사출 성형이 진행되면, 금형 내부의 공기는 사출압력에 의하여 서

징이 발생한다. 마이크로 패턴 내부에 갇힌 공기는 패턴 전사가 일어

남에 따른 단순 압축이 발생한다.  
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유동 선단이 마이크로 패턴을 지나는 순간의 패턴 충전 방향 압력 구

배를 계산하면 마이크로 패턴의 전사성을 예측할 수 있다. 이를 토대

로 다양한 사출속도 (0.24, 0.36, 0.48m/s)와 다양한 금형 내압(0.1, 

1, 4MPa)에 대하여 수치 해석을 진행하였으며, 패턴 충전 방향으로

의 압력 구배 비교 및 사출속도와 금형 내압에 따른 마이크로 패턴의 

충전 높이를 비교하여 전사성 향상을 분석하였다. 
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