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Pressure-Sensitive adhesives (PSAs) are used in many fields and are applied 

throughout the industry. Since smart devices are made up of various materials, 

the point and adhesion between materials are emerging as important topics. For 

this reason, the application of adhesives is extensive. In particular, the re-usable 

property is focused on reusing these materials. 

In this study, we tried to control the properties between curing stages. We 

developed UV/UV curing technology and tried to realize UV/UV step-wise 

curing by characterizing the obtained acrylic adhesive with various 

technologies. By using a low-pressure UV light source in the first curing and 

controlling the total energy of curing by curing time, the difference in physical 

properties between the first curing and the second curing is widened, and the 

most significant physical property when irradiated with 3J UV I got the effect 

of showing the difference. 

In the process of UV/UV step-wise curing, we tried to develop physical 

properties by using the difference in the structure and reactivity of the 

monomers to express a massive difference in physical properties between the 
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first and second curing. After the prepolymer was polymerized, methacrylate 

and acrylate were blended to help the reaction to confirm the change in physical 

properties. However, it was confirmed that there is a limit to the change in 

reactivity and physical properties through monomers' simple blending. Due to 

methacrylate's structural characteristics, it was confirmed that the UV initiation 

reaction started slowly, but the growth reaction was high. 

Since the limitations of the simple blending step were identified, a study was 

conducted to express the difference in physical properties between the primary 

and secondary curing by controlling the content of the UV light source, the 

reactivity of the prepolymer, and the content of the crosslinking agent having a 

polyfunctional group. I did it. In general, polyfunctional groups act as factors 

that reduce adhesion, so a high-intensity light source was used to apply this. 

The LED light source is a single wavelength light source and has a relatively 

high intensity, so the multifunctional group's growth reaction proceeded 

smoothly. However, since the initiation reaction coincided, it wasn't easy to 

achieve sufficient growth. It has been confirmed that there is a problem with 

using LEDs in the first curing. However, it was confirmed that a high-intensity 

light source could be used, and a multifunctional group can be used. 

 The first curing was performed through black light (BL), and the step-wise 

curing was performed using LEDs in the second curing. The film was formed 

by blending multifunctional groups, and the most significant difference in 

physical properties between the first and second hardening was confirmed in 

the specimen blended with the five functional groups. 

Gel-fraction was measured to confirm the possibility of uncuring. In most of 

the specimens, a gel fraction of 90% or more was confirmed. It can be 

determined that the uncured part does not exist. Photo-DSC and FT-IR were 

used to determine the curing margin between the first and second curing. In 

low-pressure curing using a conveyor belt, the curing behavior was confirmed 



iii  
 

through photo-DSC, and in the secondary curing through the LED, the presence 

or absence of C=C double bond through FT-IR was confirmed. 

The modulus was confirmed through DMA. In the case of complete 

hardening, a rapid increase in the storage modulus could be observed. The rapid 

increase in Storage Modulus means complete consumption of the hardenable 

C=C double bond. 

The change in adhesion was confirmed using a texture analyzer. When a 

crosslinking agent having a 5-functional group and an LED UV light source 

having a high pressure were used, the most significant increase in adhesion was 

observed. C=C double bonds, which could not be cured due to structural 

differences at low pressure, reacted through UV at high pressure, increasing 

adhesion. 

Using the crosslinking agent with penta-functional groups, which was 

studied in this paper, the step-wise curing was performed by BL curing in the 

first stage of curing, and the curing through LED in the second stage of curing. 

Appeared. This characteristic seems to be applicable in the reworkable industry 

field. 
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1. UV Curing Acrylic Pressure-Sensitive Adhesive (PSAs) 
 

UV curing systems have many advantages in industrial applications, with 

various characteristics (Mahendia, et al., 2019). UV induced polymer breaks 

the chemical bond by UV exposure, and this phenomenon reduces the 

mechanical, optical, and chemical properties of the polymer, and appears as a 

disadvantage in the industry application (Faucitano, et al., 1996). Nevertheless, 

because UV radiation has many advantages, its applications are expanding in 

the industry. For example, it is solvent-free and has the advantage of easy 

workability. It is also possible to control the reaction rate and reaction 

conditions in various light sources by selecting the light source and initiator. 

This is because photoinitiated polymerization or UV curing systems can make 

high crosslinked-polymers through multifunctional monomers' blending and 

cure through UV or visible light (Roffey, 1997). Components of the 

electromagnetic spectrum can be expressed in Figure 1-1. In particular, UV can 

be classified into UVA (315-400 nm), UVB (280-315 nm), and UVC (100-

2,800 nm), depending on the length of the wavelength (Holman, et al., 1988) 

(Pappas, 1978) (Drobny, 2020). When the amount of UV initiator increases, if 

the amount of UV light is sufficiently irradiated, the initiation speed can be 

increased.  
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Figure 1-1. Components of Electromagnetic Spectrum (Wave Length in 
Nanometers) (White, 2012) 
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Acrylate is used in a wide range of UV-curing applications. The reason for 

this is the high reactivity and wide selection of acrylate functionalized 

oligomers (polyesters, polyethers, polyurethanes, polysiloxanes) (Decker, 

1998). and acrylic pressure-sensitive adhesive (PSAs) can easily control its 

properties. For this reason, PSAs have been primarily used to bond the various 

materials. Pressure-sensitive adhesives (PSAs) have been primarily used to 

bond various materials (Satas, 1989). Generally, acrylic adhesive PSAs 

properties are controlled by blending tackifiers as mechanical methods or cross-

linked main chain as chemical methods (Lee, et al., 2013). Additionally, 

crosslinking systems that cause insufficient cohesion of product various acrylic 

PSAs systems (Czech, et al., 2012). and cross-linked elastomeric materials 

present long-term stress relaxation, which depends on the density of crosslinks 

(Chasset, et al., 1965). The standard composites used in acrylic PSAs are hard 

to segment monomer, soft segment monomers, and additives (Kyung‐Yul, et 

al., 2013). To control these segments, PSAs systems used various types of 

additives. For example, it reported plasticizers, inhibitors, filler, and 

crosslinking agents (Li, et al., 2001).  
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1.1. Polymerization of Pre-polymer 
 

For solvent free polymerization, oligomers are generally polymerized 

through thermal polymerization or pre-polymers are polymerized through UV. 

However, polymerization of oligomer through thermal polymerization has a 

longer polymerization time than UV polymerization, and pre-polymer has a 

higher monomer concentration. Pre-polymer is a technique generally used to 

control monomers' concentration in a polymerization system (Pater, et al., 

2003).  

The rate of formation of initiator species (Ri) equals the intensity of light 

absorbed by the photoinitiator (Ia) times the fraction (φ) of excited-state 

photoinitiator (PI*), which produces initiator (eq 1). The absorbed light 

intensity is related to the incident light intensity (Io) by eq 2, 

 

Ri=Ia·φ                                                     (eq 1) 

 

where A, the photoinitiator absorbance, is the product of the molar 

absorptivity (θ), the path length of light (or film thickness) (d), and PI 

concentration (C), as shown in eq 3. (Pappas, 1985) 

 

Ia=Io (I-10-A)/d                                             (eq 2) 

A= θ·d·C                                                 (eq 3) 

 

These relationships show that Ia (and Ri) increase with both Io and (C). 

However, as (C) increases, A, Ia, and Ri increase within shorter path lengths 

(Pappas, 1985). According to A, you can check the average rate of 
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polymerization (Rp). At A>2.5, Rp tended to decrease. Also, if it has a low 

value such as A>0.3, it can be seen that it decreases as the length of the path 

through which UV must pass or the thickness of the film increases (Pappas, 

1985) (Lissi, et al., 1983). 

Most monomers form low initiating species due to UV exposure. To 

compensate for this phenomenon, pre-polymer polymerization is performed. 

By polymerization of pre-polymer, initiationg species is improved, and smooth 

PSA production proceeds. UV-curable formulations are given a large dudgid 

for the following three: 

1. Initiator 

2. Oligomer 

3. Crosslinking agent 

Oligomers can be produced by polymerizing pre-polymer, and crosslinking 

is performed by adding crosslinking agnet while coating (Decker, 2006). 
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1.1.1. Monomer 

 

Commercial PSA started with natural rubber, and after worldwar II, high-

grade alkyl acrylate copolymers were introduced to the market and became the 

second growth (Czech, 2007). However, acrylate was not used as a reaction 

monomer from the beginning. It is commonly used to reduce viscosity and 

improve cross-linking density (Nebioglu, et al., 2007). Furthermore, acrylate is 

applied in various fields due to its excellent reactivity and easy modification. 

and acrylic PSAs have various industrial applications because of their excellent 

temperature resistance, optical transparency, and adhesion properties 

(Miyamoto, et al., 2007); further, the transparency of acrylic PSAs facilitate 

their application in smart devices (Kyung‐Yul, et al., 2013). Crosslinking 

systems can also control their properties relatively easily (Lee, et al., 2013) 

(Czech, et al., 2012). Further, processing smart devices at high temperatures 

can damage the device; therefore, UV-type PSAs that generate relatively less 

heat is often used for such applications (Czech, et al., 2011). Monomer's 

reactivity follows: 

Vinyl < ally < methacrylic < acrylic 

As an acrylic monomer, its applicability in various industrial fields is 

growing strong. Applications in new fields are also continually occurring, and 

technology continues to expand. UV-cuing technology can also be seen as 

technology in applying these acrylic monomers. 

When polymerization of Acrylic PSAs is carried out, the number of carbon 

chains is generally 4-12, which is preferred as tackifiers. There are many types 
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of crosslinking agents. PSAs generally undergo polymerization through 

monomers with high and low Tg. Examples of such acrylic monomers are 

shown in Table 1-1 and Figure 1-2. Among the monomers that significantly 

affect adhesion, the role of low Tg monomers such as 2-ethylhexyl acrylate, 

isooctyl acrylate, or n-butyl acrylate is essential. Monomers with high Tg, such 

as methyl acrylate, have internal strength and influence. Also, OH-containing 

monomers such as 2-hydroxyethyl acrylate provide the functionality to enable 

crosslinking in the main chain. 

 

 

  



9 

 

Table 1-1. Different Types of Monomers 

Monomer  Tg for homopolymer 

2-Ethylhexyl acrylate  -70 

Isooctyl acrylate  -70 

n-Butyl acrylate  -54 

Ethyl acrylate  -24 

2-Hydroxyethyl acrylate  -15 

Methyl acrylate  -6 

Vinyl acetate  28 

Methyl methacrylate  105 

Acrylic acid  106 
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Figure 1-2. Different Types of Monomers 
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1.1.2. Photo-initiators 

 

The photo-initiator plays an essential role in shaping the radial. Also, 

depending on the choice of various photo-initiators, the responsiveness varies 

greatly. If an initiator suitable for the light source is used, free radicals can be 

formed, as shown in Figure 1-3, and these free radicals can be said to be 

essential elements of the reaction. (Decker, 2002) . 

There are two main reaction models in resin, which can be classified into 

radical-type and cationic-type. This is shown in Figure 1-4. Aromatic ketones 

react with acrylate double bonds or copolymerization of styrene double bonds 

to form radicals (Linden, et al., 1993). In photoinitiated cationic polymerization, 

a proton acid is produced by photolysis of tri-aryl sulfonium (TAS) or 

diaryliodonium salts to initiate the polymerization of epoxides or vinyl ethers 

(Crivello, 1984) (Decker, 2002).  

Radical systems are diverse applications in present UV-curing industrial 

processes because of their higher reactivity (Maag, et al., 2000) (Lee, et al., 

2013). The wide choice of acrylate monomers also allows us to adjust the UV-

cured polymer's final properties more precisely for the considered application 

(Decker, 2002). 
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Figure 1-3. Photoinitiated Crosslinking Polymerization 

  

Free Radical 
Multifunctional 

Monomer 
Functionalized 

Polymer 

Photoinitiator 

UV 

Polymer Network 



13 

 

(a) Radical Type Photoinitiators 

(b) Cationic Type Photoinitiators  

(DH: Hydrogen Donor or Electron Donor) 

Figure 1-4. UV-curable Photoinitiators (a) Radical Type and (b) Cationic Type 
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For a correct reaction, oxygen must be blocked while the reaction is in 

progress. Reducing the influence of oxygen in the use of radical initiators is a 

crucial task. Oxygen can play a role in removing initial radicals and radicals 

formed in the polymer Figure 1-5 (Decker, et al., 1985). The radical can be 

easily removed by oxygen. Therefore, oxygen must be removed first. Peroxy 

radical (PO2) is inert to acrylate double bonds. As hydrogen is generated, 

hydroperoxides and alkyl radicals are produced, but they are also removed by 

oxygen. The free-radical generated during the reaction is first used to remove 

dissolved oxygen, and when the dissolved oxygen is sufficiently removed, the 

reaction starts (Bolon, et al., 1978). When the double bond content of acrylate 

is more than twice the dissolved oxygen ratio, a normal reaction may occur. For 

this reason, it is necessary to reduce the amount of dissolved oxygen by 

introducing nitrogen to remove dissolved oxygen (Decker, 1979). 

In UV-curing chemistry, various physical properties can be expressed 

depending on the characteristics of oligomers and monomers. The use of 

oligomers and unique monomers through a wide range of polymerizations is 

the main factor in UV-curing chemistry. 
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Figure 1-5. Inhibitory Effect of Oxygen on Photoinitiated Radical 
Polymerization 
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2. Blending Technology 
 

  The industrial application of photoreactive UV crosslinking materials is 

increasing in research and application fields. In particular, the oligomer is 

crosslinked by adding a specific monomer, and this cross-linking characteristic 

can act as an advantage in terms of productivity and the environment. (Czech, 

2006). 

One of the techniques widely applied in UV-curable PSA is crosslinking. 

This is because cohesion is an essential property in PSA. Cohesion alone does 

not determine physical properties, but a balance between internal and external 

cohesion and adhesion molecular weight is required. Figure 1-6 shows the 

properties distributed by molecular weight. Since it is not a good idea to have 

high adhesion, PSA film is molded after blending to adjust the properties 

suitable for each application (Czech, 2007). An essential advantage of UV-

cross-linkable acrylic PSAs is that their cross-linking degree can be varied by 

controlling the amount of radiant energy applied (Czech, 2006). This makes it 

possible to manufacture a wide range of adhesives with different properties 

from a single raw material.  
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Figure 1-6. Adhesion, Tack and Cohesion of a PSA versus Molecular Weight 
(Satas, 1989) 
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2.1. Monomer 

 

Before coating, a monomer may be added. These monomers can act as 

tackifiers or can be used as reaction aids. It is used as one of the methods of 

controlling physical properties. Also, the difference between acrylate and 

methacrylate occurs. Due to methacrylate's structural effect, the degree of 

curing and physical properties is affected in the UV curing system compared to 

acrylate, and acrylate is evaluated to have better physical properties 

(Chattopadhyay, et al., 2005). Figure 1-7 shows the structures of methacrylate 

and acrylate. Due to these structural differences, it can be seen that the reaction 

of methacrylate occurs relatively stably in the UV curing system (Kanerva, 

2001) (Dahlin, et al., 2016). In other words, steric hindrance occurred, affecting 

the reactivity, and it explains that the generation of radicals by UV in Mehta-

structured acrylate is the effect of inhibiting the reactivity in UV reaction. 

(Crivello, 1999). In the UV reaction, methacrylate has a slower reaction than 

that of acrylate, because the structural difference of methacrylate plays a role 

of blocking UV (Anseth, et al., 1994) 
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Figure 1-7. Acrylate and Methacrylate 

 

Figure 1-8. Multi-Functional Monomer 

 

  

O

R

methacrylate

O

R

acrylate

O

O

O

O

O

O

O

O

Pentaerythritol tetraacrylate

O OHO

O

O

O

O

O

O

O

O

O

Dipentaerythritol penta-/hexa-acrylate

1,6 hexanediol diacrylate
O

O

O

O

ethylene glycol diacrylate
O

O

O

O

poly(ethylene glycol) diacrylate

O

O

O

O
n

trimethylolpropane trimethacrylate

O

O

O O

O

O

O

O

O

O

O

O

trimethylolpropane triacrylate



20 

 

2.2. Crosslinking Agent 

 

Crosslinking agents are di-, tri-, tetra-, penta-, etc., and various types depend 

on the reactive site (Figure 1-8). These crosslinking agents have a crosslinked 

polymer structure, as shown in Figure 1-9, when radical reaction occurs. The 

initial reaction begins quickly. However, as the reaction proceeds, the reaction 

gradually slows down due to gelation and ultimately vitrification, and the early 

termination of the reaction occurs. Thus, a certain amount of residual 

unsaturation and trapped radicals remain in the UV curable polymer network 

(Kloosterboer, et al., 1984) (Decker, et al., 1987). In particular, methacrylate 

monomers undergo similar crosslinking polymerization but are slower (lower 

kp values) than acrylic derivatives due to less efficient propagation reactions 

(Decker, 1994). 
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Figure 1-9. Scheme of the Reaction Mechanism of the Initiator 
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3. UV/UV Step-wise Curing 
 

  Due to the size of various devices and the subdivision of application fields, 

non-standardized display devices are required. In addition, display with 

complex functions has been developed a lot. However, in the display market 

that requires high functionality, the price of each component tends to increase. 

Most display products are also assembled. For these reasons, separation and 

recycling from parts when defects occur after assembly is a major issue. 

However, after applying PSA, product separation is difficult, and this has 

emerged as a problem that must be resolved. For these reasons, the physical 

property value that rework is emerging in PSA has been made. 

The formation of post-adhesion defects during smart device assembly often 

results in the replacement of the whole affected module. However, such 

modules are rather expensive, necessitating the development of alternative 

strategies such as those based on step curing. Previously, step-wise curing has 

been implemented as UV/thermal dual-curing (Kim, et al., 2008), which can 

result in thermal damage of the module and is therefore of limited applicability 

to smart device fabrication. In addition, step curing can choose the curing time 

between primary curing and secondary curing. Before the secondary curing, 

PSA has relatively high softness. These properties can increase rework 

properties. In addition, if the worker makes a mistake or incorrect process, 

rework can be performed before secondary curing. After the assembly is 

finished, the worker can proceed with the secondary curing to increase the 

PSA's adhesion properties.  

Post-cured OCA is called semi-cured/double-cured composite-cured OCA, 
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etc., and uses UV curing after the film lamination process to induce the final 

bonding product using UV curing. Since the hardening density is low, it is 

generally evaluated that it is advantageous for gap-filling and has a relatively 

low bonding strength, and is suitable for re-work. 

UV/UV step-wise curing was implemented using different light sources 

(Shim, et al., 2020). Step-wise curing is a secondary curing method that 

involves leaving a curing margin during primary curing (Kim, et al., 2019). 

This method can allow characteristics to be altered by only forming weak bonds 

during primary curing, rather than the direct formation of the end products. This 

enables the recycling of expensive materials during lamination in smart devices 

(Jin, et al., 2009); however, there is a disadvantage of difficult recycling when 

modules are glued together, implying that when a defect occurs, the entire unit 

is unusable.  
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4. Objectives 

 
 The formation of post-adhesion defects during smart device assembly often 

results in the replacement of the whole affected module. However, such 

modules are relatively expensive, necessitating the development of alternative 

strategies such as those based on step curing. Previously, step-wise curing has 

been implemented as UV/thermal dual-curing, which can result in thermal 

damage of the module and is therefore of limited applicability to smart device 

fabrication. To retard the pre-polymer's uncured marginal portion, acrylic PSAs 

are commonly formulated to contain acrylic acid (3–10 wt%) and a soft acrylate 

component (90–97 wt%) with chains bearing different functional groups and 

having various lengths. For this reason, we are trying to do the module where 

the defect has occurred reworkable. By adopting the step curing method, PSA's 

physical properties can be adjusted more stably in the process. 

 In general dual curing PSA process, more than one initiator is used depending 

on the curing method. This is because the reaction is initiated differently 

depending on the curing step (ex. Thermal, UV). However, in this study, step-

wise curing was performed by setting the difference in curing source, not the 

curing method through UV/UV. If the wavelength of the UV source can be 

completely controlled, it seems that a more complete step-wise curing can be 

performed by using multiple initiators. However, when BL or metal halide lamp 

is used, interference between wavelengths inevitably occurs. In order to solve 

this problem, one initiator was fixed and used. 
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4.1. Investigation of Adhesion Performances of Step Curing PSAs 

 
 In dual-curing, there is a difference in mechanisms between primary and 

secondary curing. For example, if primary curing is performed by UV, 

secondary curing is cured as heat. However, in UV/UV step-wise curing, both 

primary curing and secondary curing are cured with UV. Therefore, it is 

necessary to control the reactivity in the pre-polymer stage. The curing must 

not proceed entirely in the primary curing, and the change in physical properties 

must occur in the secondary curing. In secondary curing, it can be said that it is 

the ideal property to have higher adhesion than primary curing. In other words, 

primary curing should have low adhesive strength in a state where rework is 

possible, and adhesive power should increase in secondary curing to be 

applicable to end products. Pre-polymer, which makes a big difference in 

adhesive strength between each step, must be polymerized. 

 

4.2. Preparation of Content Variation Additives and Crosslinking 

Agent to Effect of Reaction Margin 

 

When performing UV/UV step curing, it is essential to select the monomer 

to be blended and the crosslinking agent. Since the emphasis is on slowing 

down the pre-polymer's reactivity to proceed with the reaction, very different 

reactivity is expressed depending on the blended monomer. Also, depending on 

the crosslinking agent's content, there will be a difference in the rate at which 

the reaction proceeds. Therefore, it is necessary to search for the ideal content 

and check the reaction margin according to the content. This is because the 
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more reaction margin is created, the greater the material property change in 

secondary curing. 

In step-wise curing, the greater the adhesion property between primary 

curing and secondary curing, the better step-wise curing can be. However, if 

the gel content is low in primary curing, a seamless network structure is not 

formed, and this phenomenon may cause cohesive failure in adhesion. Cohesive 

failure, one of the major failure factors of PSA, occurs when the network 

structure is not formed, and this phenomenon can be found in Chapter 3. 

Therefore, it is thought that gel content above a certain level is necessary. 

However, it is not limited to 90%, but It can be limited to gel contents that do 

not cause cohesive failure. 

 

4.3. Change Rate of Reaction Margin with Intensity of UV Light 

Source 

 

If step curing is possible, and additives can control the margin, experiments 

with changing the light source should be performed. Although primary curing 

is performed using BL and secondary curing is performed using a conveyor belt, 

secondary curing at higher pressure is required. To do this, it is necessary to 

check the physical property change according to the change of the light source 

source using the LED UV lamp. Besides, it is necessary to confirm the change 

in physical properties accordingly. When the light source is changed, changes 

in the overall physical properties occur, and to control this, it is necessary to 

adjust the margin rate during primary curing. To adjust this, you need to adjust 
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the total UV dose. 

 

4.4. Characteristics of UV/UV Step Curing using Multifunctional 

Monomer 

 

When using LED UV lamps, the initial light intensity is made very strong, and 

the reaction speed is likely to increase. Moreover, it seems that the monomer's 

growth will become relatively weaker as the reaction rate increases. In general, 

multi-functional monomers are challenging to use as crosslinking agents. 

However, it seems that this can be applied as the UV intensity increases. 

Diethylene glycol diacrylate and Trimethylolpropane triacrylate are commonly 

used functional monomers. However, using high-pressure UV, di 

(trimethylolpropane) tetraacrylate, dipentaerythritol pentaacrylate, and 

dipentaerythritol hexaacrylate, which can react at the same time, will be used 

to improve the situation where the adhesive strength is significantly increased 

during the reaction at low pressure. 
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5. Literature Review 

5.1. UV-curable Adhesive  

 

Yamada, Y., et al. have reported studies on UV curable epoxy resins with 

improved humidity durability. Using this, a low loss and stable fiber-waveguide 

connection is achieved. Connection loss has been reduced. We conducted heat 

cycle test and high temperature and low temperature test for weather resistance 

test. The test was conducted at 90% relative humidity. The connection of glue 

and fiber is considered to be a disadvantage in terms of reliability. However, 

reliable results were obtained from this study (Yamada, et al., 1992). 

 

Han, J., et al. reported research that characterizes and uses UV bonding 

technology for bonding plastic biochips at room temperature. In addition, the 

diffusion characteristics of biocompatible UV adhesives are researching 

centered around subtle channels to achieve an excellent microfluidic seal. We 

also studied surface modification for the strength of bonding. We were looking 

at hydrophilic surface treatment to improve bond strength. In addition, the 

hydrophobic treatment significantly reduced the strength of the bond, and the 

key derived results. It is characterized by bonding technology in terms of UV 

adhesive pattern diffusion and bonding strength. The property results developed 

in this work helped to develop a robust UV adhesion protocol with an optimized 

process to create screen printing masks. It was also expected to be applied 

immediately in the low temperature bonding process (Han, et al., 2003). 
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Kajtna et al. reported on the synthesis and properties of UV crosslinkable 

acrylic PSA. Different amounts of unsaturated photoinitiator were added to the 

mixture of acrylate monomers. The polymerization method uses suspension 

polymerization technology. Coating is being carried out with a pilot coating 

machine, and UV polymerization has proceeded. The UV crosslinking process 

was confirmed using ATR-FTIR. The adhesive properties of the synthesized 

material were confirmed using peel and shear strength. The results were 

confirmed to be affected by the degree of crosslinking, and it was confirmed 

that the influence of the crosslinking density was considerable (Kajtna, et al., 

2011).  

 

Tauber, Armin et al. studied UV light-induced crosslinking of acrylic 

polymerized PSA using real-time FT-IR spectroscopy. The same production 

parameters as cure speed and number of UV lamps were simulated. Thus, 

various types of UV-light flash experiments were performed, showing that the 

amount of crosslinked polymer chains in the adhesive depends on the UV dose 

applied. The same result value was derived by changing the intensity of UV 

light. The properties of PSA were determined by UV curing (Tauber, et al., 

2002). 
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5.2. Synthesis and UV Curing of a Functional Acrylic 

Resin 

 

Park, et al. reported Lignin derivative vanillin when coupled with diamines 

and diethyl phosphite followed by reaction with echichlorohydrin yields high-

performance flame retardant epoxy resins. Vanillin, an industrial scale 

monoaromatic compound of lignin, is a promising sustainable candidate for 

high performance polymers, and the synthesis of diepoxies is difficult. On the 

other hand, bio-based epoxy resins having high performance and excellent fire 

resistance are more challenging to achieve. In this study, two new bio-based 

epoxy monomers were synthesized by reacting with epichlorohydrohydrin 

followed by a one-pot reaction involving Schiff base formation and 

phosphorus-hydrogen addition between vanillin, diamine and diethyl phosphite. 

Their reactivity is said to be similar to bisphenol A epoxy resin. This was due 

to its excellent expandability and the ability to form dense char. Cured vanillin-

based epoxies, on the other hand, have a higher Tg than DGEBA. The properties 

of vanillin-based epoxy have been reported to be easily adjustable using 

different coupling agents during the synthesis process (Park, et al., 2005). 

 

Yan, Zhenlong, et al. reported A novel dimethacrylate terminated, 

poly(2,2,3,4,4,4-hexafluorobutyl acrylate (MATHFA), was synthesized in four-

step procedure, and the structures were characterized by FT-IR and 1H NMR 

spectra. MATHFA concentrations and lengths, ie contact angle measurements, 

resulted in highly hydrophobic surfaces on the film's air side by introducing 

fluorinated oligomers in very small amounts in UV curable materials. X-ray 
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photoelectron spectroscopy was used to determine the composition of the 

surface and the coefficient of concentration. The cured film's outermost surface 

proved that the long MATHFA tends to be concentrated on the air side (Yan, et 

al., 2013). 

 

Do, et al. reported on UV-curing behavior and adhesion performance of UV-

crosslinkable polyacrylates. Hydrogenated epoxy methacrylate was also 

synthesized as a tackifier and blended at a different level with UV-curing 

polyacrylate synthesized for PSA use. The improvement of Tg was confirmed 

by PSA/TEM blend. We also confirmed a decrease in probe tack in the PSA / 

HREM blend (Do, et al., 2008). 
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5.3. Dual Curing 
 

Park et al., reported curing behaviors of dual-curable adhesives based on 

epoxy acrylate oligomers. Identified the possibility of dual-curing through 

resins prepared through blending of epoxy acrylate oligomers, a trifunctional 

monomer, photoinitiators, a thermal-curing agent and a filler. We also 

confirmed that UV/thermal curing is possible. The maximum degree of cure 

was the same, but the total areas under the thermogram curves were different. 

By confirming this, it was confirmed that C = C bond's content does not affect 

the curing rate but the degree of curing. As the concentration of C = C bond 

increased, the crosslinking proceeded closely. The peak reduction of the C = C 

bond was confirmed by FT-IR (Park, et al., 2009). 

 

Shang et al. studied the application of the dual curing system. It is applied to 

electrically conductive adhesive. UV/thermal curing confirmed excellent 

thermal stability. UV / thermal curing confirmed that it has a crosslinked 

structure. It has been studied to have stability over 180 days. Also, thermal 

gravimetric analyzers analyzed thermal properties (Shang, et al., 2015). 

 

Decker et al, reported have been weighted using an aqueous double cure 

urethane-acrylate oligomer. Primary curing was conducted with UV and heat 

was applied for secondary curing. Infrared spectroscopy was used to determine 

the effect of temperature on the reaction rate and degree of cure. The aqueous 

double cure coating used in this study has been studied to have high weather 

resistance because it has an aliphatic structure. Also, hydroxyphenyltriazine UV 
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absorber was used to improve light stability (Decker, et al., 2003). 

 

Chen et al., reported used aqueous PU dispersions with difunctional epoxy and 

tri-aziridinyl curing agents. It is stable in aqueous phase, but it is reported that 

the curing reaction of PU with carboxyl groups can only react in an acidic state. 

The stability of these single and double-cured PU systems is influenced by the 

dispersion's zeta potential particle size distribution (Chen, et al., 1998). 
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5.4. Curing Agent 
 

Kornmann, X., et al. reported on the influence of the curing agent's nature on 

structure. In this study, we used two different curing agents, aliphatic diamine 

and two alicyclic diamines. The cure kinetics of these systems were evaluated 

by differential scanning calorimetry. The nanocomposite structure was 

characterized by x-ray diffraction and transmission electron microscopy. 

Successful nanocomposite synthesis affects the cure kinetics in the gallery. 

For this reason, it is affected by the rate at which the hardener diffuses into 

the gallery. The curing temperature will control the rate of reaction and 

diffusion within the epoxy system. Therefore, control of the curing agent and 

curing conditions can control the peel strength of the material. (Kornmann, et 

al., 2001). 

 

Balabanovich, A. I., et al. studied the effect of a curing agent on the thermal 

degradation of fire retardant brominated epoxy resins. To proceed with the study, 

the diglycidyl ether of tetrabromobisphenol A and the diglycidyl ether of 

bisphenol A were blended and then cured using 4'-diaminodiphenyl methane. 

Epoxy resins are researched on their attributes using residues generated after 

thermal analysis. The aircraft and high-boiling pyrolysis products were 

collected and the characteristics formed were studied. In addition, we 

confirmed that brominated epoxy resin is thermally unstable. We have 

confirmed that these results are generated by amine-containing curing agents. 

The curing agent's effect can be used in recycling of epoxy resins to separate 

brominated pyrolysis products from non-brominated ones (Balabanovich, et al., 
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2004). 

Grillet, A. C., et al. reported dynamic-mechanical analysis, mechanic 

properties, adhesive strength, and water absorption of networks based on 

glycerol diglycidyl ether cured with aliphatic diamines were studied. The 

polymers based on cyclic diamines showed relative higher-Tg values, more 

significant compression, yield stress and the best adhesive strength than the 

polymer based on linear diamine. Nevertheless, the polymer based on linear 

diamine shows the best flexibility, low adhesive strength, and higher water 

absorption (Grillet, et al., 1989). 

 

Shao, et al. reported Aqueous-based polyurethane with dual-functional curing 

agent. The aqueous polyurethane having a carboxyl group was produced from 

a preliminary hollow coalescence process. A curing agent was synthesized from 

the substitution reaction of phosphorus oxychloride or phenylphosphonic 

dichloride by aziridine. Each compound is composed of two aziridinyl groups 

and the phosphorus composition. These compounds acted as a hardener and 

flame retardant for the PU curing system. It was confirmed that the crosslinked 

PU had increased physical and mechanical properties (Shao, et al., 2000). 
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1. Introduction 

 

Pressure-sensitive adhesives (PSAs) and UV-curable acrylic resins have 

found diverse applications in present-day industrial processes (Lee, et al., 2013, 

Lee, et al., 2017, Maag, et al., 2000). Generally, the properties of acrylic PSAs 

can be controlled using both mechanical and chemical methods, e.g., by 

adjusting the amount/type of blended tackifiers, the extent of main chain cross-

linking (Lee, et al., 2013), or type of cross-linking system (Czech, et al., 2012).  

PSAs produced by irradiation of UV-curable systems with UV light in the 

presence of a suitable photoinitiator, which induces radical 

photopolymerization and promotes the monomer to oligomer conversion, 

exhibit numerous advantages (e.g., solvent-free nature and low content of 

volatile organic compounds) that are important in industries such as coating, 

painting, and adhesive production (Czech, et al., 2011, Kajtna, et al., 2013, 

Noori, et al., 2018). 

The formation of post-adhesion defects during smart device assembly often 

results in the replacement of the whole affected module. However, such 

modules are relatively expensive, necessitating the development of alternative 

strategies such as those based on step curing. Previously, step-wise curing has 

been implemented as UV/thermal dual-curing (Kim, et al., 2008), which can 

result in thermal damage of the module and is therefore of limited applicability 

to smart device fabrication. Also, step-wise curing can allow one to choose the 

curing time between primary and secondary curing. PSA has relatively high 

softness before the secondary curing, and hence increase rework properties. 

Also, in the event of a process error or human error, rework can be performed 
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before secondary curing. After the assembly is complete, the worker can 

proceed with secondary curing to improve PSA's adhesion properties. For this 

reason, there is a problem in applying to smart devices. To solve this problem, 

we chose UV/UV step-wise curing. 

 To reduce the uncured marginal portion of the pre-polymer used in step-wise 

curing, acrylic PSAs are commonly formulated to contain acrylic acid (3–10 

wt%) and a soft acrylate component (90–97 wt%) with chains bearing different 

functional groups and having various lengths (Lee, et al., 2012). Herein, we 

show that the problem of thermal damage can be circumvented, adopting a 

UV/UV step-wise curing approach and polymerizing solvent-free. When MMA 

is used as the additive, crosslink density increases (Alam, et al., 2008) 

It is possible to observe how the reaction becomes slower when MMA is 

added, especially due to UV polymerization.  Because of steric effects and the 

radical's stability, methacrylates participate slowly in the polymerization 

(Nason, et al., 2005, Velankar, et al., 1996). Also, UV/UV step-wise curing was 

implemented using black light (BL; long-time curing using a low-pressure light 

source) and a UV conveyor belt (fast curing using a high-pressure light source). 

Figure 2-1 shows a schematic for step-wise UV/UV step-wise curing; (a) no 

reaction occurs in the monomer state, (b) reaction proceeds partially in the pre-

polymer state, (c) partial reaction occurs due to primary curing, (d) secondary 

curing proceeds and the reaction is complete. UV curing behavior was 

evaluated using photo-differential scanning calorimetry (photo-DSC) to 

measure the reaction rate and calculate conversion, while viscoelastic 

properties were probed by dynamic mechanical analysis (DMA) film tension 

mode. An extensive network structure was formed even for low concentration 
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of primary curing. 
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Figure 2-1. Schematic Diagram for UV/UV Step-wise Curing (Shim, et al., 
2020) 
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2. Experimental 

2.1 Materials 

 

All reagents were used without further purification. 2-Ethylhexyl acrylate (2-

EHA, 99.0%), acrylic acid (AA, cohesion enhancer, 99.0%), 2-hydroxyethyl 

acrylate (2-HEA, cohesion enhancer, 99%), and methylmethacrylate (MMA, 

delayed reaction, 99.0%) were sourced from Samchun Pure Chemical 

(Republic of Korea), and isobornyl acrylate (IBA, 99%) was sourced from 

Sigma Aldrich (USA). Hydroxydimethyl acetophenone (HA, Micure HP-8, 

Miwon Specialty Chemical, Republic of Korea) used as a photoinitiator 

featured two absorption ranges (at 265–280 and 320–335 nm). Table 2-1 shows 

the compositions of the acrylic PSAs. 
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Table 2-1. Compositions of the Raw Materials for Polymerization Pre-polymers (Shim, et al., 2020) 
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2.2 Pre-polymer Polymerization 

 

The pre-polymer was synthesized from a mixture of 2-EHA (64 wt%), AA (3 

wt%), IBA (19 wt%), MMA (4 wt%), 2-HEA (10 wt%), and HA (0.3 wt%) by 

bulk radical polymerization, which was performed in a 500-mL four-necked 

flask equipped with a mechanical stirrer, N2 inlet, thermometer, and a light-

emitting diode UV lamp. The polymerization was carried out on a 200 g scale. 

The temperature and stirring speed were maintained at 30℃ and 100 rpm, 

respectively. After 30-min N2 purging upon constant stirring, the temperature 

was increased by 15 ℃, and the monomer mixture was exposed to UV light (20 

mW/cm2, main wavelength: 365 nm) upon continued N2 purging (Lee, et al., 

2016). After increasing the temperature, air blowing was carried out for 30 min. 

 

  



44 

 

2.3 Adhesive Film Preparation 

 

UV-curable syrups were prepared by blending the pre-polymer with 

ethoxylated trimethylolpropane triacrylate (EO6TMPTA, Sigma-Aldrich), 

commonly used a d multi-functional acrylates (Figure 2-2(a)) (Park, et al., 

2018). 

EO6TMPTA was used to evaluate the delay in primary UV curing and to make 

uncured marginal portion of the pre-polymer, and lauryl acrylate (LA; Figure 

2-2(b)) was used (2phr) to delay the UV curing reaction by reaction with the 

chain transfer agent (Mateo, et al., 1992).  

 

 

 

Figure 2-2. Structures of (a) EO6TMPTA (n + m + o = 6) and (b) Lauryl 
Acrylate (LA) (Shim, et al., 2020) 
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2.4 Step-wise Curing 

 

Corona-treated polyethylene terephthalate films (SKC Co. Ltd., Republic of 

Korea) were coated with a 100-µm-thick syrup layer and passed through a BL 

curing machine equipped with a low-pressure mercury UV lamp (20 mW, main 

wavelength = 365 nm) for primary curing. Secondary curing was performed by 

passing the primary-cured film through a conveyor-type UV-curing machine 

equipped with medium-pressure mercury UV lamps (154 mW/cm2, main 

wavelength = 365 nm). The UV irradiation dose was fixed at 3000 mJ/cm2. 

Step-wise-curing follows the following Figure 2-3. 
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Figure 2-3. UV/UV Step-wise Curing Process for the PSAs (Shim, et al., 
2020). 
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2.5 Curing Behavior 

 

2.5.1. Photo-DSC 

 

The UV-curing behavior of adhesives was evaluated by photo-DSC (DSC 

Q200, TA Instruments, USA) using a spot-cure light source (Omnicure-s2000, 

Excelitas, Waltham, MA, USA) comprising a 100W mercury vapor lamp. Light 

intensity was determined by placing an empty open aluminum DSC pan on the 

sample cell. The UV light level of the UV accessory equipped with a 90% UV 

filter was 10%. The sample weight was 1–2 mg. All measurements were 

performed at 25 °C (Lee, et al., 2016). 
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Figure 2-4. Photo-Differential Scanning Calorimetry (Photo-DSC) 
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2.5.2 Gel-fraction 

 

The contents of insoluble compounds such as cross-linked or network 

polymers were determined by measurements of the (solvent solubility 

parameter–dependent) gel-fraction (Park, et al., 2009) using toluene as the 

solvent. Cross-linked adhesives were soaked in toluene for 24 h at 50℃, and 

the insoluble residue was removed by filtration and dried to constant weight at 

50℃ (Lee, et al., 2014). The gel-fraction was calculated as gel-fraction (%) = 

(W1/W0) × 100, where W0 is the weight of the original sample, and W1 is the 

weight of the dried insoluble residue. 
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Figure 2-5. Schematic of Gel-fraction 
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2.6 Adhesion Properties 

 

2.6.1. Peel Strength 

 

The 180° peel strength was measured based on ASTM D3330 (TA-XT2i 

Texture Analyzer, Micro Stable Systems, UK) at a crosshead speed of 300 

mm/min at 20℃ for bonded specimens (width = 25 mm) that were left to stand 

at room temperature for 24 h. The debonding force was recorded for five 

different runs, and the average force was reported as N/25 mm. SUS 304 was 

used as the substrate. Curing progresses in the film at the time of primary curing 

when measuring the peel strength, and curing proceeds after adhering to 

SUS304 at the time of secondary curing. This is to confirm changes in physical 

properties in actual applications. 

 

2.6.2. Probe Tack 

 

Probe tack was measured at 20 ℃ using the abovementioned texture analyzer 

and a 5-mm-diameter stainless steel cylinder probe. The cylinder approached 

the adhesive sample at a speed of 0.5 mm/s, stayed in contact with the PSA 

surface for 1 s at a constant pressure of 100 g/cm2, and was then debonded at a 

speed of 0.5 mm/s. Probe tack was measured as the maximum debonding force 

(ASTM D3330) (Joo, et al., 2006). 

  



52 

 

Figure 2-6. Schematic of Peel Strength  
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Figure 2-7. Schematic of Probe Tack 
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2.7 Viscoelastic Properties 

 

The temperature dependence of dynamic storage modulus and tanδ were 

evaluated by a dynamic mechanical analyzer (DMA Q800, TA Instruments, 

USA) in film tension mode for specimens with length, width, and thickness of 

approximately 11–13, 12, and 1 mm, respectively. Testing (strain rate = 0.1%, 

frequency = 1 Hz, heating rate = 5 ℃/min) was conducted between -40℃ and 

80℃. 
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Figure 2-8. Dynamic Mechanical Analyzer (DMA)  
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3. Results and Discussion 

 

3.1 Curing Behavior Determined by Photo-DSC 

 

The C=C double bond is broken by radical polymerization of the acrylic resin 

increases (Turi, 2012). Figure 2-9 (a) shows the results of photo-DSC analysis 

of primary-cured samples, revealing clear peaks for samples with 2.5–3.5 J 

exposure energies. As seen in Figure 2-9 (b), the trend for 4-5 J is the same  

as the heat flow in the overall energy during  secondary curing. However, 

weak peaks were observed for samples with exposure energies of 4–5 J, i.e., 

curing was almost complete in these samples. Figure 2-9 (b) shows the real-

time heat flows about the secondary curing step, revealing that only weak peaks 

were observed for all exposure energies. 

Notably, a similar phenomenon was observed in Figure 2-10, which shows 

areas under the exothermic curves of primary/secondary curing. The area under 

the photo-DSC curve reflects the extent to which the polymerization reaction 

occurs during secondary curing.  
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Figure 2-9. Real-time Heat Flows of after (a) Primary and (b) Secondary 
Curing Steps (Shim, et al., 2020) 
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Figure 2-10. Area under the Exothermic Curves Corresponding to (a) Primary (b) Secondary Curing Maximum Heat 
Flows and the Corresponding Approach Times for (c) Primary and (d) Cecondary Curing (Shim, et al., 2020) 
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Figure 2-10 (a) and (b) show the area under the exothermic curve. The 

observation of a plateau indicates completion of the reaction. Comparison with 

Figure 4 shows that the PSAs subjected to primary curing at 4J-5J are similar 

to those subjected to secondary curing. Such a result can be expected if 

secondary curing proceeds at 4J-5J, and there is no margin for secondary curing 

progress. It is an essential factor that margin is left to proceed with step-wise 

curing It can be confirmed from Figure 2-10 (c) that the primary curing energy 

is 4-5 J and that the flat area is reached within 10 s, unlike the case of other 

PSAs. Such results can also be confirmed from Figure 2-10 (d), which reveals 

that all the PSAs reach a flat area within a few seconds. These results can 

confirm the margin that can facilitate step-wise curing. On the other hand, in 

Figure 2-10 (c), the PSAs with a primary curing energy of 2.5 J tend to be 

similar to those cured at 4-5 J. However, the overall trend implies the progress 

of the reaction. This phenomenon will be explained again from the back. 

Photo-DSC measurements provide kinetic data that can be used to directly 

determine the final conversion and polymerization extent for a given 

formulation, while heat flow data reflect the full curing reaction of the sample 

(Clark, et al., 1999, Pogue, et al., 1999). For curing induced by photo-DSC, 

heat flow was assumed to be proportional to the measured conversion rate. This 

assumption would be valid for substances that do not lose solvents or other 

volatile components via evaporation or feature large changes in heat capacity 

caused by phase changes, etc. 
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Figure 2-11. Conversion Profiles of (a) Primary and (b) Secondary Curing 
Steps. 
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Therefore, the conversion or polymerization rate (dα/dt) can be defined as 

(Boey, et al., 2000, Keenan, 1987, Nam, et al., 1993) 

dα/dt = (dH/dt)/ΔHtotal,                                         (1) 

where dH/dt is the measured heat flow, and ΔHtotal is the reaction's total 

exothermic heat. Integration of Eq. (1) allows conversion at time t (αt) to be 

calculated as 

αt = ΔHt/ΔHtotal,                                               (2) 

where ΔHt is the cumulative heat of reaction to curing time t (Cho, et al., 2005).  

Figure 2-11 (a) shows the conversion profiles for the primary curing step, 

calculated using the above method, revealing that at identical t, conversions 

observed the reaction possibility of primary curing. Figure 2-5 (b) shows the 

secondary curing step's conversion plots, revealing that the conversion steadily 

increased with time and that no reaction proceeded during secondary curing. As 

is clear from the above equation, if the calculated value is a straight line and the 

result is calculated, it can be explained that no margin can be reacted. Therefore, 

in the primary curing stage, under 5 J irradiation, it can be confirmed that there 

is no margin to be reacted, and the response is finished even with 4J secondary 

curing. It is also possible to confirm from Figure 2-11 (b) that the reaction after 

primary curing is delayed. 

 

Similar results were derived from PSAs with a primary curing energy of 

Figure 2-11 to 2.5 J before with no cure margin. This is expected to be delayed 

with low energy. These results can be confirmed because the PSA subjected to 

a primary curing energy of 2.5 J also shows slow conversion, as seen in Figure 

2-11 (b). Therefore, it is expected that when using a UV source with low light 
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intensity, some time would elapse before a sufficient level of cross-linking 

density is achieved. This is the same as Figure 2-12. A reaction occurs in the 

UV source and crosslinking occurs in the bulked pre-polymer, but if low energy 

(2.5 J) is possessed, a sufficient number of oligomers do not react. Conversely, 

at high energy (5 J), a sufficient number of oligomers react to improve the 

crosslinking density, as shown by analogy with tan δ in Figure 2-15. 
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Figure 2-12. Schematic Effect of Primary Curing Energy Variation on Cross-linkage Density (Shim, et al., 2020) 
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3.2 Gel-fraction Measurements 

 

Cross-linking density is generally measured indirectly, e.g., by calculating the 

fraction of soluble substances (Joo, et al., 2007).  

Figure 2-13 shows that the gel content of PSAs was independent of primary 

curing exposure energy, e.g., a gel content of 90% was obtained even at the 

lowest energy of 2.5 J. Thus, primary curing afforded highly cross-linked 

structures. Although polymerization of methacrylate monomers in resin 

composites is known to afford highly cross-linked structures (Asmussen, et al., 

2003), the thus obtained resinous material is not fully polymerized but contains 

considerable quantities of pendant double bonds (Ferracane, et al., 1997).  
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Figure 2-13. Gel-Fractions of Cross-linked Acrylic PSAs Prepared at 
Different Exposure Energies (Shim, et al., 2020) 
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3.3 Viscoelastic Properties 

 

 Figure 2-14 (a) shows the temperature-dependent storage moduli of cross-

linked acrylic PSAs after primary curing, revealing that low moduli were 

observed, since primary curing did not result in a marked molecular weight 

increase (Leong, et al., 2003). Similar behavior was observed for secondary 

curing (Figure 2-14 (b)), with the lowest modulus measured for an exposure 

energy of 2.5 J. Figure 2-15 shows the effect of temperature on tanδ of cross-

linked acrylic PSAs after primary/secondary curing and the temperatures of 

maximum tanδ peaks. For primary curing and a low exposure energy of 2.5 J, 

maximal tan δ was observed at a relatively low temperature, while maxima 

corresponding to exposure energies of 3–5 J were observed at almost identical 

temperatures. Similar results were also obtained for secondary curing. Figures 

2-15 (a, b) show the temperature of maximum tanδ, which is known to 

correspond to the glass transition temperature (Tg) (Chung, et al., 2018). 

Primary curing was characterized by low exposure energy, which resulted in a 

slight Tg increase with progressing curing. 

Moreover, a similar increase was also observed for secondary curing. 

However, there is no difference between the primary curing exposure energies 

(4 J and 5 J). In other words, for exposure energies of 4 and 5 J, most of the 

crosslinking occurred at the primary curing stage.  
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Figure 2-14. Temperature Dependence of PSAs Storage Modulus Determined 
for Different Exposure Energies Results for (A) Primary and (B) 
Secondary Curing (Shim, et al., 2020) 
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Figure 2-15. Temperature-Dependent tan Δ of Cross-Linked Acrylic PSAs 
Prepared using Different Exposure Energies: (A) Primary and 
(B) Secondary Curing. (C) Temperatures of Maximum tan Δ 
Extracted from Parts (A) and (B) (Shim, et al., 2020) 
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3.4 Adhesion Properties 

 

The adhesion properties of acrylic PSAs can generally be quantified using 

three test methods, with the most widely used ones corresponding to peel 

strength and probe tack determination. Moreover, these properties are also 

greatly affected by the cross-linking mechanism (Lee, et al., 2017). Figure 2-

16 shows the peel strength results and probe tack testing for resins prepared 

using different UV exposure energies. All adhesion properties were evaluated 

after primary curing and were relatively poor when a low energy of 2.5 J was 

used. Moreover, although a slight increase of adhesiveness was observed after 

secondary curing, the observed deviation's enormous magnitude implied that 

the distribution of molecular weight was not balanced. 

Moreover, peel result slightly increased at an energy of 3.5 J, and samples 

prepared using exposure energies of 4–5 J showed similar hardness in both 

primary and secondary curing cases. These results seem to imply that curing 

was almost complete at the primary stage. There was a slight difference 

between tack result and primary curing and secondary curing, and they showed 

almost similar values. It can see that curing steps is not affected by the case of 

probe tack. 
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Figure 2-16. Peel Strength and Probe Tack as Functions of UV Exposure 
Energy (Shim, et al., 2020) 
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4. Conclusions 

 

Herein, we investigated the possibility of preparing acrylic PSAs by step-

wise (primary and secondary) UV/UV curing. In doing so, we synthesized a 

range of PSAs by slow radical polymerization and studied the effect of primary 

curing conditions on physical properties, revealing that adhesion properties and 

modulus deteriorated when an overly low primary curing energy (2.5 J) was 

used, which was ascribed to the fact that no marked molecular weight increase 

could be achieved under these conditions. Also, maximal hardness was at a 

primary curing energy of 4 J. Thus, the physical properties of acrylic PSAs 

could be controlled by adjustment of the primary curing energy. We confirmed 

that the occurrence of a marginal portion of the pre-polymer was not a non-

reaction monomer through the gel-fraction. However, this criterion might 

depend on the pre-polymer and cross-linking agent change identities, which 

will be addressed in our further work. 
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1. Introduction 

 

Pressure-sensitive adhesives (PSAs) are viscoelastic and can adhere to 

adherends based on pressure and contact time (Benedek, 2004, Park, et al., 

2017). Owing to these characteristics, PSAs can be used for label papers and 

protective films (Jovanović, et al., 2004). Also, studies on the applicability of 

PAS to flexible electronic devices are actively being conducted (Jin, et al., 

2020). We hope your application can be applied in flexible electronics. 

Generally, the physical properties of acrylic PSAs can be altered based on the 

mechanical and chemical properties. For example, the degree of crosslinking 

(Lee, et al., 2013) or the crosslinking curing system (Czech, et al., 2012) can 

be adjusted, accounting for its extensive use in industrial applications. 

Pre-polymers are formed when UV radiation is applied while the monomers 

and photoinitiators are blended. PSAs can also be manufactured by the addition 

of additives and crosslinking agents. UV-curable PSAs have numerous 

advantages. For example, PSAs are solvent free and low volatile organic 

compounds (VOCs), which make them suitable for the coating and adhesive 

production industries (Czech, et al., 2011, Jin, et al., 2018, Kajtna, et al., 2011, 

Noori, et al., 2018). Also, acrylic resin has certain advantages affecting the 

polymer processing property (Zhang, et al., 2017) and the thermal curing of the 

smart device restricts the temperature to one that does not damage the module 

(Lee, et al., 2016). Therefore, to prevent damage to the module, UV-curable 

PSA with a relatively low heat generation is preferred. 

Semi-interpenetrating polymer networks (Semi-IPNs) are a mixture of liner 

and crosslinked polymers. The physical properties of semi-IPN structures are 
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based on non-covalent interactions (Wang, et al., 2010). Also, the semi-IPN 

structure is formed by the characteristics of pre-polymer PSAs. Figure 3-1. 

shows the semi-IPN structure of the PSA. When the pre-polymer is 

polymerized, it exists in the form depicted in Figure 3-1(a). However, before 

manipulating the properties and synthesizing the PSA coated film, the pre-

polymer is blended to resemble the configuration depicted in Figure 3-1(b). 

UV/UV step-wise curing was implemented using black light (BL; prolonged 

curing using a low-pressure light source) and a UV conveyor belt (rapid curing 

using a high-pressure light source) (Shim, et al., 2020).  

We verified the possibility of step curing in a previous study. In this study, 

we polymerized pre-polymers and blended multi-functional monomers. Before 

step curing, the pre-polymer resembles structure A (Figure 3-2(a)). Structure B 

(Figure 3-2(b)) is added during advanced blending. When the step curing 

proceeds, the result is the semi-IPN with physical property control. In particular, 

step curing was introduced to validate the possibility of rework characteristics. 

We confirmed the change in physical properties based on the semi-IPN 

structure, whose composition depended on the amount of crosslinking agent. 

Probe tack and peel strength were measured to investigate the adhesion 

properties, whereas Photo-DSC was used to confirm the UV-curing behavior. 

Dynamic mechanical analysis (DMA) was used to determine the Tg and storage 

modulus. The gel-fraction was measured to confirm the degree of crosslinking.  
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Figure 3-1. Schematic of Semi-IPN PSA (a) Pre-polymer and (b) Blending Pre-polymer, Additive and  

Crosslinking Agent (Shim, et al., 2020)

(a) Pre-polymer (b) Blending Pre-polymer, Additive and Crosslinking Agent 

Monomer Crosslinking Agent Lauryl Monomer 

Reaction Site (Double Bond) 

Main Chain 
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Figure 3-2. Schematic of Semi-IPN PSA (a) Structure A (b) Structure B (Shim, et al., 2020) 

Structure A Structure B 

Monomer Crosslinking Agent Lauryl Monomer 

Reaction Site (Double Bond) 

Main Chain 
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2. Experimental 

2.1 Materials  

 

 All monomers were used without purification. The monomers were: 2-

ethylhexyl acrylate (2-EHA), acrylic acid (AA), 2-hydroxyethyl acrylate (2-

HEA), and methyl methacrylate (MMA) produced by Samchun Pure Chemical 

Co., Ltd. (Republic of Korea). Isobornyl acrylate (IBA) was produced by 

Sigma-Aldrich (USA). Hydroxydimethyl acetophenone (HA, Micure HP-8, 

Miwon Specialty Chemical, Republic of Korea) was used as the initiator. HA 

absorbs in both wavelengths and initiates an initiation reaction in the absorbed 

wavelengths (265–280 and 320–335 nm). The composition of the PSA is 

summarized in Table 3-1. 
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Table 3-1. Composition of Acrylic Pre-polymer 

 

 

 

PSAs Composition (%) 
Reactive Monomer (pre-polymer) 2-EHA (2-ethylhexyl acrylate) 64  AA (Acrylic acid) 3  IBA (Isobornyl acrylate) 19  MMA (Methyl methacrylate) 4  2-HEA (2-hydroxyethyl acrylate) 10 

Photoinitiator Hydroxydimethyl acetophenone 0.3 
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2.2 Pre-polymer Polymerization 

 

The pre-polymer was synthesized from a mixture of 2-EHA, AA, IBA, MMA, 

2-HEA, and HA (0.3 wt%) by bulk radical polymerization, which was 

performed in a 500-mL four-necked flask equipped with a mechanical stirrer, 

N2 inlet, thermometer, and a light-emitting diode UV lamp. The temperature at 

the start of the reaction was maintained at 23 °C, and a constant stirring speed 

of 100 rpm was used. The experiment was performed using a 500-mL reaction 

tool in a reaction zone and a 200-g arrangement. The monomer mixture was 

exposed to UV light (20 mW/cm2, main wavelength: 365 nm). The reaction 

proceeded until the temperature improved to 15 °C, after which air was blown 

for 30 minutes to facilitate termination (Lee, et al., 2016). 

 

2.3 Adhesive Film Preparation 

 

 UV curable pre-polymers are prepared by blending crosslinking agents and 

additives. Ethoxylated trimethylolpropane triacrylate (EO6TMPTA, Sigma-

Aldrich) is a commonly used crosslinking agent (Park, et al., 2018). 

EO6TMPTA was used to evaluate the delay in primary UV curing and 

determine the pre-polymer's uncured marginal portion (Shim, et al., 2020). 

Lauryl acrylate (LA; Figure 3-3(a)) and Lauryl methacrylate ((LMA; Figure 

3-3(b)) were used to delay the UV curing reaction by promoting a reaction with 

the chain transfer agent (Mateo, et al., 1992). To confirm the change in physical 

properties based on the LA content, the experiment was conducted by varying 

the amount of crosslinking agent to 0.0, 0.1, 0.3, 0.5, 0.7, and 1.0 phr, 
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respectively. 

(a) 

O

O
Lauryl acrylate

 

(b) 

O

O

Lauryl methacrylate
 

Figure 3-3. Schematic of Lauyl Acrylate and Lauyl Methacrylate 

Monomer 

  



81 

 

2.4 Step Curing 

 

 The corona-treated polyethylene terephthalate films (SKC Co. Ltd., Republic 

of Korea) were coated with a thickness of 100 μm. The curing method 

performed was that of step-wise-curing. We utilized a BL curing machine 

equipped with a low-pressure mercury UV lamp (20 mW, main wavelength: 

365 nm) for primary curing. The conveyor-type UV-curing machine with 

medium-pressure mercury UV lamps (154 mW/cm2, main wavelength: 365 nm) 

was used for secondary curing (Kim, et al., 2019, Shim, et al., 2020). 

 

2.5 Photo-DSC 

 

The UV-curing behavior of adhesives was evaluated by photo-DSC (DSC 

Q200, TA Instruments, USA) using a spot-cure light source (OmniCure S2000, 

Excelitas Technologies Corp., Waltham, MA, USA). The UV lamp used a 100 

W mercury vapor bulb. The UV light level of the UV accessory equipped with 

a 90% UV filter was determined as 10% (Lee, et al., 2016). The sample weight 

was 2–3 mg. All measurements were performed at 25 °C. 

 

2.6 Adhesion properties 

2.6.1. Peel strength 

 

Peel strength (180° peel strength test) was measured based on the ASTM 

D3330 Standard Test Method (TA-XT2i Texture Analyzer, Micro Stable 

Systems, UK). The crosshead speed was measured at 300 mm/min at 25 °C. 
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The adhesive area (25 mm) was left for 24 hours at 23 °C. A total of five 

samples were measured and averaged with units of N/25 mm. SUS304 was used 

as the base material. Primary curing was performed in the film state, whereas 

secondary curing was conducted after attachment to SUS304. The sample was 

chosen by selecting the method that was applied in the particular industry. 

 

2.6.2. Probe Tack 

 

The probe tack was used to measure the maximum debonding force (ASTM 

D3330) (Joo, et al., 2006). Probe tack was measured at 25 °C. The probe used 

a 5-mm-diameter stainless steel cylinder probe, which approached the sample 

at a speed of 0.5 mm/s and continued for 1 s after contact. The contact force 

was maintained at 100 g/cm2. The debonding speed after contact was 0.5 mm/s. 

 

2.7 Viscoelastic Properties 

 

Viscoelastic properties were measured with a dynamic mechanical analyzer 

(DMA Q800, TA Instruments, USA) using the film tension mode as the test 

mode. The dimensions of the specimens used in the measurements were 

approximately 11–13 mm (length), 12 mm (width), and 1 mm (thickness). The 

test method used the following conditions: strain rate = 0.1%, frequency = 1 Hz, 

and heating rate = 5 °C/min. The temperature was measured from -40 to 60 °C 

(Shim, et al., 2020). 
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2.7 Gel-fraction 

 

 The gel-fraction of the crosslinked polymers or network polymers was 

determined using toluene (Park, et al., 2009). After immersing the crosslinked 

adhesive in toluene for 24 h, the insoluble portion was filtered. The filtered 

sample was dried in an oven at 80 °C (Lee, et al., 2014). The gel-fraction was 

calculated as gel-fraction (%) = (W1/W0) × 100, where W0 is the weight of the 

original sample, and W1 is the weight of the dried insoluble residue. 
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3. Results and Discussion 

3.1 Curing Behavior Determined by Photo-DSC 

 

 Photo-DSC can be used to measure the exothermic reaction and confirm the 

kinetics of the crosslinking reaction (Joo, Do, Park and Kim, 2006). An 

exothermic reaction occurs when the acrylic C=C double bond reacts. In 

general, when crosslinking proceeds, the double bond of the crosslinking agent 

reacts, enabling the determination of the degree of crosslinking. Each reaction 

can be seen to confirm the residual margin after the after primary curing, 

following which the secondary curing finally proceeded. When C=C double 

bonds react, an amount of energy is released, which can be measured by photo-

DSC and finally evaluate the degree of crosslinking. 

 After primary curing, the reaction increased to 0.5 phr, based on the sample 

without the crosslinking agent, seen in Figure 3-4. In blended LA, After 0.7 

phr was added, the reaction appears to decrease. The results obtained from the 

samples involving 1 phr of crosslinking agent were comparable with those 

containing 0 phr. This phenomenon is expected to retard the reactivity as the 

crosslinking agent is added. However, the phenomenon's impact was reduced 

because the reaction began when a high content of crosslinking agent was added. 

In the secondary curing, it was observed that secondary curing did not occur in 

samples where ≥0.5 phr of the crosslinking agent was added. However, the 

secondary curing at 0.3 phr demonstrated a reaction site where the reaction rate 

is delayed. On the other hand in blended LMA, that shows the photo-DSC 

thermograms recorded (in isothermal mode) after (c) primary curing and (d) 

secondary curing. As the measurements took place after the curing steps, the 
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results can be correlated with the amount of unreacted C=C double bonds after 

primary and secondary curing. At loadings of 0 to 0.3 phr, a certain degree of 

reactivity remained after primary curing; however, this was significantly 

reduced at 0.5–1 phr. This increase in crosslinking degree occurred because the 

increasing amount of crosslinking agents allowed the reaction to carry out in 

primary curing. UV light. This can also be observed in the area under the 

exothermic curve.  
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Figure 3-4. Real-time Heat Flows after (a) Primary Curing (b) Secondary Curing (Blending LA)(c) Primary 
Curing and (d) Secondary Curing (Blending LMA) (Shim, et al., 2020) 
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Figure 3-5 depicts the integral for heat flow. The point where the plateau 

occurs is confirmed as the end of the reaction. In blended LA systems, at 0.3–

0.5 phr crosslinking agent, the reaction lasted longer than 200 s, but was 

terminated at other concentrations. A similar phenomenon occurred in 

secondary curing. In secondary curing, majority of the reaction site was 

exhausted. Consequently, the 0.3 phr for secondary curing exhibited a shape 

similar to that of 0 phr for primary curing. 

On the other hand,in blended LMA systems, Most of the specimens of 0.5phr 

or more will exist below the 0phr specimen. In other words, it can be seen that 

the lauyl methacylate blended specimen has a higher reactivity in primary 

curing than the LA blended specimen. Similar results are obtained for 

secondary curing. It can be seen that methacrylate and acrylate reacted faster. 

If the reaction proceeds, the double bond becomes exhausted and crosslinking 

occurs. Thus, the conversion rate can be calculated according to the response. 

The conversion or polymerization rate (dα/dt) can be defined as:  

dα/dt = (dH/dt)/ΔHtotal                                          (1) 

where dH/dt is the measured heat flow, and ΔHtotal is the reaction's total 

exothermic heat. Integration of Eq. (1) allows conversion at time t (αt) to be 

calculated as: 

αt = ΔHt/ΔHtotal                                                (2) 

where ΔHt is the cumulative heat of reaction to curing time t (Shim, et al., 2020).  
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Figure 3-5. Area under the Exothermic Curve (a) Primary Curing (b) Secondary Curing (Blending LA)(c) Primary 

Curing and (d) Secondary Curing (Blending LMA) (Shim, et al., 2020) 
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Figure 3-6. depicts the conversion profiles. A red dotted line represents the 

time (300 s) time taken to achieve 100% conversion of the 0 phr specimen 

(primary curing). In general, when a straight line represents a graph, there is no 

reaction. As a result, in blended LA systems, the reaction progresses via primary 

curing. In addition, the 0.7 phr specimen confirmed that the reaction terminated 

prematurely. In secondary curing, all specimens demonstrated near-linear graph 

deformation at the time (238 s) of 100% conversion, which is believed to delay 

the reaction. The reactivity was slow in the first 50 s. After the reaction began, 

the graph began to curve, which indicated the reactivity. On the other hand, in 

blended LMAr systems, it shows an approximately straight-line graph, and it 

may indicate the overall termination of the reaction. 
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Figure 3-6. Conversion Profiles: (a) Primary Curing (b) Secondary Curing (Blending LA) (c) Primary Curing and 

(d) Secondary Curing (Blending LMA) (Shim, et al., 2020) 
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Figure 3-7. Schematic Diagram of Expected Structure in Crosslinking Agent Contents Variation (a) Primary 
Curing and (b) Secondary Curing Steps (Shim, et al., 2020) 
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This phenomenon can be explained by Figure 3-7, divided into three types 

based on experimental data. If the crosslinking agent is 0 phr, a linear polymer 

is produced in primary curing. Secondary curing also produces linear polymers. 

Therefore, the polymer is a form of polymer blending rather than a semi-IPN 

structure. Reaction sites increase when 0.1–0.5 phr crosslinking agent is added, 

which is shown to increase reactivity. However, due to the small amount of 

crosslinking agent, crosslinking will occur and the crosslinking agent and 

monomers will bind as shown in the Figure 3-7. The reaction is expected to 

proceed simultaneously, rather than in the main chain. Therefore, it is highly 

responsive but is relatively soft. An identical result is observed with the 

modulus. In addition, for 0.7–1 phr specimens, even if the reaction proceeds 

simultaneously, the amount of crosslinking agent will increase; thus, the 

crosslinking density and modulus will increase. The modulus and crosslinking 

density is illustrated in Figure 3-7. 
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3.2 Gel-fraction Measurements 

 

Residual monomers that are not crosslinked can cause defects. Therefore, the 

degree of crosslinking must be measured. An indirect way to determine the 

degree of crosslinking is to calculate the insoluble portion (Joo, et al., 2007), 

which was confirmed by measuring the gel-fraction. Figure 3-8 shows the 

results of the gel-fraction. After primary curing, there was already a 90% gel-

fraction and majority of the crosslinking was complete. Since there was a semi-

IPN structure, there was approximately 10% loss. The reason for this is that 

crosslinking occurs but the crosslinking density is low. In other words, as shown 

in Figure 3-7, the degree of crosslinking is high, but the crosslinking density 

of each specimen is expected to be different. 
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Figure 3-8. Gel Fractions of Cross-linked Acrylic PSAs Prepared at Different  

Curing Agent Contents (A) LA and (B) LMA (Shim, et al., 2020) 
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3.3 Viscoelastic Properties 

 

Figure 3-9 is the tan δ result. In polymers, tan δ represents Tg, which can be 

inferred as the crosslinking density. There was an increase in the Tg in 

secondary curing compared with that in primary curing, which indicates that 

secondary curing occurred. As seen in Figure 3-7, the main chain's crosslinking 

density decreases slightly at 0.1–0.5 phr, and the crosslinking density increases 

at 0.7–1 phr. Additionally, there are many linear regions; Tg decreases although 

curing occurs. However, at 0.7–1 phr, Tg increases again because crosslinking 

is feasible under this condition.  
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Figure 3-9. Temperature Dependence of Tan(Δ) For Crosslinked Acrylic PSAs Prepared Using Different Crosslinking 
Agent and LA Loadings. Measurements Taken After (a) Primary and (b) Secondary Curing. (c) Temperatures 
of Maximum Tan(Δ), Extracted From (a) and (b) LMA Loadings Measurements Taken After (d) Primary and € 
Secondary Curing. (f) Temperatures of Maximum Tan(Δ), Extracted From (d) and (e) (Shim, et al., 2020) 
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3.4 Adhesion Properties 

 

 Peel strength and probe tack tests are the most commonly used methods of 

measuring the adhesive properties of acrylic PSAs. These adhesive properties 

are greatly affected by crosslinking. Figure 3-10 shows the adhesion results. At 

0 phr, there is no crosslinking; hence, the adhesion and tack appear high. 

However, after a minimal hardening, the adhesion decreases. The 0.3 phr 

showed the highest value of the adhesive force in the crosslinking state. As the 

crosslinking agent was added, the adhesive force decreased. This phenomenon 

indicates that hardening progressed continuously. Also, as secondary curing 

proceeds, the adhesion increases to a small extent. Similar trends show that the 

tack is slightly reduced, demonstrating that progressing from primary curing to 

secondary curing is significant. When a tri-functional monomer is used as a 

crosslinking agent, the peel strength and probe tack have an inflection point that 

initially increases and after that decreases. As shown in Figure 3-10, at 0.3 phr, 

the peel strength is at the highest point during the increasing trend. However, 

the probe tack can be expected to have an inflection point between 0.3–0.5 phr. 

However, the high tack of 0.1 phr was observed during the secondary curing in 

the probe tack, although a higher value was expected because of a large amount 

of uncured portion in the primary curing that was cured within sufficient time. 

These results show that the hardness increased as the crosslinking agent loading 

was increased, or as the crosslinking density decreased.  
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Figure 3-10. Peel Strength and Probe Tack Results as a Functions of 
Crosslinking Agent Loading (Shim, et al., 2020) 
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4. Conclusions 

 

 In the process of UV/UV step curing, the physical properties were tested 

depend on the amount of crosslinking agent. By polymerizing the acrylic pre-

polymer, it is possible to control the physical properties. The degree of 

crosslinking was high for the 0.1–0.3 phr, but the crosslinking density was low. 

When the crosslinking agent content was increased to 0.5–1 phr, the degree of 

crosslinking and crosslinking density also increased. In the crosslinking 

polymer case, molecular weight analysis is relatively difficult but can be 

inferred from physical and chemical data. However, the quantitative 

determination confirmed was erroneous. Therefore, to compensate for this 

inaccuracy, additional research is required to investigate the variation in 

crosslinking agents and additives and confirm the behavior change based on the 

change in the PSA pre-polymer composition. 
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1. Introduction 

 
 A general aim when designing PSAs is to minimize residual monomers' pr

esence, which can cause defects (Park, et al., 2015). Therefore, crosslinking s

ystems are used to remove residual monomers and improve physical propertie

s. Crosslinking density is an important factor in such systems as it is the most 

useful way of controlling the properties of the system, and can be changed by 

altering the amount of crosslinking agent used. Gel-

fraction is often used as a measure of crosslinking density because the molecu

lar weights of crosslinked PSAs are difficult to measure (Joo, et al., 2006), so 

conversion is confirmed by the presence of C=C double bonds (Lee, et al., 20

16).  

The systems commonly used in industrial PSA applications use a lot of 

blending technology. Film coating is performed after adding monomers and 

crosslinking agents to control the adhesive's physical properties with back-bone. 

In general, polymerization of PSA resin, which is the backbone, is important, 

but such a process can also greatly change the properties. Therefore, tackifier 

and the selection of multifunctional monomer capable of crosslinking reacting 

play a very important role. Also, the reactivity between the monomer and PSA 

resin can affect the final properties. The monomer's reactivity acting as a 

tackifier can be determined according to the monomer's structure. In general, 

in the initiation process in a UV curing system, initiation may be started slowly 

due to steric hinderess in the case of metha-structure. However, after the 

reaction has started, a more stable reaction can proceed. This effect also occurs 

with multi-functional monomers. Even if a monomer has many reaction sites 
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capable of reacting with a polyfunctional group, not all reactions occur. For this 

reason, if all the reaction sites of the multi-functional monomer are reacted, it 

will be possible to control the properties in a wider area. 

In general, smooth chain growth does not occur in resins using chain tr

ansfer agents (CTA). If CTA is used during polymerization, the molecular

 weight or gel contents may decrease, so CTA is often used in systems th

at control molecular weight (Plessis, et al., 2001) (Shen, et al., 2008) (Bar

udio, et al., 1998). In order to use a highly reactive multi-functional mono

mer, a multi-functional monomer can be used by lowering the molecular 

weight and lowering the gel-content by using CTA in the pre-polymer. 

In this study, we are going to confirm the utilization of multi-functional

 monomer in UV curing system. Use Photo-DSC to compare reactivity wi

th or without CTA. We also check the applicability of tetra- and penta-mu

lti-functional monomers. To proceed with the reaction of the unreacted sit

e of the multi-functional monomer, the measurement is carried out by cha

nging the UV intensity. By deliberately irradiating the UV intensity high, 

it activates the unreacted functional group. 
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2. Experimental 

2.1 Materials 

 

All reagents were used without further purification. 2-Ethylhexyl acrylate (2-

EHA, 99.0%), acrylic acid (AA, cohesion enhancer, 99.0%), 2-hydroxyethyl 

acrylate (2-HEA, cohesion enhancer, 99%), and methylmethacrylate (MMA, 

delayed reaction, 99.0%) were sourced from Samchun Pure Chemical 

(Republic of Korea), and isobornyl acrylate (IBA, 99%) was sourced from 

Sigma Aldrich (USA). Hydroxydimethyl acetophenone (HA, Micure HP-8, 

Miwon Specialty Chemical, Republic of Korea) used as a photoinitiator 

featured two absorption ranges (at 265–280 and 320–335 nm). 

Trimethylopropan tris(3-mercaptopropionate, sigma Aldrich, 95.0%) Table 4-

1 and Table 4-2 shows the compositions of the acrylic PSAs. 
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Table 4-1. Composition of PSA-1 

 

 

 

 

 

PSA-1 Composition (%) 

Reactive Monomer(pre-polymer) 2-EHA (2-ethylhexyl acrylate) 64 

 AA (Acrylic acid) 3 

 IBA (Isobornyl acrylate) 19 

 MMA (Methyl methacrylate) 4 

 2-HEA (2-hydroxyethyl acrylate) 10 

 Trimethylolpropane tris(3-mercaptopropionate) 0.01 (phr) 

Photo-initiator Hydroxydimethyl acetophenone 0.3 
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Table 4-2. Composition of PSA-2 

PSA-2 Composition (%) 

Reactive Monomer(pre-polymer) 2-EHA (2-ethylhexyl acrylate) 64 

 AA (Acrylic acid) 3 

 IBA (Isobornyl acrylate) 19 

 MMA (Methyl methacrylate) 4 

 2-HEA (2-hydroxyethyl acrylate) 10 

Photo-initiator Hydroxydimethyl acetophenone 0.3 
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2.2 Pre-polymer Polymerization 

 

The pre-polymer was synthesized from a mixture of 2-EHA (64 wt%), AA (3 

wt%), IBA (19 wt%), MMA (4 wt%), 2-HEA (10 wt%), HA (0.3 wt%) and 3-

mercaptopropionate (0.01 wt%) by bulk radical polymerization, which was 

performed in a 500-mL four-necked flask equipped with a mechanical stirrer, 

N2 inlet, thermometer, and a light-emitting diode UV lamp. The temperature at 

the start of the reaction was maintained at 23 °C and a constant stirring speed 

of 100 rpm was used. The experiment was performed using a 500-mL reaction 

tool in a reaction zone and a 200-g arrangement. The monomer mixture was 

exposed to UV light (20 mW/cm2, main wavelength: 365 nm). The reaction 

proceeded until the temperature improved to 15 °C, after which, air was blown 

for 30 minutes to facilitate termination (Lee, et al., 2016).  
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Figure 4-1. Schematic of Chain Transfer Agent (CTA) 
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2.3 Adhesive Film Preparation 

 

UV curable pre-polymers are prepared by blending crosslinking agents and 

additives. Lauryl acrylate (LA) was used to delay the UV curing reaction by 

promoting a chain transfer agent (Mateo, et al., 1992). Four crosslinking agents 

were selected according to the structural difference between functional groups. 

Table 4-3 shows the monomers used for each functional group.  
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Table 4-3. Crosslinking Agent Blending Ratio 

 

  

 phr 

Di-functional 

(Polyethylene glycol Dimethacrylate) 

0.3/0.5/0.7 

Tri-functional 

(Trimethylolpropane Triacrylate) 

Tetra-functional 

(Pentaerythritol Tetraacrylate) 

Penta-functional 

(Dipentaerythritol Penta-/Hexa-acrylate) 
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Figure 4-2. Crosslinking Agent Schematic by Functional Groups 
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2.5 Curing Behavior 

2.5.1. Photo-DSC 

 

The UV-curing behavior of adhesives was evaluated by photo-DSC (DSC 

Q200, TA Instruments, USA) using a spot-cure light source (Omnicure-s2000, 

Excelitas, Waltham, MA, USA) comprising a 100 W mercury vapor lamp. Light 

intensity was determined by placing an empty open aluminum DSC pan on the 

sample cell. The UV light level of the UV accessory equipped with a 90% UV 

filter was 10%. The sample weight was 1–2 mg. All measurements were 

performed at 25 °C (Lee, et al., 2016).  To confirm the change in reactivity as 

the UV intensity changes, measurements were performed using 150 mW (UV 

conveyor blet) and 500 mW (LED UV lamp) from two light sources. 

 

2.5.2 Gel-fraction 

 

The gel-fraction of the crosslinked polymers or network polymers was 

determined using toluene (Park, et al., 2009). After immersing the crosslinked 

adhesive in toluene for 24 h, the insoluble portion was filtered. The filtered 

sample was dried in an oven at 80 °C (Lee, et al., 2014). The gel-fraction was 

calculated as gel-fraction (%) = (W1/W0) × 100, where W0 is the weight of the 

original sample, and W1 is the weight of the dried insoluble residue. 

  



112 

 

2.6 Adhesion Properties 

2.6.1. Peel Strength 

 

Peel strength (180° peel strength test) was measured based on the ASTM 

D3330 Standard Test Method (TA-XT2i Texture Analyzer, Micro Stable 

Systems, UK). The crosshead speed was measured at 300 mm/min at 25 °C. 

The adhesive area (25 mm) was left for 24 hours at 23 °C. A total of five 

samples were measured and averaged with units of N/25 mm. SUS304 was used 

as the base material. Primary curing was performed in the film state, whereas 

secondary curing was conducted after attachment to SUS304. SUS 304 was 

used as the substrate. Curing progresses in the film at the time of primary curing 

when measuring the peel strength, and curing proceeds after adhering to 

SUS304 at the time of secondary curing. This is to confirm changes in physical 

properties in actual applications. 

 

2.7 UV-vis Spectrophotometer 

 

Photoinitiators generally absorb UV in a specific wavelength range and 

generate radicals. Therefore, for a smooth reaction, UV irradiation in a specific 

wavelength range is required. To measure the absorption rate of the 

photoinitiator, it was measured using Klab's UV-vis spectrophotometer. UV 

absorbance was measured between the 200-400 nm wavelength band using 

Kinetics Mode. 
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Figure 4-3. UV-vis Spectrophotometer 
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3. Results and Discussion 
3.1. UV-vis Spectrophotometer 

 
 Before experimenting, it is necessary to check the absorption rate of UV 

according to the initiator's content. HP-8, which is generally used as an initiator 

at 365nm, is known to have absorption in the 355 nm. When the content is less 

than 0.01%, the reaction does not occur smoothly at 365 nm (Figure 5-1 (a)). 

Figure 5-1 (b) is the result of measured a UV-vis spectrometer. When 

absorbonce 4 comes out 100% mechanism, it can be said that a smooth reaction 

can proceed only when at least 0.1 mol% is contained. Also, these results can 

confirm that the reaction can proceed at 365 nm. Figure 5-1 (c) shows the 

absorption rate in the 365 nm wavelength band. Therefore, if the content of 0.1% 

or more is included, it is judged that the reaction can be sent without difficulty 

when using HP-8. 

  



115 

 

Figure 4-4. (a)UV Absorption Rate by Wavelength of HP-8 (Ciba®), (b) Result of Measured a UV-vis Spectrometer (c) 
Absorption Rate of HP-8 Contents Variation
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3.2. Photo-DSC 

 

 The results for the difference in the number of functional groups of PSA-1 are 

shown in figur4-5. When UV is irradiated with an intensity of 150 mW, it can 

be confirmed that the peak is not high. However, when UV irradiation at 

500mW, it can be seen that the peak is sharper than 150 mW. The result of this 

result expressed as Area under the Exothemic Curve can be checked with 

Figure 4-5. When irradiated with 150 mW of UV, you can see the result of UV 

curing normally at 0.3 phr. It can be seen that the heat flow decreases above the 

4th function, which is caused by the caging effect. Particularly when a small 

amount of radicals do propagations, this phenomenon becomes remarkable, and 

it can be seen that this phenomenon is seen above 0.5 phr. 

On the other hand, when irradiating more than 500 mW of UV, it can be seen 

that most of the three-functional or higher having a three-dimensional structure 

show similar results. This result can show similar heat flow in the 

polyfunctional group except for the relatively liner bifunctional group because 

a large amount of radical propagates at the same time due to high UV intensity. 

PSA-2 is a pre-polymer that uses CTA to slow down propagation. Similar to 

PSA-1, when it has a crosslinking agent content of 0.3 phr at 150 mW, the 

general form is expressed. However, this phenomenon seems to be due to the 

insufficient content of the crosslinking agent to react. This is because when the 

crosslinking agent is increased to 0.5 phr, the total amount of heat flow is 

similarly expressed, and when it has a content of 0.7 phr, ideally, the total 

amount of heat flow increases proportionally as the functional group increases. 

In addition, when irradiated with UV at 500 mW, radicals' formation is 
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relatively quick, so it can be seen that it occurs in a flow similar to that of PSA-

1. In the 4-5 function, the caging effect occurs and the reactivity decreases, and 

as the content increases, there is no remaining monomer to react sufficiently, so 

that the heat flow amount of each functional group has a similar result. 

Figure 4-9 shows schematic of reactivity between UV intensity and curing 

agent. The network structure formed the change in UV intensity. If the UV 

intensity is high, the network structure will be formed normally. However, if 

the UV intensity is low, a caging effect will occur. Due to this phenomenon, it 

can be seen that the heat flow is low in the crosslinking agent having 4-5 

multifunctional groups in the photo-DSC result. 
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Figure 4-5. Real-time Heat Flows of Crosslinking Agnet Blended Pre-polymer (PSA-1)  
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Figure 4-6. Area under the Exothermic Curves Corresponding to Crosslinking Agnet Blended Pre-polymer (PSA-1) 
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Figure 4-7. Real-time Heat Flows of Crosslinking Agnet Blended Pre-polymer (PSA-2) 
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Figure 4-8. Area under the Exothermic Curves Corresponding to Crosslinking Agnet Blended Pre-polymer (PSA-2) 
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Figure 4-9. Schematic of Reactivity between UV Intensity and Curing Agent 
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3.3 Gel-fraction 

 

Gel-fraction is one of the good measuring methods to check the crosslinking 

density. Figure 4-10 is the result of measuring gel content by UV light source 

and crosslinking agent variation. Figure 4-10 (a) was measured using a 150mW 

light source. It can be seen that the difference between the results of PSA-1 and 

PSA-2 does not occur significantly. However, as you can see in Figure 4-10 

(b), the result measured at 500mW shows a big difference. It is assumed that 

propagation did not occur sufficiently because radicals are simultaneously 

generated at relatively high intensity. Also, it can be seen that most of the 

decreases were observed in the specimens with the 5-functional groups, but it 

is judged that the reaction did not proceed sufficiently in the 5-functional 

groups. Gel-fraction can also be explained in Figure 4-9. Because propagation 

was not performed at high intensity, it can be seen that low gel contents 

occurred. 
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Figure 4-10. Gel-fractions of Cross-linked Acrylic PSAs Prepared at 

Different UV Light Cource and Curing Agent Variation (a) 150 

mW and (b) 500 mW 
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3.4. Adhesion Property 

 

 If the number of functional groups of the crosslinking agent changes, the 

crosslinking density changes. Also, if the content is changed, the adhesive 

properties change according to the degree of crosslinking. Figure 4-10 is the 

result of confirming the change in physical properties of PSA according to the 

functional group and light source. In PSA1, regardless of the LED and conveyor, 

the adhesive strength is less than 15 N. It can be concluded that most of the 

specimens are completely hardened. In particular, in the case of LED, the 

adhesive strength is less than 5 N from 0.5. It can be considered that overcuring 

has occurred. 

On the other hand, when PSA-2 is hardened with a conveyor, it seems that 0.3 

phr is insufficiently added crosslinking agent. It seems that normal crosslinked 

polymer is formed from a content of 0.5 phr or more, and adhesion appears to 

develop at 0.7 phr. However, cohesive failure occurred in all specimens in case 

of light progression with LED. There was growth in the specimen of 0.3, 0.5 

phr, but the structure opened at the same time at 0.7 phr, and it can be said that 

sufficient growth was not achieved. 

  



126 

 

Figure 4-11. Peel Strength of Cross-linked Acrylic PSAs Prepared at Different UV Light Source and Curing Agent 

Variation 
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4. Conclusion 

 

In this study, two PSAs with different reaction rates were polymerized, and 

the functional groups of the initiator and crosslinking agnet were changed to 

confirm the change in physical properties according to UV intensity. There is a 

UV spectrum that reacts to each initiator. However, by adjusting the appropriate 

content, smooth reactivity at a specific wavelength can be created. Also, it can 

be seen that the difference in reactivity occurs very large depending on the 

functional group of the crosslinking agent. It was confirmed that these 

differences may occur in each one's structural aspects and may also be 

expressed differently in UV intensity. It was also confirmed that the range of 

crosslinking agent that can be applied can be broadened by controlling the 

reactivity of the polymer that becomes the main chain. As a result of this, it 

seems that it is possible to study the application method of wide spectrum step 

curing by slowing the reactivity as much as possible and increasing the number 

of functional groups of the crosslinking agent in UV step curing. 
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1. Introduction 
 

Pressure-sensitive adhesives (PSAs) can be applied to various surfaces at a 

constant temperature (Czech, 2007). Acrylic PSAs have various industrial 

applications because of their excellent temperature resistance, optical 

transparency, and adhesion properties (Miyamoto, et al., 2007); further, acrylic 

PSAs' transparency facilitates their application in smart devices (Bae, et al., 

2013). Crosslinking systems can also control their properties relatively easily 

(Lee, et al., 2013) (Czech, et al., 2012). Further, processing smart devices at 

high temperatures can damage the device; therefore, UV-type PSAs that 

generate relatively less heat are often used for such applications (Czech, et al., 

2011). 

For example, mixtures of monomers and photo initiators can be used in the 

form of a UV-reactive syrup that has the advantages of being solvent-free and 

containing low amounts of volatile organic compounds (VOCs), thereby 

facilitating stable industrial applications (Kajtna and Krajnc, 2011) (Noori, et 

al., 2018) (Lee, et al., 2016). The characteristics of UV curing systems based 

on free radicals have previously been analyzed via Raman analysis and Fourier-

transform infrared spectroscopy (FTIR) (Park, et al., 2019). 

In this study, changes in the physical properties were monitored as the 

crosslinking agent in a step-wise curing system (different light sources) was 

altered. To control the reactivity, lauryl acrylate was used. Before step-wise 

curing, the pre-polymer was polymerized, and an additive and crosslinking 

agent were blended to produce an adhesive film. Changes in adhesion 

properties were also monitored as crosslinking agent functional group was 
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varied. Also, the curing properties during step-wise curing were confirmed 

through photo-DSC, and gel-fraction was used to identify unreacted monomers. 

Simultaneously, the change in the crosslinking density was confirmed, and 

dynamic mechanical analysis (DMA) was employed to determine the glass 

transition temperature (Tg). 
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2. Experimental 

2.1 Materials 

 

All reagents were used without further purification. 2-Ethylhexyl acrylate (2-

EHA, 99.0%), acrylic acid (AA, cohesion enhancer, 99.0%), 2-hydroxyethyl 

acrylate (2-HEA, cohesion enhancer, 99%), and methylmethacrylate (MMA, 

delayed reaction, 99.0%) were sourced from Samchun Pure Chemical 

(Republic of Korea), and isobornyl acrylate (IBA, 99%) was sourced from 

Sigma Aldrich (USA). Hydroxydimethyl acetophenone (HA, Micure HP-8, 

Miwon Specialty Chemical, Republic of Korea) used as a photoinitiator 

featured two absorption ranges (at 265–280 and 320–335 nm). 

Trimethylopropan tris(3-mercaptopropionate, sigma Aldrich, 95.0%) Table 5-

1 shows the compositions of the acrylic PSAs. 
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Table 5-1. Compositions of the Raw Materials for Polymerization Pre-polymers 

 

PSA-2 Composition (%) 

Reactive Monomer(pre-polymer) 2-EHA (2-ethylhexyl acrylate) 64 

 AA (Acrylic acid) 3 

 IBA (Isobornyl acrylate) 19 

 MMA (Methyl methacrylate) 4 

 2-HEA (2-hydroxyethyl acrylate) 10 

Photo initiator Hydroxydimethyl acetophenone 0.3 
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2.2 Pre-polymer Polymerization 

 

The pre-polymer was synthesized from a mixture of 2-EHA (64 wt%), AA (3 

wt%), IBA (19 wt%), MMA (4 wt%), 2-HEA (10 wt%), HA (0.3 wt%) and 3-

mercaptopropionate (0.01 wt%) by bulk radical polymerization, which was 

performed in a 500-mL four-necked flask equipped with a mechanical stirrer, 

N2 inlet, thermometer, and a light-emitting diode UV lamp. The temperature at 

the start of the reaction was maintained at 23 °C and a constant stirring speed 

of 100 rpm was used. The experiment was performed using a 500-mL reaction 

tool in a reaction zone and a 200-g arrangement. The monomer mixture was 

exposed to UV light (20 mW/cm2, main wavelength: 365 nm). The reaction 

proceeded until the temperature improved to 15 °C, after which, air was blown 

for 30 minutes to facilitate termination (Lee, et al., 2016).  
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2.3 Adhesive Film Preparation 

 

UV curable pre-polymers are prepared by blending crosslinking agents and 

additives. Lauryl acrylate (LA) was used to delay the UV curing reaction by 

promoting a chain transfer agent (Mateo, et al., 1992). Four crosslinking agents 

were selected according to the structural difference between functional groups. 

Table 5-2 shows the monomers used for each multi functional groups. When 

calculating the molar equivalents as shown in Table 5-3, it can be confirmed 

that there is no significant difference in molar equivalents except for di-

functional groups, even though the amount of each entered is fixed. In addition, 

there is a difference from di-functional groups because three-dimensional 

structural differences occur from tri-functional groups. 
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Table 5-2. Crosslinking Agent and Blending Ratio 

 

Table 5-3. Calculated Value of Molar Equivalent 

Weight (%) Function Groups Mn Mol Molar Equivalent 
0.7 2 250 0.004 0.008 
0.7 3 296 0.003378 0.01 
0.7 4 352 0.002841 0.011 
0.7 5 524 0.001908 0.01 

  

 phr 

Di-functional 

(Polyethylene glycol Dimethacrylate) 

0.7 

Tri-functional 

(Trimethylolpropane Triacrylate) 

Tetra-functional 

(Pentaerythritol Tetraacrylate) 

Penta-functional 

(Dipentaerythritol Penta-/Hexa-acrylate) 
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2.4 Step Curing 

 

Corona-treated polyethylene terephthalate films (SKC Co. Ltd., Republic of 

Korea) were coated with a 100-µm-thick syrup layer and passed through a BL 

curing machine equipped with a low-pressure mercury UV lamp (20 mW, main 

wavelength = 365 nm) for primary curing. Secondary curing were performed 

by passing the primary-cured film through a conveyor-type UV-curing machine 

equipped with medium-pressure mercury UV lamps (154 mW/cm2, main 

wavelength = 365 nm) and LED UV lamps (500 mW/cm2, main 

wavelength=365 nm). The UV irradiation dose was fixed at 3000 mJ/cm2.  
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2.5 Curing Behavior 

2.5.1. Photo-DSC 

 

The UV-curing behavior of adhesives was evaluated by photo-DSC (DSC 

Q200, TA Instruments, USA) using a spot-cure light source (Omnicure-s2000, 

Excelitas, Waltham, MA, USA) comprising a 100 W mercury vapor lamp. Light 

intensity was determined by placing an empty open aluminum DSC pan on the 

sample cell. The UV light level of the UV accessory equipped with a 90% UV 

filter was determined as 10%. The sample weight was 1–2 mg. All 

measurements were performed at 25 °C (Lee, et al., 2016). 

 

2.5.2. Fourier-Transform Infrared (FT-IR) Spectroscopy 

 

Infrared reflectance spectra were measured by FT-IR spectrometer(JASCO 

FT-IR-6100). The scan method used 32 scans and measured from 400cm-1 to 

4000cm-1. (Chiou, et al., 1997) (Bai, et al., 2006) 

The acrylate double bond conversion was calculated using Eq. (1) 

Conversion (%) =
(𝐴𝐴810)0 (𝐴𝐴1720)0⁄ − (𝐴𝐴810) (𝐴𝐴1720)⁄

(𝐴𝐴810)0 (𝐴𝐴1720)0⁄  
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2.5.2 Gel-fraction 

 

The gel-fraction of the crosslinked polymers or network polymers was 

determined using toluene (Park, et al., 2009). After immersing the crosslinked 

adhesive in toluene for 24 h, the insoluble portion was filtered. The filtered 

sample was dried in an oven at 80 °C (Lee, et al., 2014). The gel-fraction was 

calculated as gel-fraction (%) = (W1/W0) × 100, where W0 is the weight of the 

original sample, and W1 is the weight of the dried insoluble residue. 
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2.6 Adhesion Properties 

2.6.1. Peel Strength 

 

Peel strength (180° peel strength test) was measured based on the ASTM 

D3330 Standard Test Method (TA-XT2i Texture Analyzer, Micro Stable 

Systems, UK). The crosshead speed was measured at 300 mm/min at 25 °C. 

The adhesive area (25 mm) was left for 24 hours at 23 °C. A total of five 

samples were measured and averaged with units of N/25 mm. SUS304 was used 

as the base material. Primary curing was performed in the film state, whereas 

secondary curing was conducted after attachment to SUS304. SUS 304 was 

used as the substrate. Curing progresses in the film at the time of primary curing 

when measuring the peel strength, and curing proceeds after adhering to 

SUS304 at the time of secondary curing. This is to confirm changes in physical 

properties in actual applications. 

 

2.6.2. Probe Tack 

 

The probe tack was used to measure the maximum debonding force (ASTM 

D3330) (Joo, et al., 2006). Probe tack was measured at 25 °C. The probe used 

a 5-mm-diameter stainless steel cylinder probe, which approached the sample 

at a speed of 0.5 mm/s and continued for 1 s after contact. The contact force 

was maintained at 100 g/cm2. The debonding speed after contact was 0.5 mm/s. 
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2.7 Viscoelastic Properties 

 

Viscoelastic properties were measured with a dynamic mechanical analyzer 

(DMA Q800, TA Instruments, USA) using the film tension mode as the test 

mode. The dimensions of the specimens used in the measurements were 

approximately 11–13 mm (length), 12 mm (width), and 1 mm (thickness). The 

test method used the following conditions: strain rate = 0.1%, frequency = 1 Hz, 

and heating rate = 5 °C/min. The temperature was measured from -40 to 60 °C 

(Shim, et al., 2020). 
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3. Results and Discussion 
3.1. Curing Behavior  

3.1.1 Photo-DSC 

 

The C=C bouble bond in acrylate generates heat while forming radiacl when 

UV is irradiated. Measuring this heat can confirm the reactivity. Figure 5-1 is 

the result of measuring the heat flow of the sample after primary curing has 

progressed. 300 seconds of UV was irradiated to proceed with sufficient 

reaction. Most reactions are confirmed to have ended in 35sec. Since primary 

curing has already ended, it can most of the peaks are exhausted. In particular, 

it can be seen that as the number of functional groups increases, the number of 

reaction sites where the reaction can proceed decreases. Figure 5-2 is the value 

of the base area of the graph obtained by integrating the reaction's peak value. 

These values can check the degree of response. Reaction energy was generated 

in the specimen with 2-4 functional groups. However, the reaction energy was 

not measured in the sample blended with the pentafunctional group. This 

phenomenon can be confirmed that the reaction is terminated at normal 

intensity while performing primary curing. 

For this reason, if you irradiate UV with high intensity, it is expected that the 

reaction will go more stably. Figure 5-3 shows the results of secondary curing 

using LED and conveyor belt, respectively. Like the primary curing, even if I 

enlarged and checked the 0-35 sec part where the reaction was mostly 

progressed, it was confirmed that most of the reaction was terminated in each 

secondary curing. The difference value could not be confirmed with the result 

value of checking the heat flow that the reaction proceeds.  
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Figure 5-1. Real-Time Heat Flows of after (a) Primary Curing and (b) 
Normalized Heat Flow 0 to 35 Seconds 
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Figure 5-2 Area under the Exothermic Curves Corresponding to Primary 
Curing  
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Figure 5-3. Real-time Heat Flows of after (a) LED (500 mW) Secondary Curing and (b) Conveyor (150 mW) Secondary (c) 
and (d) Normalized Heat Flow 0 to 35 Seconds Curing 
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3.1.2 FT-IR 

 

The FT-IR spectra can also analyze the c=c double bond of acrylic resin. 

When the C=C double bond is broken, it is checked whether it decreases at 810 

peak. You can also check the conversion by calculating the area. Figure 5-4(a) 

state where an initiator and a crosslinking agent are blended into a pre-polymer. 

The 810 cm-1 is clearly measured. Figure 5-4(b) is the 810 cm-1 after primary 

curing. It can be seen that the height of the peak has significantly decreased, 

and the amount of the peak remaining in the functional group from 2-functional 

to 5-functional can be confirmed. Since it proceeded at low pressure, it can be 

said that the greater the number of functional groups, the greater the reduction. 

However, as shown in Figure 5-5, it can be seen that the peak decreases 

remarkably after secondary curing is in progress. Conversion calculation value 

can be checked with Figure 5-6(a). It can be seen that conversion increases as 

the number of functional groups increases after primary curing is performed. 

All specimens show values above 90%. This phenomenon indicates that most 

of the C=C doubles are exhausted. After secondary curing is in progress, most 

of the values are over 99%. To confirm the C=C double bond consumed in 

secondary curing, this is the result showing the changed area between primary 

and secondary curing (Figure 5-6(b)). 2 In the case of sensory, it indicates 

conversion of 80% or more on the conveyor and the LED. It means that 

sufficient conversion can occur even with UV irradiation from the conveyor 

after primary curing. Besides, you can check the high conversion rate on the 

conveyor in the trifunctional. These results show that most of the curing has 

progressed in primary curing, and there is no remaining C=C double bond that 
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can react in secondary curing. However, in the 4 function and 5 function, you 

can see the conversion increase in LEDs. This is because the double bond that 

did not participate in primary curing reaction due to the caging effect proceeded 

to the reaction at high intensity. Therefore, it seems that the LED reacted more 

widely than the conveyor in the penta-functional groups than the tetra-

functional groups. These results indicate that when irradiating high intensity 

UV, a crosslinking agent with more than tetra-functional groups can be used in 

manufacturing PSA. 
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Figure 5-4. FT-IR Result of (a) Raw Peak, (b) 810 cm-1 Peak in Neat Sample, (c) Primary Curing Raw Peak and (d) 810 cm-

1 Peak in Primay Curing Sample  
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Figure 5-5. FT-IR Result of (a) Conveyor Secondary Curing Raw Peak, (b) 810 cm-1 Peak in Conveyor Secondary Curing, 
(c) LED Secondary Curing Raw Peak and (d) 810 cm-1 Peak in LED Secondary Curing Peak   
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Figure 5-6. (a) FT-IR Conversion at 810 cm-1 after Cuirng as a Fuction of 
Fuctional Group Variation and Conversion Comparison Value 
after Secondary Curing 
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3.1.3 Gel-fraction  

 

Gel content is an experimental method to guess the crosslinked part by 

extracting the undissolved part of PSA. Figure 5-7 is the result of gel-fraction. 

More than 80% of the results were obtained for all specimens. In the specimen 

with bifunctional group, the gel contents result value of about 90% was 

obtained. This phenomenon appears to have decreased the degree of 

crosslinking because there are several cases in which reaction occurs in a liner 

manner. From the specimen with the trifunctional group, the gel contents were 

more than 90%, and similar to the FT-IR, the gel contents were higher in the 

conveyor than the LED in the trifunctional. However, as the functional group 

increases, the difference decreases, and in the 5-function, the gel content of the 

LED is higher. 
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Figure 5-7. Gel-fractions of Cross-linked Acrylic PSAs Prepared at Different 
UV Light Source and Curing Agent Variation   
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3.2 Adhesion Property 

 

 Adhesion property was derived as a result of more obvious difference than 

hardening behavior. Figure 5-8 shows the results of peel strength. In the di-

functional groups, the adhesive strength tends to decrease slightly in the LED 

after primary curing. This tendency appears to have decreased adhesion due to 

overcuring. Also, in tri-functional groups, LED and conveyor show similar 

results. For crosslinking agents with trifunctional groups, the amount of light 

on the conveyor is also considered to be sufficient. However, in the tri-

functional groups, the LED rises slightly higher than the conveyor, and in the 

penta-functional groups, the increase is higher than the tetra-functional groups. 

In particular, the LED increases rather than the conveyor. This phenomenon is 

judged to have occurred forcibly as the intensity to react with the initiator 

increased. 

Figure 5-8(b) is the result of probe tack. Probe tack shows a slight increase 

compared to primary curing after secondary curing progresses. However, in the 

case of secondary curing with conveyor, it can be seen that the functional group 

decreases stably as the functional group increases. On the contrary, in case of 

secondary curing with LED, it can be seen that only the result value has 

increased slightly due to the remodeling similar to primary curing. Compared 

to Conveyor, secondary curing with LED is a bit more stable structure, so it can 

be seen that secondary curing has progressed. 
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Figure 5-8. (a) Peel Strength and (b) Probe Tack Result of Cross-linked Acrylic 
PSAs Prepared at Different UV Light Source and Curing Agent 
Variation 

  

2f 3f 4f 5f
0

2

4

6

8

10

12

14

Pe
el

 S
tr

en
gt

h 
(N

/2
5m

m
)

Functional Group

 Primary
 Secondary (LED)
 secondary (Conveyor)

Curing Step

2 3 4 5
0

2

4

6

8

10

Pr
ob

e 
Ta

ck
 (N

)

Functional Group

Curing Step
 Primary
 Secondary(LED)
 Secondary(Conveyor)

(a) 

(b) 



154 

 

3.3 Viscoelastic Properties 

 

Figure 5-9 shows the storage modulus measured through DMA. If you check 

the storage result at -40 ℃, in primary curing, you can see a sharp rise only in 

penta-functional groups. However, while the secondary curing is in progress, 

the conveyor rapidly rises from the tri-functional groups, and the tetra and penta 

functional groups show a similar value to the penta-functional groups of the 

primary curing. Also, in curing with LED, it can be seen that the tetra-functional 

groups increases rapidly. There is no difference in physical properties between 

primary and secondary curing. It can be seen that most of the structural 

formation in primary curing has already been achieved. In other words, when 

primary curing was performed with black light, it is judged that an additional 

structural change occurred in the tri-functional groups for the conveyor and 

tetra-functional groups for the LED. In the case of the penta-functional groups, 

no structural difference occurred, but it is believed that hardening of the 

remaining double bonds occurred. These results can also be confirmed through 

tan delt (Figure 5-9). After the primary curing is in progress, most of the LEDs 

have similar results. When irradiation is performed with a light source with high 

intensity, it can be seen that the result values reached are similar. However, if 

irradiation with a low intensity conveyor does not allow sufficient growth, the 

value increases with the tetra-functional groups, and over-hardening occurs 

with the penta-functional groups, resulting in a decrease. 
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Figure 5-9. Temperature Dependence of PSAs Storage Modulus Determined for Different Exposure Energies Results for (a) 

Primary, (b) Secondary Curing (LED), (c) Secondary Curing (Conveyor) and (d) Storage Modulus Result at -

40℃ 
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Figure 5-10. Temperature Dependent tan Δ of Cross-linked Acrylic PSAs Prepared Using Different Exposure Energies: (a) 

Primary, (b) Secondary Curing (LED), (c) Secondary Curing (Conveyor) and (d) Temperatures of Maximum 

tan Δ Extracted from Parts 
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Figure 5-11 Scheme of Each Step Structure in UV Intensity Variations
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4. Conclusion 

 

 In this study, the change in physical properties of step curing according to the 

intensity of the light source and the functional group of the initiator was 

confirmed. The light source's intensity is affected by the photo initiator, and the 

crosslinking density is affected by the crosslinking agent. In general PSA, when 

using a crosslinking agent with more than tetra-functional groups, the adhesive 

strength decreases, making it difficult to use. To apply the multi-functional 

monomer, an LED, which is a light source with a high single wavelength, was 

applied, and it was confirmed that it is possible to apply a multi-functional 

monomer that does not cure due to structural problems in BL or conveyor belts 

with low intensity. It was also confirmed that PSA, which has low adhesion in 

primary curing, improved adhesion through secondary curing. It was confirmed 

that this process can have fluidity of work through step-wise curing. 

 In Figure 5-11, it is explained that the structural difference occurs due to UV 

intensity. Microgel regions are formed during primary curing. By this microgel, 

when UV is irradiated with low intensity, the pendent double bond may be 

blocked and the reaction may not proceed. However, it can be seen that when 

high intensity UV is irradiated, it passes through the microgel region and affects 

the pendent double bond, making the reaction possible. 
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Chapter 6  
 Concluding Remarks  
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It is common to use different curing methods for the commonly used dual 

curing adhesive. There is a problem that it is necessary to add a process line to 

be applied in the industry. Therefore, to solve these problems, we researched 

the possibility of step curing with UV/UV. 

This study's main purpose is to make the difference in reactivity between 

primary and secondary curing using UV/UV step-wise curing and make 

changes in physical properties according to this reactivity. and by polymerizing 

a pre-polymer specialized for this step curing, it is possible to control the 

change of physical properties 

Preparation of Acrylic Pressure-Sensitive Adhesives by UV/UV 

Step-wise Curing as a Way of Lifting the Limitations of 

Conventional Dual Curing Techniques 

 

 Before proceeding with this study, we wanted to see the possibility of 

a system that cures with UV/UV. To proceed with step curing, a change 

was made to the light source, and the change of this light source was 

designed to allow secondary curing to proceed by leaving a margin for 

curing after primary curing. The primary curing light source is designed 

to leave a curing margin to react in secondary curing by delaying the 

reaction speed using black light with low intensity. Also, to differentiate 

physical properties between primary and secondary curing large, 

physical properties were modified through blending. It was confirmed 



161 

 

that curing was progressed through gel-fraction for the curing margin 

that could be judged as uncured in primary curing. 

 

Investigating the Possibility of Primary and Secondary Steps using 

an Acrylate and Methacrylate blending system in step-wise curing 

 

In the previous chapter, we confirmed that UV/UV step-wise curing is possible, 

and we tried to make a gap between the difference in physical properties 

between primary and secondary curing through blending monomers and 

additives. In the blending monomer, we tried to change depending on acrylate's 

reactivity by using available acrylate and methacrylate. Kinetic, it is true that 

methacrylate is more reactive than acrylate. In UV reaction, the reaction is 

initiated more slowly by methacrylate in the initiation reaction with steric 

hinderless. For this reason, if methacrylate was used, the initiation was delayed, 

and the reaction was expected to proceed in secondary curing. However, 

according to the high reactivity of methacrylate in propagation, it was 

confirmed that when lauryl methacrylate was used, and primary curing was 

performed, it had a lower curing margin. Therefore, it was judged that there is 

a limit to the properties adjusted as a blending monomer. 

 

Evaluation for UV Light Source and Crosslinking Agent to 

Application in UV Step-wise Curing 
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Recognizing that there is a limit to reactivity control through a simple 

blending process, we tried to make a structural difference through the difference 

in the number of functional groups of the UV light source and the crosslinking 

agent. However, before using this UV intensity and crosslinking agents, it is 

necessary to confirm a crosslinking agent's applicability with more than 4 

functions and the applicability of an LED light source that has high intensity 

and irradiates only a single wavelength. Therefore, it was necessary to check 

UV reactivity and adhesion according to the crosslinking agent's content. 

However, as the pre-polymer applied in the previous chapter, it was confirmed 

that over-curing occurs when a crosslinking agent with high intensity and more 

than 4 functions is used. 

So, it was necessary to polymerize the pre-polymer where propagation can 

occur late. A resin that can slow propagation of the main chain was polymerized 

using a chain transfer agent, and it was confirmed that it could be applied in a 

system with high intensity and a crosslinking agent of more than 4 functions. 

However, as propagation occurred late, smooth crosslinking did not proceed, 

and low gel-fraction and cohesive failure occurred, resulting in adhesion. 

Therefore, it was confirmed that it is difficult to apply LEDs with high intensity 

in primary curing. Therefore, it was decided to use low-intensity blight light for 

primary curing and apply LED in secondary curing. 
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Evaluation of UV Light Source for Application of Crosslinking 

Agent with Various Functional Groups and Evaluation of Adhesive 

Properties by Applying UV/UV Step-wise Curing 

 To proceed with UV/UV step-wise curing, the difference in UV intensity of 

the UV light source of primary curing and secondary curing is required. Also, 

the low reactivity of the pre-polymer, which is the base resin, is required. The 

initiator was maintained to satisfy these conditions, and the pre-polymer 

applied with a chain transfer agent was polymerized so that propagation could 

be delayed. To compensate for the shortcomings of the pre-polymer, a 

crosslinking agent with high functional groups is used where the main chain 

grows slowly. When using a crosslinking agent with more than 4 functionalities, 

it is difficult to express certain physical properties due to problems such as the 

caging effect, but it was confirmed that most reactions proceed due to the high 

intensity of these problems. Therefore, when using a UV light source that 

generates high primary curing and intensity in secondary curing, the gap of 

physical properties between each step could be made large, and stable physical 

properties could be secured. 
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요약 (국문초록) 

 

점착제는 여러 방면에서 사용이 되며, 산업 전반적으로 적용이 

되고 있습니다. Smart device 는 여러가지 소재의 적층으로 이루어 

지기 때문에 소재 간의 점, 접착은 중요한 화두로 떠오르고 

있습니다. 이러한 이유로 점착제의 적용처는 매우 넓게 적용됩니다. 

특히 re-usable 이라는 특성은 이러한 소재들의 재사용을 위해 

문제가 집중되고 있습니다.  

본 연구에서는 경화 단계 간의 물성을 조절하고자 하였습니다. 

UV/UV 경화 기술을 개발하고 이렇게 얻은 아크릴 접착제를 다양한 

기술로 특성화 하여 UV/UV step-wise curing 을 구현하고자 

하였습니다. 1 차 경화에서 저압의 UV 광원을 사용하고, 경화 

시간으로 경화의 총 에너지를 조절 함으로써, 1차 경화와 2차 경화 

사이의 물성의 차이를 넓히도록 하였으며, 3J 의 UV 를 조사하였을 

시 가장 큰 물성의 차이를 보이는 효과를 얻었습니다. 

UV/UV step-wise curing을 진행함에 있어서, 1차 경화와 2차 경화 

사이의 물성 차이를 크게 발현시키기 위해 단량체의 구조 및 

반응성의 차이를 이용하여 물성발현을 도모하고자 하였습니다. 

선중합체를 중합한 후에 반응을 돕기 위한 methacrylate 와 
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acrylate 를 blending 하여 물성 변화를 확인 하였습니다. 그러나 

단순한 단량체의 blending을 통한 반응성 및 물성 변화는 한계점이 

존재 한다는 것을 확인 하였습니다. Methacrylate 의 구조적 

특성으로 UV 의 개시반응은 느리게 시작되나 성장 반응은 높은 

것을 확인하였습니다. 

단순한 blending 단계에서의 한계점을 확인 했기 때문에, 반응을 

진행하는 UV의 광원, 선중합체의 반응성, 다관능기를 갖는 가교제의 

함량을 조절하여 1차와 2차 경화 간의 물성차이를 발현시키기 위한 

연구를 진행하였습니다. 일반적으로 다관능기는 점착력을 

감소시키는 요소로 작용하기 때문에, 이를 적용하기 위해서 

intensity 가 높은 광원을 사용하였습니다. LED 광원은 단일파장의 

광원으로 상대적으로 intensity 가 높아서 다관능기의 성장반응이 

원활이 진행 되었습니다. 그러나 개시반응이 동시에 발생하여, 

충분한 성장을 이루기에는 어려움이 있었습니다. 1 차 경화에서는 

LED 를 사용함이 문제가 있음을 확인하였습니다. 그러나 intensity 가 

높은 광원을 사용하며 다관능기를 사용할 수 있음을 

확인하였습니다.  

 Black light 를 통한 1 차 경화를 진행하고, 2 차 경화에서 LED 를 

사용한 step-wise curing 을 진행 하였습니다. 다관능기를 



182 

 

blending 하여 film 을 성형하였으며, 5 관능기를 blending 한 

시편에서 1,2차 경화 간에 가장 큰 물성의 차이를 확인하였습니다.  

미경화 가능성을 확인하기 위해 gel-fraction 을 측정하였습니다. 

대부분의 시편에서는 90%이상의 겔분율을 확인하였습니다. 이는 

미경화 부분이 존재하지 않는다 판단 할 수 있습니다. Photo-DSC와 

FT-IR 를 사용하여 1 차 경화 및 2 차 경화 간의 경화 margin 을 

확인하였습니다. Conveyor belt 를 사용한 저압 경화에서는 photo-

DSC 를 통한 경화 거동을 확인 할 수 있었으며, LED 를 통한 

2 차경화에서는 FT-IR 을 통한 C=C double bond 의 유무를 확인 

하였습니다.  

DMA 를 통해 modulus 를 확인 하였습니다. 완전 경화가 발생한 

경우에 storage modulus 의 급격한 증가를 확인 할 수 있었습니다. 

Storage Modulus 의 급격한 증가는 경화가 가능한 C=C 이중결합의 

완전한 소모를 의미합니다.  

Texture Analyzer 를 사용하여 점착력의 변화를 확인 하였습니다. 

5 관능기를 갖는 가교제와 고압을 갖는 LED UV 광원을 사용하였을 

때, 가장 큰 점착력의 증가를 보였습니다. 저압에서 구조적인 차이로 
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경화가 진행되지 못했던 C=C 이중 결합이 고압의 UV 를 통해 

반응이 진행되어 점착력이 증가하는 현상을 보였습니다. 

본 논문에서 연구가 진행되었던 5 관능기를 갖는 가교제를 

사용함과 동시에 1 단계 경화에서는 BL 경화를 진행하고, 2 단계 

경화에서는 LED를 통한 경화를 진행한 step-wise curing은 단계별의 

점착력 및 물성의 차이를 발현하였습니다. 이러한 특성은 

reworkable 분야에서 적용이 가능 할 것으로 보입니다.  

 

주요어: 접착제, 이중 경화, 감압 접착제, 저장 모듈러스,  

단계별 경화, UV 경화, 접착, 경화 거동, 프리폴리머 
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