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Abstract 

 

The Study on Development of Composites for Higher 

Barrier Properties and Interfacial Phenomena 

 

 

Hoyeon Kim 

Department of Materials Science and Engineering 

The Graduate School 

Seoul National University 

 

Composite materials are multiphase materials obtained through the artificial 

combination of different materials in order to attain properties that the individual 

components by themselves cannot attain. Composite materials can be tailored for 

various properties by appropriately choosing their components, their proportions, 

their distributions, their morphologies, their degrees of crystallinity, their 

crystallographic textures, as well as the structure and composition of the interface 

between components. Due to this strong tailorability, composite materials can be 

designed to satisfy the needs of technologies relating to the aerospace, automobile, 

electronics, construction, energy, biomedical and other industries.  
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The functional properties were given by the filler selection of the composite 

materials. Among them, the barrier (blocking) properties is an important in various 

industrial field and daily life. The barrier materials that protect people or objects 

from external sources protect the health of human body or allow to the product to 

operate properly. The most common barrier elements are moisture, various gases, etc. 

Furthermore, various external irradiations such as electromagnetic waves and 

radiation is an external source to be shielded. 

In this study, composite materials with various barrier properties were fabricated 

by using light weight and ease of processing of polymer composite materials. The 

external sources focused on this experiment were ionizing radiation, microwaves, 

water vapor, and external force. In the case of radiation shielding composite 

materials, composites were made using bismuth, tin alloys and tungsten instead of 

lead. The multilayer structure was laminated to analyze radiation shielding 

characteristics. Through this process, X-ray and gamma ray could be effectively 

shielded. In addition, for the shielding of electromagnetic waves, a combination of 

carbon nanotubes and Sendust alloys made composite materials which are lighter 

than conventional shielding materials but have higher blocking efficiency. We have 

confirmed through various analysis that the change in electrical properties caused by 

the combination of the two materials is the cause of such improvement. 
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The study of bonding behaviors at the polymer interface has been carried out as 

a basic study for forming composite materials with various barrier properties into 

one multi-layer material. Adhesion between polymers that do not mix with each other 

is generally very weak. In order to overcome this problem, the adhesion between 

polymers was improved by adding in-situ compatibilizer or surface modification. In 

the process, we confirmed that the adhesive force varies with temperature and time 

and analyzed the cause of this behavior through additional mass analysis and surface 

analysis, suggesting a behavior that can reasonably understand the adhesion between 

polymers. In addition, the surface modification technique was used to improve the 

adhesion between composites and the metal oxide film. As a result, the laminates 

with high water vapor barrier properties were prepared.  

Finally, a study on the magnetorheological fluid was carried out with the force 

interrupter. In order to improve the sedimentation stability of the MRF, a magnetic 

material coated carbon nanotubes was synthesized and succeeded in obtaining high 

sedimentation stability. 

 

Keywords: Composites, electromagnetic shielding, X-ray shielding, gamma-ray 

shielding, interfacial adhesion, fracture mechanism, multilayered structure, 

magnetorheological fluid 

Student Number: 2013-30935  
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Chapter 1. Introduction 

 

 

1. 1. Composite Materials 

 

Composite materials are multiphase materials obtained through the artificial 

combination of different materials in order to attain properties that the individual 

components by themselves cannot attain. An example is a lightweight structural 

composite that is obtained by embedding continuous strong fiber in one or more 

orientation in a polymer matrix. Moreover, we can find composite materials 

(composites) from the ancient age. The earliest human-made composite materials 

were concrete. Concrete is a structural composite obtained by combining cement, 

sand, gravel, and optionally other ingredients that are known as admixture [1] 

Composite materials can be tailored for various properties by appropriately 

choosing their components, their proportions, their distributions, their morphologies, 

their degrees of crystallinity, their crystallographic textures, as well as the structure 

and composition of the interface between components. Due to this strong tailorability, 

composite materials can be designed to satisfy the needs of technologies relating to 

the aerospace, automobile, electronics, construction, energy, biomedical and other 

industries. As a result, composite materials constitute most commercial engineering 

materials. 

In many cases, a strong and stiff component is present, often in elongated form, 

embedded in a softer constituent forming the matrix. In general, composites are 
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classified according to their matrix material. The main classed of composites are 

polymer-matrix, cement-matrix, metal-matrix, carbon-matrix and ceramic-matrix 

composites. [2] 

 

1) Polymer matrix composites (PMCs) 

 

PMCs are the most developed class of composite materials in that they have found 

widespread application, can be fabricated into large, complex shapes, and have been 

accepted in a variety of aerospace and commercial applications. They are constructed 

of components such as carbon or boron fibers bound together by an organic polymer 

matrix. Theses reinforced plastics are a synergistic combination of high-performance 

fibers and matrices.  

 

2) Metal matrix composites (MMCs) 

 

MMCs consist of metal alloys reinforced with continuous fibers, whiskers (a 

version of short fibers that are in the form of single crystals), or particulates (fine 

particles, as distinct from fibers). Because of their use of metals as matrix materials, 

they have a higher temperature resistance than PMCs but in general are heavier. They 

are not as widely used as PMCs but are finding increasing applications in many areas. 

Further development of manufacturing and processing techniques are essential to 

bringing down product costs and accelerating the use of MMCs.  
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3) Ceramic matrix composites (CMCs) 

 

Monolithic ceramic materials have a natural high-temperature resistance but also 

have fundamental limitations in structural applications owing to their propensity for 

brittle fracture. The incorporation of a reinforcement, for example, ceramic fiber 

reinforcement, into the ceramic matrix can improve the forgivability of the material 

by allowing cracking to be retarded by the fiber-matrix interfaces. CMCs are a class 

of structural materials with reinforcements such as SIC fibers embedded in a ceramic 

matrix. The reinforcements can be continuous fibers, chopped fibers, small 

discontinuous whisker platelets, or particulates. They have the potential for high-

temperature application. 

 

4) Carbon-carbon composites (CCCs) 

 

CCCs consist of carbon fiber reinforcement embedded in a carbonaceous matrix. 

Preliminary processing is very much like that for PMCs, but the organic matrix is 

subsequently heated up to the point where it is converted to carbon. Carbon-carbon 

is a superior structural material for applications where resistance to very high 

temperatures and thermal shock is required. No other material has higher specific 

strength properties (strength-to-density ratio). Oxidation protection systems, low-

cost manufacturing, and scale-up of C/C structures are needed to effect more 

widespread use and subsequent flow-down to industrial applications. 

Figure 1.2 represents a classification scheme for composites according to the 
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reinforcements [2]. The geometry of the reinforcing phase is one of the major 

parameters in determining the effectiveness of the reinforcements; in other words, 

the properties of composites are a function of the shape and dimensions of the 

reinforcement. We usually describe the reinforcement as being either fiber or 

particulate. 

Particulate reinforcements have dimensions that are approximately equal in all 

directions. The shape of the reinforcing particles may be spherical, cubic, platelet or 

any regular or irregular geometry. The arrangement of the particulate reinforcement 

may be random or with a preferred orientation, and these characteristics is also used 

as a part of the classification scheme. A fibrous reinforcement is characterized by its 

length being much greater than its cross-sectional dimension. However, the ratio of 

length to the diameter, known as the aspect ratio, can vary considerably. In single-

layered composites long fibers with high aspect ratios give what are called 

continuous fiber reinforced composites, whereas discontinuous fiber composites are 

fabricated using short fibers of low aspect ratio. 

Multilayered composites are another category of fiber reinforced composite. 

These are classified either laminates or hybrids. Laminates are sheet constructions 

which are made by stacking layers in a specified sequence. Hybrids are usually 

multilayered composites with mixed fibers and are becoming commonplace. The 

fibers may be mixed in a ply or layer by layer and these composites are designed to 

benefit from the different properties of the fibers employed. 
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Figure 1. 1. Classification of composites according to the matrix materials. [2] 
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Figure 1. 2. Classification of composites according to the reinforcements. [2] 
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1. 2. Fundamentals of Shielding 

 

1. 2. 1. Radiation Shielding 

 

The definition of ionizing radiation is all the particles capable of producing ion, 

i.e., alpha particles, beta particles, gamma rays, X-rays, neutrons, fast electrons, 

high-speed protons, and other atomic particles [3]. Based upon electrical charge and 

mass size, the radiation can be classified into two categories, charged particles and 

neutral particles as shown in Table 1.1. All the radiations are produced by 

interactions with atomic orbital electron, acceleration of charged particle, nuclear 

reactions such as scattering and absorption, and spontaneous radiative nuclear 

transformation.  

Some types of radiation such as alpha particles, beta particles and neurons can be 

completely absorbed, whereas others, i.e., x-rays and gamma-rays can only be 

reduced to safe levels [4]. As shown in Figure 1.3, the principle and means of 

radiation shielding depend on the types of radiation. Heavy particles such as alpha 

particles are more dangerous than light particles when It reacts with human body. 

However, the charged particles are easy to be absorbed into matter such as a paper 

sheet or a thin aluminum foil. Even if they don’t encounter such blockages, the 

charged particles cannot go forward even a short distance in atmosphere. For the 

neutron, however, it is difficult to shield because it has no charges and doesn’t react 

with any materials electrically. Therefore, they have to be decelerated by the perfect 

elastic collisions with hydrogens having the same mass with them first, then they can 
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be absorbed by materials having the large cross-section, such as boron atoms. 

X-rays and gamma-rays are called electromagnetic radiations because they are 

composed of photons of no mass and charge. Although the two radiation can be 

categorized by their origins, atomic and nuclear transition each, their wave-like 

properties are the same with each other. Therefore, the same attenuation mechanisms 

are applied. 

In the energy range of most medical and industrial radiation applications, i.e., 

nominally less than 20 MeV, interactions of photons with matter are mainly via three 

processes, (i) photoelectric absorption; (ii) Compton scattering; (iii) pair production 

[4]. Among them, the main reactions of X-ray in diagnostic energy range with matter 

are photoelectric effect and Compton scattering. 

As shown in Figure 2.4, with a photoelectric interaction, the photon transfers all 

of its energy to a bound electron and the kinetic energy of the electron is given by 

Einstein’s photoelectric equation 

Tmax = hν – φ                           (1. 1) 

Where hν is the initial photon energy, φ is the electron binding energy (work 

function) and Tmax = mv2/2 is the maximum kinetic energy of the ejected electron. 

The atom is left in an excited state and will emit characteristic radiation and Auger 

electrons in its transition back to the ground state. The energy deposited in a 

photoelectric event in tissue can be assumed to be absorbed at the point of photon 

interaction [5]. 

In Compton scattering, the incoming photon is deflected through an angle θ with 

respect to its original direction. The photon transfers a portion of its energy to the 
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election, which is then known as a recoil electron. Because all angels of scattering 

are possible, the energy transferred to the electron can vary from zero to a large 

fraction of the photon energy [6]. Based on the scattering theory of photons by 

electrons, it is usually a satisfactory approximation to consider the electrons as free 

particles. If scattering is considered as in Figure., the kinetic energy T for the recoil 

electron and the scattering angle phi of the electron derived from the conservation of 

energy and momentum are given as follows [5]. 

T = hν
𝛼(1−cos 𝜃)

1+α(1−cos 𝜃)
                        (1. 2) 

cos 𝜑 = (1 + 𝛼) tan
1

2
𝜃                      (1. 3) 

The attenuation of energy by such processes depends on the bond energy of 

electrons orbiting the nucleus. As the Z number increases and the distance of 

electrons from the nucleus decrease, the incident photon gives off more energy than 

others reacting with materials having the lower Z number (atomic number) and 

electrons orbiting farther from the nucleus. And the dense inside of the shielding 

material makes the photons interact more easily with the electrons in shielding 

material. Therefore, the Z number of element and density of matter are dominant 

factors for shielding electromagnetic radiations.  

Incident photons lose part of their energy as they pass through the shielding 

materials. The penetration of photons in matter is governed by the statistical 

probability per unit distance of travel in which photons interact with matter by one 

physical process or another. This probability, denoted by μ, is called the linear 

attenuation coefficient and has the dimension of inverse length, e.g., cm-1. The larger 

the attenuation coefficient is, the better the shielding ability is. For this reason, the 
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attenuation coefficient is a reliable measure to estimate shielding ability for any 

matter. 

As shown in illustration of Figure 1.6, photons passing through a small thickness 

dx will be absorbed partially. Letting the number of incident photons as I, the number 

of photons absorbed by the thin part, dI, is proportional to I and dx as follows. 

−dI =  σNIdx                       (1. 4) 

the absorption cross section, σ, perpendicular to the path of photon, represents the 

attenuation by individual atoms in the part. Defining N as the concentration of 

particles in the part, the multiplied value of the two constants, σN, can be regarded 

as a quantity indicating the shielding ability of the part in material. With an initial 

condition, I=I0, setting σN as a constant mu, an equation of the inverse exponential 

power law called Beer-Lambert law is obtained as below.  

I

I0
= exp(−𝜇𝑥)                    (1. 5) 

the linear attenuation coefficient, μ, depends on what kinds of materials are used for 

shielding and how mech energy and how many photons are incident. Sometimes the 

linear attenuation coefficient is given by mass attenuation coefficient, μ/ρ, linear 

attenuation coefficient divided by the density of matter. The linear attenuation 

coefficient is an appropriate measure to evaluate the overall ability to block the 

electromagnetic radiations, whereas the mass attenuation coefficient is useful to 

separate the effect of density from other factors. 

Each of the atoms has the characteristic mass attenuation coefficient values at the 

several electron shells because almost every electron exists at the determined orbits. 

About 80 % of energy lose by photoelectric effect occurs at the K-shell of atom in 
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shielding material as the electrons have larger bond energy than the electrons at the 

outer shells. The peak at the highest photon energy is called K-edge, and with 

decreasing photon energy, each peak is called in the order of binding energy of 

electron shells, i.e., L-shell, M-shell, etc. Among equally dense materials, K-edge is 

the most important peak as it determines the shielding ability of matter in the 

diagnostic energy rage of X-ray. 
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Table 1. 1. Classification of ionizing radiations 

 

 

  

Charged particles 

Beta particles Electron, Positron 

Heavy charged particles 

Muon, Pion, Proton, 

Deuteron, Triton, 

Helium-3, Alpha, 

Neutral Particles 

Photons X-ray, Gamma-ray 

Neutrons 
Fast neutron, Thermal 

neutron 
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Figure 1. 3. Illustration of the relative abilities of four different types of radiation to 

penetrate solid matter.  
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Figure 1. 4. Illustration of K-shell X-ray emission by photoelectric effect. 
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Figure 1. 5. Illustration of Compton scattering. 
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Figure 1. 6. Schematic diagram of attenuation of X-ray passing through a thin sheet 

of width dx. 
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1. 2. 2. EMI Shielding 

 

EMI Shielding means to use a shield (a shaped conducting material) to partially 

or completely envelop an electronic circuit, that is, an EMI emitter or susceptor. 

Therefore, it limits the amount of EMI radiation from the external environment that 

can penetrate the circuit and, conversely, it fluences how much EMI energy 

generated by the circuit can escape into the external environment. A variety of 

materials have been used for shielding with a wide range of electrical conductivity, 

magnetic permeability, and geometries. Shields invariably contain apertures or 

openings used for access and ventilation, as well as a number of joints and seams for 

practical manufacturing. Shields for practical equipment also allow attachment to 

wire or pipes used for signaling and services. All these components constitute 

breaches of the shield integrity and play a decisive part in the overall performant of 

the shield [7]. 

Shielding effect is provide by a conductive barrier or enclosure that harmlessly 

reflects of transmits EMI into the ground. In 1821, Michael Faraday first introduced 

the concept that an enclosed conductive housing has a zero electrical field. This 

principle is known as Faraday cage, which forms the basis of today’s shielding 

technology. If sensitive equipment is enclosed within a thin, conductive, spherical 

shell that is placed in an E-field, as shown in Figure 1.7, it will be shielded because 

the current setup by the electromagnetic wave is not conducted into the inside of the 

shell. This is not because the shell has completely absorbed the field, but because the 

E-field has caused electronic charges of different polarity along the shell. These 
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charges will, in turn, generate an electrical field that will tend to cancel the original 

field inside the shell [8,9].  

When it comes to H-fields, Faraday’s effect will disappear. However, the H-field 

shielding can be achieved by means of shields made of a soft magnetic material with 

high permeability, μ>>1, and sufficient thickness to attenuate the magnetic field in 

the shielding shell by providing a low reluctance, as illustrated in Figure 1.8, That is, 

the spherical shell of magnetic material with good permeability will reduce the H-

field intensity inside because the H-field tends to remain in the magnetic material 

layer as the magnetic material offers a low-reluctance path [8,10]. Alternatively, a 

thin shield made of a conductive material with low permeability can also provide 

effective shielding for H-fields at high frequencies. This is because an alternating H-

filed will induce eddy currents in the shielding screen, assuming that the shield has 

adequate conductivity, as shown in Figure 1.9. These eddy currents will themselves 

create an alternating H-filed of the opposite orientation inside the shell. The effect 

will increase as the frequency increases, resulting in high shielding effectiveness at 

high frequencies [8]. Therefore, it is relatively difficult to shield against low-

frequency H-fields. Whereas magnetic absorption shielding typically needs the 

installation of thick shields constructed of fairly expensive magnetic materials, 

conductive shields based on the induced current principle maybe reasonably 

effective at powerline frequencies. 

Shielding can be specified in the terms of reduction in magnetic (and electric) field 

or plane-wave strength caused by shielding. The effectiveness of a shield and its 

resulting EMI attenuation are based on the frequency, the distance of the shield from 
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the source, the thickness of the shield, and the shield material. Shielding 

effectiveness (SE) is normally expressed in decibels (dB) as a function of the 

logarithm of the ratio of the incident and exit electric (E), magnetic (H), or plane-

wave field intensities (F): SE (dB) = 20 log (E0/E1), SE (dB) = 20 log (H0/H1), or SE 

(dB) = 20 log (F0/F1), respectively. With any kind of electromagnetic interference, 

there are three mechanisms contributing to the effectiveness of a shield. Part of the 

incident radiation is reflected from the front surface of the shield, part is absorbed 

within the shield material, and part is reflected from the shield rear surface to the 

front where it can aide or hinder the effectiveness of the shield depending on its 

phase relationship with the incident wave, as shown in Figure 1.10. Therefore, the 

total shielding effectiveness of a shielding material (SE) equals the sum of the 

absorption factor (A), the reflection factor (R), and the correction factor to account 

for multiple reflections in thin shields: 

SE = R + A + B                      (1. 6) 

All the terms in Equation 1.6 are expressed in dB. The multiple reflection factor 

B can be neglected if the absorption loss A is greater than 10 dB. In practical 

calculation, B can also be neglected for electric fields and plane waves. 

 

1) Absorption Loss 

Absorption losses A are a function of the physical characteristics of the shield and 

are independent of the type of source field. Therefore, the absorption term A is the 

same for all three waves. When an electronic wave passed through a medium such 

as a shield, its amplitude decreased exponentially, as shown in Figure 1.11. This 
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decay or absorption loss occurs because currents induced in the medium produce 

ohmic losses and heating of the material, and E1 and H1 can be express ad E1 = E0 e-

t/δ and H1 = H0 e-t/δ. The distance required for the wave to be attenuated to 1/e or 37% 

is defined as the skin depth, d. Therefore, the absorption term A is given by the 

expression  

A = 20 (
t

δ
) log 𝑒 = 8.69 (

𝑡

𝛿
) = 131𝑡√𝑓𝜇𝜎          (1. 7) 

where A is the absorption or penetration loss expressed in decibels, t is the thickness 

of the shield, f is frequency, μ is relative permeability, σ is conductivity.  

 

2) Reflection Loss 

The reflection loss is related to the relative mismatch between the incident wave 

and the surface impedance of the shield. The computation of reflection losses can be 

greatly simplified by considering shielding effectiveness for incident electric fields 

as a separate problem for that of electric, magnetic, or plane waves. The equations 

for the three principle fields are given by the expression [11] 

R𝐸 = 321.8 + 10 log
𝜎

𝑓3𝑟2𝜇
               (1. 8) 

R𝐻 = 14.6 + 10 log
𝑓𝑟2𝜎

𝜇
                (1. 9) 

R𝑃 = 168 − 10 log
𝑓𝜇

𝜎
                 (1. 10) 

where RE, RH, and RP are the reflection losses for the electric, magnetic, and plane 

wave fields, respectively expressed in dB, σ is the relative conductivity, f is the 

frequency, μ is the relative permeability refereed and r is the distance from the source 

to the shielding in m. 
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Figure 1. 7. Charge distribution on a spherical conducting shell 

 

Figure 1. 8. A spherical magnet shell with good permeability will reduce the field 

strength 
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Figure 1. 9. A thin metallic shell with good conductivity will reduce an alternating 

magnetic field strength 

Figure 1. 10. Graphical representation of EMI shielding 
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1. 2. 3. Gas Barrier Properties 

 

Materials with high barrier properties are widely demanded as package materials 

of foods, medicine and medical supplies, or industrial supplies. For such materials 

polymers have suitable features such as ease of process, excellent flexibility, 

transparency, and low cost. These characteristics are also important for next-

generation organic light emitting diode displays since flexible materials should be 

used as substrates and encapsulates of flexible OLED displays instead of currently 

used rigid materials such as glass. 

However, oxygen permeability of commonly used polymers such as polyethylene 

(PE) or poly (ethylene terephthalate) (PET) is much higher than that of inorganic 

materials such as aluminum or silicon oxide. Numerous studies have been conducted 

to improve barrier properties of such polymers. 

Composites containing impermeable agents have different diffusion properties 

compared with pure materials. Permeants have to detour the impermeable sections 

and diffusivity decreases owing to tortuous diffusion paths. In the simple two-

dimensional model, the filler act as impermeable barriers to the migration of gas 

molecules. The equation for the model is 

Pc / Pu = Vfp /[ 1 + (L/2W) Vfc ]            (1. 11) 

were Pc is the gas permeability of the nanocomposites, Pu is the gas permeability of 

the pure polymer, Vfp is volume fraction of the polymer in the nanocomposites, Vfc 

is the volume fraction of the clay nanoparticles, L is the longest dimension of the 

filler, and W is the smallest dimension of the filler.  
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In this model the interaction between the filler and polymer is assumed to be 

minimal and the fillers are in a perfectly tilled arrangement parallel to the surface of 

the polymer film. The L/2W term for aspect ratio is derived from the assumption that 

the morphology of the filler’s cross-section is a rectangle. 

However, some nanocomposites that exhibit relative gas permeabilities exceed the 

performance predicted by the tortuous path model. This behavior would indicate that 

the nanoparticles have altered the fundamental behavior of the polymer. Bell et al. 

proposed that this effect was important in forming a constrained polymer region 

around the filler nanoparticles. This region is responsible for deviation from the 

tortuous path model. Since this was proposed as a conceptual model, the effect of 

change in the diffusion coefficient and the size of the constrained region were lumped 

into one correction factor applied to the numerator of the tortuous path equation. 

  

1. 3. Magnetorheological Fluids 

 

Magnetorheological (MR) fluids, which include suspensions of magnetically 

susceptible fine particles in a magnetically insulating fluid, are a type of smart 

material because the application of a magnetic field can transform the fluid from a 

suspension to a solid-like fibril structures in which the fibrils are aligned along the 

magnetic field direction due to the magnetic polarization among the suspended 

particles [12-19]. A reverse structural transition occurs as soon as the applied 

magnetic field is turned off. The structural changes are very fast, on the order of 

milliseconds. The aligned structural changes formed in response to a magnetic field 
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tune the rheological properties of the MR fluid over three to four orders of magnitude.  

The chain-like structure formed under the external magnetic field imparts the 

suspension with a yield stress as the fluid begins to flow. The rheological properties 

of those MR fluids can be fine-tuned by varying the magnetic field intensity for use 

in a variety of applications [13]. Therefore, MR fluids have aroused considerable 

interest over the last two decades, and their promising features have driven many 

scientific studies and industrial applications. MR fluid applications are found in 

automobile devices, such as linear dampers, rotor dampers, rotary brakes, as well as 

in various other industry products, e.g., directional control valves, hybrid actuators, 

and the haptic devices [14–16]. MR fluids have been used in medical applications, 

for example, in new cancer therapeutic procedures. MR fluids can inhibit the blood 

supply to a tumor or enable drug delivery systems [17]. As an advanced and 

intelligent polishing technology, MR finishing technology has been applied to 

various materials possessing various shapes that minimize their surface damages 

[18]. In the application of crude oil, MR fluid could reduce the shear viscosity of 

crude oil containing paraffin or asphaltene particles by altering their aggregation 

under the applied magnetic field [18]. On a larger scale, MR suspension systems are 

present in China’s Dong Ting Lake Bridge to counteract vibrations caused by sudden 

gusts of wind. The same principle was used to stabilize buildings against earthquakes. 

More applications can be found in other report [19] 

Although MR fluids and devices have made substantial progress in 

commercialization, the poor long-term stability of MR fluids can limit MR fluid 

utility in industrial applications. The long-term stability must be improved to avoid 
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sedimentation of the magnetic particles in MR suspensions due to a mismatch 

between the densities of the particles and the carrier liquid, the poor redispersibility 

of settled particles, and the magnetic particle’s weak resistance to chemical 

degradation. Significant efforts have been made to overcome these crucial restriction 

factors, such as the introduction of polymer coatings or passivation layers onto the 

magnetic particles, the use of viscoplastic medium as a carrier liquid, the addition of 

additives, fillers, or surfactants, and the use of nonspherical or bidisperse particles in 

the MR suspension. A recent study showed that iron nanofiber–based MR fluids are 

promising to reduce or prevent sedimentation while providing good yield stress. 

Another common method for stabilizing heavy magnetic particles in a MR 

suspension is the addition of a thickener to the carrier liquid, which prevents the 

settling of particle. Unfortunately, these types of systems suffer from the trade-off 

between the high suspension stability and high resistance to suspension flow. An 

ideal MR fluid should have a low viscosity that facilitates flow in a device in the 

absence of an applied magnetic field and fast regeneration of the suspension. So far, 

the introduction of a light protective coating layer onto the magnetic particles seems 

to be the most promising for improving the stability of the suspension, because such 

coatings reduce the particle density, enhance the particle durability, improve the 

surface free energy of the magnetic particles, and yield superior compatibility (with 

a higher wettability) with the carrier liquid. Functional two-stage coatings have been 

shown to be more effective than monolayer coatings comprising a polymer or 

multiwalled carbon nanotubes. Apart from the approaches described above, effective 

strategies for reducing the densities of a polymer-coated particles have not yet been 
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fully developed. The main parameters that affect the rheological properties of MR 

fluids, such as the yield stress and apparent viscosity, are the volume fraction, size, 

type, and shape of the dispersed particles, physical properties of the carrier fluid, 

direction and intensity of the applied magnetic field, and mode of operation. Other 

parameters seem to be of lesser importance.  

 

1. 4. Research Objectives 

 

The functional properties were given by the filler selection of the composite 

materials. Among them, the barrier (blocking) properties is an important in various 

industrial field and daily life. The most common barrier elements are moisture, 

various gases, etc. Furthermore, the composites that block or shield various external 

irradiations such as electromagnetic waves and radiation have been developed and 

studied. There is a need for research on electromagnetic wave and radiation shielding. 

The objectives of this research are to fabricate the polymer composites have 

shielding properties from electromagnetic waves and radiation and improve the 

shielding efficiency of the composites by novel approaching. Furthermore, 

enhancing the interfacial adhesion and understanding the adhesion mechanism are 

another research objective to fabricate the multi-stacked shielding composites. This 

study consists of three parts. One is radiation shielding composites, investigation the 

effect of the modification of fillers and multi-layered structure on their gamma-ray 

and X-ray shielding efficiency. Next, EMI shielding efficiency of the composites 

using the combination of different type filler, carbon nanotubes and Fe-Si-Al alloys 
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was investigated. Furthermore, understanding the EMI shielding phenomena by 

dielectric and magnetic materials and the mechanism of the synergetic effect was 

performed in this mixed system. Lastly, the investigation of the interfacial fracture 

phenomena between polymers interfaces. And the fracture mechanism was 

suggested to describe the change of fracture adhesion value plausibly. In addition, to 

confirm the suggested mechanism, mass spectroscopy experiment was performed. 

Finally, the improvement of sedimentation stability in magnetorheological fluids 

is the one of the research objectives in this study. In addition, the effect of the 

modification of magnetic particles (iron-based particle) in MR fluid and the 

magnetorheological properties are also investigated by using several analyses. 
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Chapter 2. Radiation Shielding Properties of Nonlead 

Metal/Polymer Composites 

 

 

2. 1. Introduction 

 

In modern society, nuclear power is used effectively in various areas such as 

nuclear power plants, military equipment, medical and health care industry. 

Inadvertent exposure to high-energy electromagnetic wave radiation, such as X-rays 

or γ-rays from those industrial facilities, can be detrimental to human health since 

prolonged exposure or a high accumulated radiation dosage can lead to various 

health risks or symptoms, including carcinogenesis, cell mutations, organ failure and 

other acute radiation symptoms [1-7]. To attenuate or absorb the unwanted radiations, 

numerous researches have been conducted on a variety of shielding materials. Heavy 

metals mostly lead, or lead compounds have been used to protect the human body 

from such exposures [1-4]. Two critical factors for shielding electromagnetic 

radiations of X-rays or γ-rays are the Z-number (atomic number) and the density. In 

the nuclear industry, low Z-number materials alone are often unsuccessful in 

attenuating highly penetrative radiation such as γ-rays. Therefore, lead, the most 

commonly used shielding material, is superior to all other shielding materials due to 

its higher Z-number, density, and low cost [7-15]. Lead-based shielding materials, 

however, are detrimental to worker's health and cause environmental pollution 
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[9,10,14,15]. Although tungsten is the most effective and promising metal 

component to replace lead compounds, its specific gravity is higher than lead and its 

processing is quite difficult to apply for protective equipment or garment fabrication 

because of its high melting temperature. It is also not flexible enough to be used for 

radio protective clothing or gears. 

In view of the lightness of the equipment and effectiveness for radiation protection, 

polymer-based composites are currently quite promising candidates, particularly 

nano- and micro-composites to attenuate/absorb high energy radiation [7,9]. Because 

of the large surface-to-volume ratio, they have a high potential to absorb high energy 

radiation and to be easily processed into a structured material with geometric 

conformability [11-13]. They are also lighter than their metal counterparts for use in 

effective and durable radiation protective gear applications [11]. However, the metal-

polymer composites have problems of lower shielding ability due to pinholes which 

allow incident photons to penetrate pure polymer regions in the composite materials 

and no shielding ability of polymer matrix. The shielding ability of metal-polymer 

composites can be significantly enhanced if we can stop the penetrating photons with 

a densely packed structure. Hence, the properties of multilayered structures in metal-

polymer composites such as metal particle dispersion, density, and laminations are 

crucial factors to decide the utility of those composites [11]. If the particles are 

uniformly dispersed in a polymer matrix, the layers of stacked particles would reduce 

voids for photons penetration and increase the probability of collision between 

photons and metal atoms [7,14]. Thus, the shielding ability of the metal-polymer 
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composite can be significantly improved to widen its use in various shielding 

applications. 

Another element of high atomic number besides the tungsten which has attracted 

attention of researchers recently is the bismuth (Bi) [11,16-24]. Bismuth is the only 

non-radiating element in nature with a higher atomic number (Z=83) than lead. It is 

also harmless and non-toxic to the human body. Though its density is relatively high 

(8.98 g/cm3), it is lower than lead (11.34 g/cm3). In addition, its atomic mass weight 

is 208.98 AMU, which means that it can interact with the photons of high energy 

radiation, such as X-ray or γ-ray emission. All of these features make it possible for 

bismuth to be a good candidate for a lead substitute. In fact, bismuth oxide (Bi2O3) 

has been intensively investigated because it has a better protective effect than lead 

oxide [18,20]. Due to its low melting temperature (139 °C), it can be easily processed 

with the polymer matrix in an internal mixer to produce a well-mixed and uniformly 

dispersed composite. The composite laminates produced were lighter, safer, more 

flexible and much easier to handle than lead or lead compounds. 

In this chapter, we report the effectiveness for X-ray and γ-ray shielding of the 

multilayer structures and mixed composite laminates. The effects of dispersion of 

the bismuth-tin alloy, of the alignment of the bismuth-tin alloy impregnated into 

cotton fabrics, and of laminating it with a tungsten-containing film or a bismuth-tin 

alloy containing film. The maximum energy of irradiated X-rays was 150 keV, which 

is higher than the energy range of typical diagnostic X-ray (20~120 keV). And the 

acceleration voltage of γ-ray was 662 keV. The prepared composite films and sheets 
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were found to exhibit quite effective electromagnetic radiation shielding. In addition, 

they are lighter, more flexible, safer, and much easier to handle than lead. 

 

 

2. 2. Experimental Section 

 

2. 2. 1. Materials 

 

Polyolefin elastomer (POE, LC-170, LG Chem) and poly (ethylene-vinyl acetate) 

(EVA containing 45% vinyl acetate, LG Chem) were used as the polymer matrix 

because they can form tough sheets without cracking over long time durations. 

Tungsten powders with an average particle size of ~140 μm were purchased from 

Intramat Advanced Materials (U.S.A.). The Bismuth-Tin alloy (BiSn, a 58% Bi and 

42% tin eutectic alloy) was purchased from Daegutech (Korea). It has a melting 

temperature of 139 °C and a density of ρ = 8.56 g/cm3. A tin-silver-copper alloy 

(99%-0.3%-0.7%, commercially known as SAC0307, with a melting temperature of 

approx. 220°C) was supplied by Changsung (Korea). Two tungsten plates of 

different thickness (W0.2 (0.2mm) and W0.3 (0.3mm)) were purchased from Dongjin 

Special Metals. Stearic acid (Aldrich) and NAUGARD-445 (Uniroyal) were used as 

a lubricant and an antioxidant, respectively. In order to ensure good adhesion and 

better dispersion in the elastomer, the surfaces of the tungsten particles were wrapped 

with polyethylene molecules via the in-situ polymerization method (the in-situ 
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Ziegler-Natta polymerization of polyethylene on tungsten nanoparticles with 

surfaces impregnated by a metallocene catalyst).  

 

2. 2. 2. Sample Preparation 

 

The metallic materials mentioned above were selectively mixed with fixed EVA 

to POE ratio of 7:3 for 10 minutes in a twin-screw internal mixer (Haake Rheomix 

model 600p) at 100 ℃ and 100 rpm. The weight ratio of the metal powder to polymer 

was fixed at 400 parts per hundred of resin (phr) which means that the weight of 

metal powder in each sample is 4 times that of the polymer. The mixed samples were 

pressed at 80 °C with a hot press machine (CARVER AutoFour/30H12) for 5 

minutes and then annealed at room temperature for 5 minutes. All the samples 

prepared with such processes were shaped into thin sheets (5cm x 5cm) of different 

thickness.  

A 400 phr suspension of BiSn in silicone oil was prepared. The suspension was 

painted onto a cotton fabrics (gauze). After stacking multiple plies of painted cotton 

gauze together, it was stored on mesh wire for a day to allow the silicone oil to flow 

out. The stack was pressed for 7 minutes at 135 ℃. It was then roll-pressed again for 

5 minutes at 130 ℃. The pressing temperature was maintained just below the melt 

temperature of BiSn to prevent the melt from oozing out of the stack. The pressed 

stack was washed with hexane several times to remove any remaining silicone oil 

and dried in an oven for 24 hours. The multilayer sheet was later laminated with a 
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thin film of a premade tungsten-containing film or a BiSn-containing film by 

pressing for 7 minutes at 135 °C. 

The fractured cross sections of the samples were examined with FE-SEM (Hitachi 

High Technologies America, Inc) to observe the melt phase dispersion. 

 

2. 2. 3. X-Ray Irradiation and Analysis 

 

The X-ray generator (YXLON Y.TU 450-D09) described previously was used to 

irradiate the samples with photons (Figure 2. 1) [25]. Low-energy photons generated 

in the X-ray tube were removed with an Al filter to increase the average energy of 

the photons (beam-hardening) [26]. The applied voltage, current and irradiation time 

were fixed at 150 keV, 10 mA and 60 s, respectively, for a fixed absorbed dose of 1 

Gy (J/kg). A Gafchromic EBT film (International Specialty Products) consisting of 

two separate active layers between two clear polyester films was used to measure the 

dose transmitted through the samples [27,28]. When incident photons transmit the 

film, the monomers in the active layers start polymerizing and take on a darker color. 

All the samples were irradiated 40 cm below the X-ray tube. In order to exclude 

scattering, an X-ray shielding lead plate was placed under the Gafchromic film. 

The irradiated film undergoes a color change as the energy of the incident photons 

becomes stronger. The degree of color change was quantified by determining the 

color of each films with a high-performance color scanner (Epson Expression 

10000XL). The color can be converted into an optical density by determining the 

numerical values of the dots on the scanned image [27,28]. The absorbed dose (the 
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energy absorbed per unit mass of the absorber medium due to radiation exposure) 

was then obtained for each sample with a reference dose-optical density curve. Note 

that such values for the absorbed doses do not include either biological effects of the 

radiation type or the distribution effects of radioactive materials on human exposure 

[29]. For instance, alpha particles cause much greater damage to the human body, 20 

times stronger than its absorbed dose. Thus, the value for the absorbed dose should 

in principle be modified by considering the biological effects on the human body due 

to variation in radiation type and other modifying factors. Electromagnetic radiations, 

however, don't need modification to account the biological effectiveness because 

such radiation has the same effects on the human body as the absorbed dose. 

Therefore, the effectiveness of the X-ray shielding provided by any material can be 

quantified by using film dosimetry [30]. From the obtained absorbed dose, the ratio 

(I/I0) can be calculated as follows: 

I

I0
= exp(−𝜇𝑥)                         (2. 1) 

where I0 and I are the absorbed dose of the incident (1Gy) and penetrated X-ray 

radiation respectively and x is the thickness of the shielding sheet [25,30]. The 

exponent μ (cm-1) is a linear attenuation coefficient, which is another form of the 

dose ratio that can be used to measure the shielding effectiveness of a material [29]. 

The shielding effectiveness is sometimes expressed as a mass attenuation coefficient, 

μ/ρ (cm2/g, the linear attenuation coefficient divided by the density of the matter) 

[31]. The mass attenuation coefficient is useful for separating the effects of density 

on shielding effectiveness from other factors and enables the evaluation of the effects 

of structural properties, whereas the linear attenuation coefficient and the dose ratio 
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are appropriate for the evaluation of the overall effectiveness of the specimen in 

blocking electromagnetic radiations [25,31]. 

 

2. 2. 4. γ-ray Irradiation and Analysis 

 

: All γ-ray shielding measurements were done by the Korea Atomic Energy 

Research Institute. The cesium radiation source was supplied by the Nuclear Safety 

Research Institute of Korea. Attenuation measurements were performed using a 

narrow-beam geometry. The experimental set-up was similar to the one used by 

Singh et al [20,24]. The source and sample systems were mounted on home-made 

composite stands with adjustable height. A 1.5”x1.5” NaI (Tl) crystal having an 

energy resolution of 12.5% at 662 keV γ -rays from the decay of 137Cs was used for 

the measurements of radiation attenuation [32-37]. The distance between the 137Cs γ 

-ray source and the specimen was 129.14 cm and the distance between the specimen 

and the detector was 5 cm (Figure 2.2). The experimental accuracy was confirmed 

by measuring the attenuation coefficient of aluminum slab having a thickness of 1cm 

[38,39]. The experimental set up was tested before and after each set of runs by 

quantitative estimates of accuracy and stability. The effectiveness of the γ-ray 

shielding provided by equation (2.1). The shielding efficiency was determined as η 

= 1- (I/I0).    



39 

 

  

  

Figure 2. 1. Schematic illustration of X-ray irradiation apparatus 
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Figure 2. 2. Schematic figure of the experimental set-up for determining incident 

and transmitted intensities of gamma rays 
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2. 3. Results and Discussion 

 

2. 3. 1. The effect of metal fillers on X-Ray shielding 

 

As mentioned above, the two critical factors that determine the effectiveness of a 

material's X-ray shielding are its density and its atomic number, Z. The linear 

attenuation coefficient is an exponent that is influenced by the critical factors. 

Therefore, the mass attenuation coefficient is also used to characterize such materials 

while excluding the effects of density [25]. 

The shielding effectiveness of each of three different composites (1mm thickness, 

including 400 phr metal particles) is displayed in Figure 2. 3. Their numerical results 

are presented in Table 2. 1 for clarification. The shielding effectiveness of Sn particle 

(SnP) composites or BiSn particle (BiSnP) composites are quite good. The efficiency 

of the SnP composite is lower than that of the tungsten composite whereas that of 

the BiSnP composite is comparable to that of tungsten. The attenuation coefficient 

of the BiSnP composite is larger than that of tungsten, but that of SnP is smaller 

(Table 2. 1). If we compare their mass attenuation coefficients, that of the BiSnP 

composite is the largest, then SnP is next, and then that of the tungsten particle (WP) 

composite is lowest. Thus, the shielding efficiency of SnP is lower than that of 

tungsten due to its lower density (α phase = 5.769 g/cm3 and β phase = 7.265 g/cm3) 

than tungsten (19.25 g/cm3) of which density is much higher than lead (11.34 g/cm3). 

The mass attenuation coefficient of tin is larger than that of tungsten due to its 

lower K-edge energy which is the binding energy of the K (innermost) shell electron 
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of an atom. There is a sudden increase in the attenuation coefficient at a photon 

energy, just above the binding energy of the K shell electrons of the atoms interacting 

with the photons. This sudden increase is due to photoelectric absorption of the 

photons [40]. For this interaction to occur, the photons must have more energy than 

the binding energy of the K shell electrons (the K-edge energy) [30,40,41]. A photon 

with an energy just above the binding energy of the electron is more likely to be 

absorbed than a photon with an energy just below this binding energy. The K-edge 

energy values of tin, tungsten and bismuth are 29 keV, 69 keV, and 90 keV, 

respectively [30]. The K-edge energy of bismuth is slightly higher than that of lead. 

Consequently, tin has a higher mass attenuation coefficient in the photon energy 

range from 29 keV (the tin K-edge energy) to 69 keV (the tungsten K edge energy), 

but beyond the K-edge energy of tungsten, its mass attenuation coefficient is lower. 

As a result, the mass attenuation coefficient of tin is similar to or higher than that of 

the tungsten in the X-ray photon energy range (150 keV in this study). This implies 

that tin could be a good substitute for lead for X-ray shielding in the energy range 

between 29 keV to 88 keV (the K-edge energy of lead) because of lower weight and 

its higher attenuation coefficient values. By the same token, the higher K-edge 

energy of bismuth means that it has a higher mass attenuation coefficient above its 

K-edge energy than tungsten. Since the BiSn alloy is composed of 58% bismuth and 

42 % tin, its X-ray shielding effectiveness is better than or close to tungsten for the 

whole energy range. The dose ratio of SnP is a little bit higher than that of tungsten, 

but that of BiSn is slightly lower. This result indicates that BiSn is an excellent 

substitute for lead in the shielding X-ray radiation because of the selective 
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attenuation by the Sn and Bi component throughout the whole X-ray energy range. 

Further note that tungsten’s shielding effectiveness is mainly due to its high density. 

Another merit of the BiSn alloy is that it melts at low-temperature around 139 °C 

which is lower than the processing temperatures of most polymers. We made use of 

this peculiar thermal property, to prepare cotton-reinforced composites. Table 2.2 

presents the specifications of the prepared composite samples and their performances. 

With the use of these composites as X-ray shielding aprons or other gears in mind, 

we limited the number of painted cotton sheets to less than 10, which results in a 

thickness of approximately 1 mm. The dose ratios of the multilayered sheets decrease 

progressively with the layer number (Table 2.1). Interestingly, a 10-layer sheet with 

a thickness of 1 mm exhibits a dose ratio comparable to that of a BiSnP composite 

with a thickness of 1 mm. Figures 2. 4(a), (b) and (c) are the SEM photographs of 

virgin gauze, surface and its cross-sectional views of a sheet with 10 layers, 

respectively. It is clear that some of the BiSn particles have melted and thus been 

able to impregnate the gauze space (compare Figure 2. 4(a) (virgin gauze), (b), and 

(c)). As the pressing temperature increases, more agglomerated particles appear 

(Figures 2. 4(d), (e) and (f)). The flexibility of multilayered sheets was quite good 

like a rubber sheet which makes them suitable for the fabrication of shielding apparel 

as long as they can effectively attenuate X-ray radiation. 

Although the multilayered structures do shield X-ray radiation, uniform coverage 

was difficult to achieve. We painted the BiSn particle suspension onto the cotton 

fabrics. The particles do not cover the whole surface uniformly due to the weave of 

the cotton gauze (Figure 2.4(a)) and the characteristics of the suspension. The 
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processing temperature was selected to be close to the melting temperature of the 

BiSn particles in order to promote adhesion between the layers. It appears that some 

small particles in adjacent layers melt and adhered together (Figure 2.4(b), (c), (e), 

and (f)). Pressing the sheets at these temperatures is expected to enable the 

deformation of the dispersed BiSn particles so that the distribution of BiSn on the 

cotton sheet becomes more uniform. Three-dimensional and two-dimensional plots 

of dose ratio for the whole sheet surface are shown in Figures 2. 5(a) and (b), which 

reveal that there are some high and low dose ratio points. 

If the number of layers is increased to produce a thicker sheet, the dose ratio 

becomes more uniform, although the flexibility will be lost. Hence, we covered the 

sheet surface with a thin layer either of BiSnP or of WP (0.4 mm thickness, 400 phr 

particles included). This lamination results in a more uniform dose ratio over the 

whole sheet area as well as lowering the dose ratio below that of the stacked sheet 

(Table 2.2, Figure 2.5(c) and (d)). The dose ratio of the sheet with a BiSnP film is 

more uniform (Figure 2.5(d)) than that of the sheet with a WP film (Figure 2.5(c)), 

probably because the dispersion of BiSn particles in the matrix polymer is better than 

that of the tungsten particles (Figure 2.4). Further, the addition of the BiSnP film 

improves the shielding effectiveness of the composite sheet due to the smearing of 

melted BiSn. 

  



45 

 

 

Figure 2. 3. (a) Dose ratios (the ratio of the number of transmitted photons to the 

total number of incident photons) of X-rays through the three composites (BiSn, Sn 

and tungsten particles) with a thickness of 1mm, containing 400phr metal particles. 

(b) The linear attenuation coefficients and mass attenuation coefficients of the three 

composites. 
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Figure 2. 4. SEM photographs: (a) virgin gauze, (b) the surface of a 10-layer 

laminated sheet, (c) a cross sectional view of a fractured surface of (b); fractured 

surfaces of 10-layer sheets pressed at 135 °C (d), 139 °C (e), and at 160 °C (f). Some 

of the BiSn particles melt at the pressing temperature. (g) Photograph of a cross-

section of a BiSnP stacked sheet attached to a 0.4mm WP composite film. Some 

melted BiSn particles are smeared inside the stacked sheet. 
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Figure 2. 5. (a) 3D plot of the dose ratio for the BiSnP-impregnated multiple sheets 

(10), (b) 2D plot of (a), (c) 3D plot of the dose ratio for the BiSnP-impregnated 

multiple sheets (10) with a 0.4mm WP film, (d) 3D plot of the dose ratio for BiSnP-

impregnated multiple sheets (10) with a 0.4mm BiSnP film. The films and stacked 

sheets were pressed together to ensure good adhesion. 
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Table 2. 1. Dose ratios, attenuation coefficients, and mass attenuation coefficients of 

various composites containing 400 phr metal particles with a thickness of 1mm 

 

 

 

 

 

 

 

 

 

 

Particle D/D0 μ μ/ρ 

BiSnP 0.298 ± 0.02 12.12 3.62 

SnP 0.390 ± 0.04 9.45 3.13 

WP 0.305 ± 0.01 11.88 2.95 
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Table 2. 2. Dose ratios for BiSnP multilayered sheets and laminates with either a 

BiSnP 400 phr composite film or a WP 400 phr composite film. 

 

  

BiSnP 

impregnated 

sheet 

number 

5 7 10 

10 layers + 

0.4mm 

BiSnP 400 

phr film 

10 layers + 

0.4mm WP 

400 phr 

film 

Thickness 

(mm) 
0.63 0.84 1.1 1.2 1.2 

Overall 

Density 

(g/cm3) 

3.75 3.50 3.79 3.76 4.57 

Dose Ratio 

(D/D0) 

0.50 ± 

0.02 

0.35 ± 

0.04 

0.33 ± 

0.03 
0.30 ± 0.03 0.26 ± 0.02 
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2. 3. 3. γ-Ray Shielding Properties 

 

Figure 2. 6 shows the extrudates from the extruder, the SEM photograph of the 

fractured sectional view of extrudates and the flexibility of the 5 mm thick 

BiSn/polymer sheet. The extrudate looks like an ordinary elastomeric extrudate, but 

the BiSn alloy is well mixed and dispersed in the polymer matrix (Figure 2.6(b)). 

The produced BiSn/polymer sheet is very flexible and can be easily bent (Figure 

2.6(c)). 

 The shielding efficiency of the BiSn alloy/polymer composite was checked first. 

All results are averages of five measurements for each specimen. Table 2.3 shows 

the -ray shielding rate (The dose rate was 368 mGy/h, the energy before 

attenuation with 5.5% reliability). As the thickness of the BiSn/polymer sheet 

increases, the dose ratio decreases which means that the shielding effect also 

increases. The transmittance shows an exponentially decreasing behavior following 

the Beer-Lambert law: I/I0 = exp(-0.0308*x) where x is the thickness of the 

composite in mm (Figure 2.7). This expression fits the data with the correlation of 

0.9995. According to this correlation, γ-ray shielding of 95 % can be achieved if the 

BiSn/polymer composite sheet is thicker than 98 mm. The accuracy of this 

evaluation is confirmed later.  

In order to see the shielding characteristics of the tungsten sheet, the dose rate of 

tungsten sheet was measured separately against the same 137Cs radiation. 

Combination of 0.2 mm and 0.3 mm tungsten sheets provides the proper thickness 

variation. The γ-ray transmittance of the tungsten sheet also follows the Beer-
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Lambert law (Figure 2.8). The transmittance of the tungsten sheet can be fitted as 

(I/I0)Tungsten = exp(-0.23282*x) where x is the thickness of tungsten in mm. The 

correlation was 0.994. Based on this result, 95 % shielding of the γ-ray can be 

achieved with the tungsten sheet of 12.9 mm thickness. Compared with the 

BiSn/polymer composite, which needs a sheet thickness of 98 mm, tungsten sheets 

shows the same shielding efficiency with 1/7 thickness. This agrees well with the 

relative ratio between the exponential factors of BiSn/polymer and tungsten, i.e., 

0.0308 for (BiSn/polymer)/0.23282 for tungsten = 0.1323 x 98 mm = 12.96 mm 

which verifies the accuracy of the measurements because both sheets follow the 

Beer-Lambert law. The linear attenuation coefficient of tungsten is seven times larger 

than that of the BiSn/polymer composite. 

In the case of a multilayered radiation shielding material, the dose ratio and the 

shielding efficiency of the composite film prepared by the combination of 

BiSn/polymer composite and tungsten sheet can be predicted by using the separately 

obtained dose rate fits as long as they follow the Beer-Lambert law. To confirm this 

preposition, tungsten flakes of different thickness were mounted on the 

BiSn/polymer composite sheet having a thickness of 10 mm. Figure 2.9 and Table 

2.4 show the measured and calculate dose ratios. The measured and calculated values 

are exactly the same, indicating that these stacked sheets act like a composite of two 

shielding components, both of which follow the Beer-Lambert law. When the 

thickness of BiSn/polymer composite sheet is set to 10 mm, a 95% shielding can be 

achieved if the thickness of the tungsten flakes is 12 mm. This means that the 
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shielding efficiency of 10 mm thick BiSn/polymer composite is equivalent to less 

than 2 mm thick tungsten sheet.  

There is a sudden increase in the attenuation coefficient at a photon energy just 

above the binding energy of the K shell electrons of the atoms interacting with the 

photons, which is due to photoelectric absorption of the photons [38,39]. For this 

interaction to take place, the photons must have more energy than the binding energy 

of the K shell electrons (the K-edge energy). The K-edge energy values of tin, 

tungsten and bismuth are 29 keV, 69 keV, and 90 keV, respectively. The K-edge 

energy of bismuth is slightly higher than that of lead (88 keV). Consequently, tin has 

a higher mass attenuation coefficient in the photon energy range from 29 keV (the 

tin K-edge energy) to 69 keV (the tungsten K-edge energy), but beyond the K-edge 

energy of tungsten, its mass attenuation coefficient is lower. As a result, the mass 

attenuation coefficient of tin is similar to or higher than that of the tungsten in the X-

ray photon energy range (until 150 keV). This means that tin, because of lower 

density and its higher attenuation coefficient value, can be a good substitute for lead 

for X-ray shielding in the energy range between 29 keV to 88 keV (the K-edge 

energy of lead). However, the mass attenuation coefficient of tin becomes lower than 

that of the tungsten once the energy level goes beyond that of tungsten (69 keV) 

whereas the higher K-edge energy of bismuth (90 keV) affords a higher mass 

attenuation coefficient over the high energy range of 137Cs radiation (665 keV). The 

X-ray shielding efficiency of the BiSn alloy consisted of 58% bismuth and 42 % tin 

is, therefore, better than or close to tungsten for the X-ray energy range, but its γ-ray 

shielding efficiency is lower than tungsten in the γ-ray energy range. Therefore, 
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thicker plate should be used to achieve such a high shielding effect as lead or 

tungsten.  

Fan et al. investigated Z-graded shielding (laminating of various Z-number 

materials) for microelectronics in satellite. Though it has been done by computer 

simulation, the results demonstrate advanced shielding performance of laminated 

metal sheets. In order to achieve the high attenuation with a thin sheet, laminates of 

(BiSn/polymer) / tungsten were prepared by attaching the tungsten flakes to 

(BiSn/polymer) using an adhesive. The shielding effect of multilayered stack of 

(BiSn/polymer)/tungsten flakes having a thickness of 0.5 mm is presented in Table 

2.5. The shielding efficiencies for single stack and double stack are measured values 

while the triple stack values are calculated from the fitting equation of the single 

stack and the double stack. As the thickness of the BiSn/polymer sheet increases, the 

shielding effect also increases, and the dose ratio decreases. If we place the 1mm 

thick tungsten flake on the 1 mm BiSn/polymer composite sheet, a 95 % shielding 

can be achieved through the 10 stacks of (BiSn/polymer)/tungsten multilayer, which 

means total thickness of 20 mm of laminated stack is required (Table 2.6). 

Though tungsten flakes are quite efficient to shield the γ-ray of 137Cs (667 keV), 

it is not easy to be used for the flexible protective garments or gear applications 

because of its processing difficulty due to its high melting temperature [42]. On the 

other hand, the BiSn/polymer composite is easy to fabricate and flexible but should 

be quite thick to shield the γ-ray. Hence, we have devised a strategy to prepare a 

flexible but high-shielding stack of (BiSn/polymer)/tungsten laminates. Its structure 

is schematically presented in Figure 2.10. Using an adhesive, a tungsten flake of a 
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certain shape (rectangle, triangle, or other polygonal or circular shape) having a 

thickness of 5 mm or less (this thickness is arbitrary, but the thinner is the better for 

processing) is placed on the BiSn/polymer sheet (Figure 2.10(a)). The tungsten 

flakes are regularly arranged so that they do not touch each other on the same 

BiSn/polymer sheet so that a (BiSn/polymer)/tungsten layer can be bent over 90°. 

The thinner and the smaller is the flake size, the more flexibility it can offer. The 

single layer can afford full flexibility needed for the gear or garment fabrication [43-

45]. However, γ-ray can pass through the space between the tungsten flakes. Then, 

the second layer of multilayer laminates should be positioned on top of the first layer 

to cover the empty space between the tungsten flakes on the first layer. This can be 

accomplished by alternatively arranging the tungsten flakes on different layers such 

that the center of the second layer tungsten flakes cover the space between the 

tungsten flakes on the first layer that the γ-ray can pass through (Figure 2.10(b)). 

Depending on the tungsten flake thickness, the total number of stacking layers and 

flexibility of laminates are determined.  

A concomitant benefit of using (BiSn/polymer)/tungsten laminates is not only the 

complete shielding of electromagnetic radiation such as X-rays or γ-rays, but also 

the shielding of the neutron transmission since the polymer (EVA and polyolefin 

elastomer) contains a lot of hydrogen atoms which are very effective to protect from 

the neutron particles. According to our previous study on the neutron shielding 

property of high-density polyethylene (HDPE)/boron filler composite, the pure 

HDPE sheet with a thickness of 2 cm showed more than 23.5% attenuation of 252Cf 

(2.1 MeV) neutron transmission. The blend of EVA and polyolefin contains more 
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hydrogen than HDPE to shield the neutron particles. Further details on the neutron 

shielding effects of (BiSn/polymer)/tungsten composites are underway and will be 

reported in the future. 
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Figure 2. 6. (a) The extrudate of BiSn/polymer, (b) SEM photograph of the fractured 

sectional view (scale bar is 200μm), (c) Bent BiSn/polymer sheet 



57 

 

Figure 2. 7. γ-ray transmittance through the BiSn/polymer composite sheet. The line 

is a fitting of the data using the Beer-Lambert law, I/I0 = exp(-0.0308* x), with a 

correlation of 0.9995. 
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Figure 2. 8. γ-ray transmittance through the tungsten sheet. The line is a fitting of 

the data using the Beer-Lambert law, I/I0 = exp(-0.23282* x) with a correlation of 

0.994. 
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Figure 2. 9. γ-ray transmittance through the (BiSn alloy/polymer composite sheet 

(10mm) + tungsten sheet). The line is the calculated values using the measurement 

values of each sheet. 
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Figure 2. 10. Schematic figure of the multistacked sheet of (BiSn/polymer sheet + 

tungsten sheet) (a) normal view, (b) flexible bent multilayered sheet, (c) sectional 

view, (d) photograph of a single layer of BiSn/polymer sheet + tungsten sheet. 
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Table 2. 3. γ -ray shielding efficiency of the BiSn alloy/polymer composite. 

  

Thickness 1mm 3mm 5mm 10mm 15mm 18mm 

Transmittance 

(measured) 
0.97 0.91 0.85 0.73 0.63 0.58 

Shielding efficiency 

(=1-transmittance) 

0.03 0.09 0.15 0.27 0.37 0.42 
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Table 2. 4. γ-ray shielding efficiency of the (BiSn alloy/polymer composite sheet 

(10mm) + tungsten sheet). 

Tungsten plate thickness 0.2mm 0.3mm 0.5mm 0.8mm 1mm 

Transmittance 0.68 0.67 0.64 0.61 0.58 

Shielding efficiency 

(measurement) 
0.32 0.33 0.36 0.39 0.42 

Calculated value from  

using Table 1 and Table2 values 
0.32 0.33 0.36 0.4 0.42 
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Table 2. 5. Shielding efficiency of multilayer sheets (BiSn/polymer sheet of various 

thickness + 0.5mm tungsten sheet) 

BiSn/Polymer sheet thickness 1mm 3mm 5mm 10mm 15mm 18mm 

Single layer (measured) 0.15 0.2 0.25 0.37 0.45 0.49 

double layer (measured) 0.27 0.36 0.44 0.6 0.69 0.74 

Triple layer (calculated) 0.38 0.49 0.58 0.75 0.83 0.87 
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Table 2. 6. Calculated shielding efficiency of multistacked (1mm thick 

BiSn/polymer + 1mm thick tungsten plate) sheet. 

No. of stacked layers 1 2 3 4 5 6 

Shielding efficiency  

of multilayer sheet (calculated) 
0.15 0.20 0.25 0.37 0.45 0.49 
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2. 4. Conclusions 

 

To test the feasibility of substitutes for lead in X-ray radiation shielding 

applications, three different non-leaded metals (tungsten, tin and bismuth-tin alloy 

(BiSn)) were used to prepare metal-polymer composites. Tin exhibits a shielding 

efficiency that is comparable to that of tungsten between 29 keV (the K-edge energy 

of tin) and 69 keV (the K-edge energy of tungsten). Considering the lightness of tin, 

it can be used to shield low energy X-ray radiation. BiSn exhibits much better 

shielding (a low dose ratio) than tin, and the shielding was comparable to that of 

tungsten for all X-ray energy ranges. It is composed of 42% tin and 58% bismuth, so 

it effectively shields low energy X-ray radiation due to its tin component and high 

energy level radiation due to its bismuth component; the K-edge energy (90 keV) is 

much higher than that of tungsten. Thus, we have demonstrated that BiSn exhibits 

better performance than tungsten and is a suitable candidate for X-ray shielding 

applications. 

Based on this result, we pressed a multilayered sheet of gauze on which BiSn 

suspension was painted. The sheet was found to exhibit good X-ray shielding but 

also non-uniformity in the dispersed metal phase. The lamination of the stacked sheet 

with a WP film or a BiSnP film was found to improve the non-uniform dose ratio 

over the whole surface. The melting and agglomeration of the BiSn particles mean 

that the sheet laminated with a BiSnP film exhibits a more uniform dose ratio than 

the sheet laminated with a WP film. An important feature of the BiSn alloy is its 

absorption of high-energy photons by its high atomic number component (bismuth) 
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and low-energy photons by its low atomic number component (tin), which means 

that its X-ray radiation shielding is very effective. 

The BiSn alloy promises to be useful in the manufacturing of X-ray radiation 

shielding apparels because of its excellent shielding, nontoxicity and low density. 

Further, it can be processed with typical polymer processing equipment. These 

results suggest that the use of non-leaded metal (BiSn)/polymer composites as a 

substitute for the harmful lead currently widely used in X-ray shielding plates and 

medical gowns is feasible.  

In order to test the feasibility of substitutes for the lead in the shielding equipment 

against high energy radiation of γ-ray (667 keV from 137Cs source), multilayer 

composites of (BiSn/polymer)/tungsten were fabricated. All prepared composite 

sheets show a fairly good shielding ability against the high energy γ-ray radiation. 

Both the BiSn (400phr)/polymer sheet and tungsten flakes showed the shielding 

efficiency following the Beer-Lambert law. The transmittance of the tungsten sheet 

is expressed as (I/I0)Tungsten = exp(-0.23282*x) while that of the BiSn/polymer 

composite follows the fitting equation of (I/I0)BiSn/polymer = exp(-0.0308*x) where x is 

the thickness of the composite material in mm. Therefore, tungsten sheet exhibits the 

7 times shielding efficiency than the BiSn (400phr)/polymer composite sheet of the 

same thickness. When the BiSn/polymer composite sheet and tungsten sheet are 

combined to form multilayered laminates, a synergistic effect was observed such that 

12 mm thick tungsten sheet show the same 95% shielding efficiency once it is 

adhered on the 10 mm thick BiSn/polymer 
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Chapter 3. Microwave Absorption and Shielding 

Property of Fe-Si-Al Alloy/MWCNT/Polymer 

Nanocomposites 

 

 

3. 1. Introduction 

 

The recent development of electronic and information technology has led to a 

surprisingly strong change in performance. Electronic devices, such as personal 

computers and mobile phones, have become more integrated, miniaturized, and 

lighter. This rapid progress of high-speed processing electronics has necessarily 

increased the operating frequency of electronics from MHz to GHz or tens of GHz 

frequency bands [1]. This high-frequency microwave generates unwanted 

electromagnetic noise, which not only affects the performance of electric devices but 

also is harmful to humans by raising the temperatures of living tissues and weakening 

immune functions [2-4]. For these reasons, there is a high demand for 

electromagnetic interference (EMI) shielding in the GHz range.  

Electromagnetic wave shielding materials can be classified into three groups: 

conductive absorbers, dielectric absorbers, and magnetic absorbers. When an 

electromagnetic wave is incident on the shielding material, it can be transmitted, 

reflected, or absorbed. The EMI shielding is done by reflection or absorption of the 

wave energy [1,5]. Part of the electromagnetic radiation is reflected from the surface 
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of the conductor, which means that internal fields remain inside, and external fields 

stay outside [5]. In the magnetic absorbers, varying magnetic fields generate eddy 

currents that cancel the applied magnetic field. When incident electromagnetic 

waves are transmitted into magnetic absorbing materials, an induced current is 

generated, which causes charge displacement in the conductor, thereby relieving the 

applied field inside to stop the current. Subsequently, the absorbed energy of the 

incident electromagnetic wave is converted into resistant heat and emitted. The soft 

magnetic metal powder composite materials have been used for EMI shielding 

because of their excellent magnetic properties such as large permeability and 

saturation magnetization [6-10]. However, there are some obstacles that disrupt the 

magnetization. Especially, the drastic decrease of permeability in the high-frequency 

range (above 1 GHz) is a barrier to overcome due to Snoek’s limitation rule [11]. 

One way to overcome Snoek’s limit is to introduce additional magnetic anisotropies, 

including shape anisotropy or strain-induced anisotropy [10]. Several studies on the 

effect of anisotropic morphologies on EMI absorption performance have been 

reported [12,13]. The ferromagnetic metal particles can be easily flattened into thin 

flakes by a facile mechanical milling process. Recently, we have fabricated 

composites with high EMI shielding efficiency in the GHz region using a flat flake-

type Fe−Si−Al alloy [10].  

To improve the performance of magnetic absorbers, carbonaceous materials were 

used as dielectric additives to fabricate the hybrid EMI absorbing materials. In 

particular, carbon nanotubes (CNTs) have attracted a lot of attention because they 

are conductive fillers with a high aspect ratio and low density and they show a high 
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dielectric loss [2,9,14]. Several reports have been published on the EMI shielding 

efficiency of composite materials consisting of magnetic fillers and CNTs [15-18]. 

Huang et al. investigated the effect of the good impedance matching and strong EM 

wave attenuation capability in the FeSiAl/MWCNT (2 wt %) composite, which 

contributes to the excellent microwave absorbing performance of the composite, 

whereas the composite with excessive addition of MWCNTs (10 wt %) showed 

much poorer absorbing capability [17]. 

In our previous study, we have shown that addition of the micro-forged Sendust 

flakes as the absorbent fillers in the SEBS/PP matrix can significantly increase the 

EMI shielding efficiency compared to that of Sendust bulk particle composites in the 

near-field region [10]. In this study, we have designed and manufactured an EM 

absorber, which combines anisotropic Sendust (magnetic absorption material) and 

MWCNTs (dielectric absorption material) for shielding effectiveness (SE) 

enhancement. The hybrid composites are light but exhibit a high SE in a wide 

frequency range. Contrary to Huang et al.’s results, the effect of MWCNT on the 

dielectric loss of the composite increases with the MWCNT amount until it reaches 

15 phr [17]. 

 

 

3. 2. Experimental Section 

 

3. 2. 1. Materials 
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Polyolefin elastomer (POE, LC-170 from LG Chemical) and ethyl vinyl acetate 

(EVA of 45% of vinyl acetate) were used as a polymer matrix. Flake-type Sendust 

provided by Changsung Co. (Korea) was used for the ferromagnetic metal powder. 

A multiwalled carbon nanotube (MWCNT, HANOS CM-250, 95 wt % purity from 

Hanhwa Chem) was selected as the conductive filler. Stearic acid (Aldrich) and 

NAUGARD-445 (Uniroyal) were used as a lubricant and an antioxidant, respectively. 

p-Xylene (Daejung Chem) was used as an organic solvent to make the 

Sendust/MWCNT/polymer suspension, and ethanol (Daejung Chem) was used as an 

organic solvent to precipitate the Sendust/MWCNT/polymer suspension. 

 

3. 2. 2. Preparation of Sendust/Polymer Composites 

 

Two mixed polymer resins (EVA and POE in the 3:7 ratio) were mixed for 10 min 

at 100 rpm with flake-shaped Sendust in a twin-screw internal mixer (Haake 

Rheomix model 600 p) heated to 100 °C. The mixed composite was further 

processed at 90 °C for 10 min by a roll-milling machine to make the Sendust particles 

be aligned in the same direction. Finally, the mixed samples were processed for 3 

min at 80 °C on a laboratory-scale hot press machine and annealed for 3 min at room 

temperature. 

 

3. 2. 3. Fabrication of Sendust/MWCNT/Polymer Composites 
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MWCNTs were first suspended in p-xylene and then sonicated for an hour at 60 °C. 

The content of MWCNTs was fixed at 0.5 wt %. After stirring for an hour, the 

MWCNT suspension was poured into a p-xylene/polymer solution (EVA and POE 

in the ratio 3:7). The mixture was sonicated for 1 h at 60 °C and then stirred for 1 h. 

Ethanol was added dropwise to the mixture with constant stirring at room 

temperature. The precipitates were filtered and dried at 80 °C for 24 h in a vacuum 

oven. The material was then mixed with the flaky Sendust for 10 min in a twin-screw 

internal mixer preheated to 100 °C at 100 rpm, processed by a roll-milling machine, 

and pressed and annealed under the same condition as the Sendust/polymer 

composites. The contents of flaky Sendust particles were fixed at 100 phr (parts per 

hundred rubber), and the contents of MWCNTs were changed to 5, 10, and 15 phr. 

 

3. 2. 4. Characterization 

 

To measure the near-field power loss, the 50 mm × 50 mm × 1 mm size sample 

was attached to a microstrip line sample holder, and the holder was connected to a 

vector network analyzer (VNA, Agilent E8364A) in a frequency range from 45 MHz 

to 6 GHz. The reflection loss (RL) of the composite was evaluated by the following 

well-known equations with measured complex permeability and permittivity [10,17], 

RL (dB) = 20 log10 |
𝑍𝑖𝑛−𝑍0

𝑍𝑖𝑛+𝑍0
|                     (3. 1) 

𝑍𝑖𝑛 = 𝑍0√
𝜇𝑟

𝜖𝑟
tanh (𝑗

2𝜋𝑓𝑑

𝑐 √𝜇𝑟𝜖𝑟)                   (3. 2) 

where Zin is the absorber input impedance, Z0 is the impedance of free space, f is the 

input frequency, d is the thickness of the absorber, μr and ϵr are the complex 
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permeability and permittivity of the composites, respectively, j denotes −1, and c is 

the velocity of electromagnetic wave in free space. The transmission power loss is 

determined using the following equation, 

Power Loss =  (
𝑃𝑙𝑜𝑠𝑠

𝑃𝑖𝑛
) =  (

𝑃𝑖𝑛−𝑃𝑡𝑟𝑎𝑛𝑠

𝑃𝑙𝑜𝑠𝑠
) = 1 − (|𝑆11|2 + |𝑆21|2)  (3. 3) 

where Pin is the incident power, Ploss is the absorbed power, Ptrans is the transmitted 

power, |S11|2 is the reflection coefficient (R), and |S21|2 is the transmission coefficient 

(Γ). The power loss corresponding to the electromagnetic absorption loss is 

proportional to the thickness as follows, 

Power Loss ∝ d√𝜇𝑟𝑒𝑓𝜎                (3. 4) 

where μre is the relative permittivity, f is the frequency, d is the thickness of the 

sample, and σ is the conductivity [19].  

On the other hand, the electromagnetic interference shielding performance (SE) 

in the far-field region was measured by using the coaxial cell method. Complex 

permeability and complex permittivity were evaluated by measuring the reflection 

coefficient (|S11|2) and the transmission coefficient (|S21|2) of the specimen backed by 

a copper strip in a frequency range from 100 MHz to 6 GHz using a vector network 

analyzer (VNA, Agilent E8364A) [20]. The values of total shielding effectiveness 

(SEtotal), absorption SE (SEabs), and reflection SE (SEref) were determined based on 

the measured S parameters as follows, 

R = |S11|2,  T = |S21|2,  A = 1 − R– T              (3. 5) 

SE𝑟𝑒𝑓 (dB) =  −10 log10(1 − 𝑅), SE𝑎𝑏𝑠 (dB) =  −10 log10(𝑇/(1 − 𝑅))  (3. 6) 

SE𝑡𝑜𝑡𝑎𝑙  (dB) =  10 log10(𝑃𝑖𝑛/𝑃𝑡𝑟𝑎𝑛𝑠) = 𝑆𝐸𝑟𝑒𝑓 (𝑑𝐵) + 𝑆𝐸𝑎𝑏𝑠 (𝑑𝐵))     (3. 7) 
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where R is the reflection coefficient, T is the transmission coefficient, A is the 

absorption coefficient, Pin is the incident power, and Ptrans is the transmitted power. 

The morphologies of the samples were observed by scanning electron microscopy 

(SEM, Jeol JSM-7600F). The fractured sample in the liquid nitrogen was coated with 

Pt prior to SEM observation. 
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3. 3. Results and Discussion 

 

3. 3. 1. Morphology of Sendust/MWCNT/polymer composites 

 

As shown in Figure 3. 1, the ball milling process was efficient to convert the bulk-

shaped filler into a flake form having a thickness of ∼2 μm and an average aspect 

ratio of ∼80. Figure 3. 2 shows the morphology of the flake 

Sendust/MWCNT/polymer composite after roll milling. The flakes were aligned 

along the roll-milling direction without any free space (Figure 3. 2 (a)). At high 

magnification (Figure 3. 2 (b)), well-dispersed MWCNTs are observed in the 

polymer matrix, which are shown as bright thin wire lines.   

 

3. 3. 2. Dielectric Properties 

 

Figure 3. 3 and Figure 3. 4 show the complex permeability and permittivity 

behaviors of the hybrid composites. Since the MWCNTs have no magnetic property 

at all, the permeability of the composites was not significantly affected by the 

addition of MWCNTs but slightly decreased due to the dilution effect, whereas the 

complex permittivity of the composites was significantly enhanced by the 

incorporation of MWCNTs because of the high permittivity of MWCNTs. When the 

content of MWCNTs was 15 phr, the complex permittivity abruptly increased, and 

the value was two times higher than that of MWCNT 15 phr composites in the entire 

frequency range (dot line). This improvement in the complex permittivity of the 



80 

 

composites could be explained by Debye’s theory. According to Debye’s theory 

[21,22], the imaginary permittivity, ε”, is represented as follows  

ε" = 휀𝑝
" +  휀𝑐

" = (휀𝑠 − 휀∞)
𝜔𝜏

1+𝜔2𝜏2
+

𝜎

0𝜔
             (3. 8) 

where σ is the electrical conductivity, ω is the angular frequency, τ is the relaxation 

time, and εs and ε∞ are the static permittivity and the relative permittivity, 

respectively [19]. The imaginary part of the complex permittivity comes from 

contributions of both the relaxation (εp″) and the conductance (εc″) [22].  

As shown in the electrical conductivity results the addition of MWCNTs formed 

a local conductive network of the composites once it is higher than the threshold 

concentration. The increased conductivity of the composite suitably improves the 

conductive loss. Furthermore, the maximum value (a new resonant peak) appears at 

near 4.5 GHz for the 15 phr MWCNT added composite, which is ascribed to 

enhanced interfacial polarization with the addition of MWCNTs [8, 23]. 
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Figure 3. 1. SEM photographs of (a) bulk Sendust (x100 magnification) and (b) 

micro-forged Sendust (x100 magnification) 
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Figure 3. 2. SEM photographs of (a) fractured surface of the composite after roll 

milling (x500 magnification) and (b) x10000 magnification 
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3. 3. 3. Microwave Absorption and EMI Shielding Properties 

 

Figure 3. 5 shows the reflection loss (RL) and the power loss of the 

Sendust/MWCNT/polymer composite in the frequency range from 100 MHz to 6 

GHz. The minimum reflection loss value of the Sendust/MWCNT/polymer 

composite was −17 dB at 4.6 GHz containing 5 phr MWCNTs, whereas the 

minimum value of composites with 10 phr of MWCNTs at 4.3 GHz was −7 dB and 

that of 15 phr MWCNTs including the composite at 2.5 GHz was −4.0 dB (Figure 3. 

5 (a)). As the content of MWCNT increases, the frequency of the minimum reflection 

loss shifts to a lower frequency, whereas the reflection loss value decreases. The 

highest permittivity of composites with 15 phr MWCNTs (largest amount) indicates 

superior absorbing properties through dissipation of the EM energy into heat 

(dielectric loss). In contrast to the result of the complex permittivity, the lower the 

MWCNT content, the better the reflection loss performance. To explain this behavior, 

we need to consider impedance matching, which plays an important role in 

determining the EMI absorption properties of materials [12-17]. When an 

electromagnetic wave encounters a discontinuity (boundary surface of the shielding 

material), it may be reflected or absorbed depending on the impedance difference at 

the boundary. If the air impedance differs greatly from the intrinsic impedance of the 

shielding material, most of the electromagnetic wave is reflected, and very little is 

transmitted across the boundary [9,25-27]. For microwave absorbers, the 

relationship between matching thickness and matching frequency is given by [18] 

f = c (1 + tan2 𝛿𝜇 /8)/(4𝑑√𝜇𝑟휀𝑟)               (3. 9) 
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where μr and ϵr are the complex permeability and permittivity, respectively, f is the 

frequency, d is the thickness of composites, c is the velocity of electromagnetic 

waves in free space, and tan δμ is the magnetic loss tangent. As shown in eq 3.9, the 

impedance matching condition could be altered by variation of the permeability and 

the permittivity of composites. Since the thickness of the composites was constant 

(∼1 mm), the matching frequency decreased by increasing the complex permittivity. 

The complex permittivity for impedance matching could be calculated if the values 

of the complex permeability in each frequency range are known. By using an 

electromagnetic characteristic parameter map generated in earlier studies, we were 

able to find the best condition corresponding to zero reflection [28]. The composite 

containing 100 phr Sendust and 5 phr MWCNTs was close to meet the necessary 

conditions for zero reflection. Sendust/MWCNT/polymer composites with 10 or 15 

phr MWCNTs failed to satisfy the zero-reflection condition. Thus, a stronger 

reflection of the incident microwaves occurred at the interface of the composite 

containing 5 phr MWCNTs. Under general conditions, however, more dipoles are 

formed as the amount of MWCNTs increases. The increase of the dipoles thus 

contributes to increasing the dielectric loss [29,30]. Similar behavior of the reflection 

loss was reported when a conductive material was mixed with a magnetic absorber 

[6,17,18]. Therefore, the electromagnetic wave attenuation efficiency at the 

measured frequency range can be increased with the MWCNT amount.  

The power loss in Figure 3. 5 (b) corresponding to electromagnetic absorption loss 

is proportionate to permeability and conductivity. As the addition of mixed 

MWCNTs in the composite increases the permittivity (Figure 3. 4), so does the 
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power loss. The specimen containing 100 phr Sendust and 5 phr MWCNTs lost 30 % 

power at 1 GHz, and composites containing 10 and 15 phr MWCNTs lost 40 and 60 % 

of power at the same frequency. These power loss values of the ternary 

(Sendust/MWCNT/polymer) composites are higher than that of the one containing 

Sendust only. The power loss value at 1 GHz and the density of composites 

containing different types of EMI absorbers are summarized in Table 3. 1. The 

density of the specimen containing100 phr Sendust was 1.51 g/cm3, which managed 

to absorb 26 % of the energy at 1 GHz. The density of 15 phr MWCNTs was 1.05 

g/cm3, and this filler could absorb 30% of the energy at 1 GHz. Though the density 

of the Sendust/MWCNT/polymer composite containing 100 phr of Sendust flakes 

and 15 phr of MWCNTs was only 1.75 g/cm3, it was surprisingly able to absorb 60 % 

energy over the same frequency range. The specific power loss (SPL), which is the 

power loss value divided by the material density, is evaluated to compare the overall 

absorbing attenuation of different materials. The ternary hybrid composite shows a 

higher SPL value than the other two composites containing MWCNT only and 

Sendust only. This means that a composite lighter than the one containing only 

Sendust but highly effective and better than that containing only MWCNT can be 

made by uniformly mixing Sendust and MWCNT with the polymer matrix. The 

power loss of Sendust plus 15 phr MWCNTs containing the specimen is similar to 

that of the one containing 400 phr flaky Sendust [10]. Thus, it is possible to produce 

a composite that is lightweight but has excellent electromagnetic wave absorption 

characteristics in the near field region.  
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The performance of a microwave absorber containing MWCNTs in the far-field 

can be evaluated by the EMI SE. Figure 3. 6 shows the EMI shielding effectiveness 

(EMI SE). The ternary composites (Sendust/MWCNT/polymer) showed better 

shielding effectiveness than that of the composite containing Sendust only, and the 

EMI SE improved with the amount of MWCNTs in the composite. The total SE 

could be represented by the sum of absorption loss and reflection loss (eq 3.7). 

Though the reflection loss of the hybrid composites decreased with the amount of 

MWCNTs due to the frequency mismatch, the addition of MWCNTs in the hybrid 

composites was effective to increase the overall EMI shielding performance because 

of the enhanced dielectric loss contribution by the high permittivity of the 

composites.  

Huang et al. prepared flaky Fe−Si−Al alloy/MWCNT composites without the roll-

milling process. The composite containing 2 wt % of MWCNTs achieved the 

minimum RL value of −42.8 dB at 12.3 GHz at a film thickness of 1.9 mm. When 

the MWCNT content was increased to 10 wt %, the minimum RL value was −6 dB 

at 5.2 GHz. The current result of the minimum RL value for the 10 phr MWCNT 

specimen is −7.5 dB at 5.5 GHz. The difference can be attributed to the difference in 

anisotropy of magnetic fillers and the additional roll-milling process. Our magnetic 

fillers have 4 times larger aspect ratio than theirs (aspect ratio ∼20) [17]. In addition, 

the magnetic filler could be aligned by the roll-milling process along the milling 

direction without voids. The well-dispersed MWCNTs located between the magnetic 

fillers could construct the conductive network more easily [17,18]. A comparison of 

our complex permittivity data with Huang et al.’s evidently demonstrates that the 
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longer flake has superior permittivity: the maximum complex permittivity of 

composites is about 4 times higher than Huang et al.’s. Although less MWCNT (2 

wt %) was used in Huang et al.’s study and higher reflection loss at high frequency 

(−42.8 dB at 12.3 GHz) was recorded, its reflection loss at the frequency between 1 

and 6 GHz was much less than that in the current study, and their film thickness was 

1.9 mm, twice thicker than the current film.  

All these results illustrate the importance of the proper amount of MWCNT, which 

should be decided depending on the operating (or electromagnetic interference 

shielding) frequency range of the device. However, the current study evidently 

demonstrates that the ternary EMI shielding film is useful for electromagnetic wave 

absorption and EMI shielding. It also provides a viable method to prepare an efficient 

multilayer EMI shielding film in which a layer containing a small amount of 

MWCNT, for example, 2 wt %, for the optimum RL loss at high frequency and a 

layer containing an appropriate amount of flaky Sendust and MWCNTs for the 

optimum power loss are alternatively laminated [31-33]. This is currently under way 

and will be reported in the future. 
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Figure 3. 3. Complex permeability of Sendust/MWCNT/polymer composites: (a) 

real permeability and (b) imaginary permeability 



89 

 

  

Figure 3. 4. Complex permittivity of Sendust/MWCNT/polymer composites: (a) 

real permittivity and (b) imaginary permittivity 



90 

 

  

Figure 3. 5. Electromagnetic absorption performance of Sendust/MWCNT/polymer 

composites: (a) reflection loss and (b) power loss 
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Figure 3. 6. EMI shielding effectiveness (SE) of the Sendust/MWCNT/polymer 

composites 
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Sample 
Density 

(g/cm3) 

Power Loss 

(@ 1 GHz) 

Specific Power Loss 

(cm3/g) 

Flake Sendust 100 phr 1.51 0.265 0.175 

MWCNT 15 phr 1.05 0.305 0.290 

Flake Sendust 100 phr 

+ MWCNT 15 phr 
1.75 0.596 0.340 

Table 3. 1. Power Loss, Density, and Specific Power Loss of Magnetic, Dielectric, and 

Hybrid Composites 
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3. 4. Conclusions 

 

Sendust/MWCNT/polymer composites were prepared by applying a solution 

blending method and using an internal mixer. The incorporation of MWCNTs with 

micro-forged Sendust could significantly improve the electromagnetic wave 

absorption and EMI shielding efficiency compared to Sendust/polymer composites. 

The loss mechanism of the Sendust/MWCNT/polymer composites consists of both 

magnetic loss and dielectric loss. Added MWCNTs could improve the permittivity 

of composites, causing a large increase in dielectric loss. The composite containing 

100 phr Sendust and 15 phr MWCNTs absorbed 60 % of the energy at 1 GHz and 

demonstrates a wide shielding frequency range. On the other hand, the reflection loss 

value reached −17 dB at 4.6 GHz in the composite containing 5 phr MWCNTs. The 

total SE value increased with the amount of MWCNT due to the enhanced dielectric 

loss caused by increased permittivity and improvement in conductivity of the ternary 

composites. In addition, the composite produced by this approach has the practical 

advantage of being able to produce light and thin microwave absorption materials 

with excellent EMI shielding efficiency in a wide frequency range. 
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Chapter 4. Enhancement of Interfacial Adhesion 

between Polymer Pairs and Fracture Mechanism 

 

 

4. 1. Introduction 

 

The adhesion at heterogeneous polymer−polymer interfaces plays a key role in the 

mechanical properties of polymer lamination, coatings, welding, composite adhesion, 

and particle sintering [1-9]. Since most polymer pairs are thermodynamically 

immiscible, the interdiffusion of molecules at their interface is insufficient to create 

entanglements with the interfacial chains [4-6]. As a result, the interfacial adhesion 

strength is quite weak. A useful method for the strengthening of weak interfaces is 

the addition of a graft or block copolymer that enables entanglements of the 

interfacial polymer chains [7-10]. Diblock copolymers are quite effective 

entanglement agents, but random copolymers or graft copolymers that make multiple 

excursions across the interface can also be effective [11-14]. Another useful method 

for improving the adhesion strength is to use a reactive compound that can generate 

in situ graft or block copolymers at the interface [1,15,16]. Produced in situ block or 

graft copolymers at the interface during the annealing form entanglements with other 

matrix molecules on both sides. This approach provides an alternative to costly block 

copolymer synthesis, which is not possible for some immiscible polymer pairs [5,7].  

In a reactive compound-added system, the interfacial adhesion strength depends 
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on many parameters [7-16]. It has been found that the adhesion strength (fracture 

toughness) between two heterogeneous (immiscible) polymers whose interface is 

reinforced by in situ block or graft copolymers increases with the annealing (bonding) 

time, passes through a peak, and then reaches a plateau [1,5]. The annealing 

temperature dependence is similar to time dependence in that the adhesion strength 

passes through a maximum at a particular temperature [7,15]. The appearance of a 

maximum in the fracture toughness does not arise because of variation in the amount 

of the copolymer formed at the interface or because of the hindrance of diffusion of 

the functionalized polymer to the interface [16-18]. The ion-beam irradiation of 

surface molecules under oxygen environment has been found to produce some 

functional groups down to a shallow depth of an amorphous polystyrene surface or 

a semi-crystalline polypropylene surface [18-20]. The resulting surface functional 

groups were found to react with the amine end groups of the polyamide (nylon 6) 

[15,21,22]. The fracture toughness of these systems was found to follow a similar 

track: it increased with the bonding time, peaked at a particular time and temperature, 

then decreased to reach a steady plateau. This dependence on the annealing (bonding) 

time and/or temperature seems to be a common feature of such systems regardless 

of the polymer structure (crystalline or amorphous) [15]. As long as the molar mass 

of the reacted copolymer is sufficiently high to form entanglements with both matrix 

polymers and the number density of the copolymer is sufficiently high, the fracture 

mechanisms will have these typical features that are independent of the crystallinity 

of the polymer.  

Such variations in the fracture toughness with the bonding time and temperature 
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have been attributed to the presence of two different failure mechanisms in these 

systems; adhesive failure at the interface and cohesive failure in the bulk beneath the 

interface due to chain disengagement [1,7]. These failure mechanisms become 

relevant under different conditions, as follows. When the annealing reaction starts, 

the concentration of the in situ graft copolymers increases to enhance the adhesion 

strength with the annealing time and temperature. At the same time, 

nonfunctionalized molecules leave the highly energetic interface [1,4]. This 

molecular diffusion leads to chain disengagements with other copolymer chains 

generated in situ at the interface [22,23]. The cohesive strength then decreases with 

the annealing time because of reduced engagements between chains; this effect 

occurs more rapidly at a higher bonding temperature. Although this explanation is 

very convincing, it has not been experimentally proved so far. Here, we provide 

direct experimental evidence for the diffusion of nonfunctionalized molecules from 

the interface into the bulk of the matrix, which causes the cohesive failure in the 

polymer having lower strength. 

 

 

4. 2. Experimental Section 

 

4. 2. 1. Materials 

 

The materials used in this experiment were a commercial polyamide 6 (Nylon 6, 

PA6) and polystyrene (PS). The polyamide was supplied by Kolon, KN171. The 
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weight average molecular weight, Mw, was 8.5 x 105 g/mol, and the polydispersity 

index was 3.5. The polystyrene was GPPS-150K from Kumho petrochemicals. The 

weight average molecular weight, Mw, was 2.8 x 105 g/mol, and the PDI index of 

PS was 2.4. The poly(styrene-co-maleic anhydride (PSMA)) contained 7 wt% maleic 

anhydride group, which was supplied by Aldrich in pellet form without any additives. 

The weight average molecular weight of the PSMA was 2.24 x 105 g/mol. The 

physical properties of the materials used in this study are listed in Table 4.1.  

Blending of PS and PSMA was performed in an internal mixer at 200 °C. DSC 

thermograms showed that the PSMA and PS/PSMA blend had almost the same 

melting behavior as pure PS. Therefore, we believe that phase separation between 

PS and PSMA didn’t occur in PS/PSMA blend. The strips had predetermined 

dimensions were made by compression molding at 180 °C and at 240 °C for PS 

(PS/PSMA), PA6, respectively. 

 

4. 2. 2. Ion beam irradiation and plasma treatment 

 

The system for surface treatment consists of a conventional plasma treatment 

system and a low energy ion beam irradiation system with reactive gas feeding 

system. In this system, surface was irradiated by low energy ion beam and plasma, 

simultaneously. The first process was that low energy Ar+ ion beam irradiation on 

the surface of PS strips with reactive O2 gas. The flow rate of Ar gas was 2 sccm, 

and O2 gas was 3 sccm. The irradiation process was performed under 10-4 torr. For 

the second process, we treated O2 plasma on the specimens. A radio frequency 
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(13.56MHz) plasma was generated by RF power source (RF5S-PF power products 

Inc.) and the plasma power was 100W. The O2 gas flow rate was fixed at 10 sccm. 

And in the third process, we combined two processes, ion beam treatment and plasma 

treatment. First, the PS samples were irradiated by low energy Ar+ ion beam without 

reactive gas and then irradiated PS samples were treated by O2 plasma immediately. 

Pre-ion beam irradiation time was 180 seconds and treatment time of plasma was 

between 60sec, 600sec to check how the treatment time affected the extent of 

functionalization. 

 

4. 2. 3. Adhesion Process 

 

The modified PS strips (or the blended PS strip) was combined with PA 6 strips in 

an airtight mold. And the mold was heated in the compression molder under slight 

pressure. The temperature was varied between 180 °C and 230 °C and bonding time 

was from 30 min to 120 min. The mold was cooled down to room temperature in the 

air. All bonded samples were stored in a desiccator for 24 hours before measuring 

the fracture toughness. 

 

4. 2. 4. Measurement of Fracture Toughness 

 

The fracture toughness of bonded samples was measured by using an asymmetric 

double cantilever beam test. This test has been shown to be quite reliable 

measurement for the fracture toughness of a polymer interface. Details of this test 
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are shown in Figure 4. 1.  

The following equation derived by Boucher et al. based on calculations by 

Kanninen, whose assumption was that the finite elasticity of the materials ahead of 

the crack tip required correction factors for small crack length was used, [11] 

 

Gc =
3∆2

8a4

EPShPS
3EPA6hPS

3

EPShPS
3αPA6

2+EPA6hPA6
2αPS

2
            (4. 1) 

where E and h denotes the elastic modulus and the thickness of materials, 

respectively, and Δ is the thickness of the blade (0.25mm), αi, is the correction factor 

for material and is given by 

αi = {1 + 1.92 (
hi

a
) + 1.22 (

hi

a
)

2

+ 0.39 (
hi

a
)

3

} {1 + 0.64 (
hi

a
)}⁄     (4. 2) 

To minimize the effect of Gii mode in the fracture toughness, we fabricated all our 

samples with a predetermined thickness ratio, hPS/htot of 2/3. The ADCB test yields 

reliable values if two precautions are taken. Asymmetric conditions of samples and 

critical energy release rate must be calculated in the proper limit. The former case, it 

is known that varying the ratio of thicknesses changes the amount of Gii component 

in the fracture process. In PP and PA6 system, the energy release rate is much larger 

than the observed minimum obtained for hPP/htot of 0.62. In PS and PA6 system, the 

thickness ratio of 0.67 shows the maximum fracture toughness value in ADCB test, 

we chose the thickness ratio of hPS/htot is 2/3. The crack length a was measured by 

optical microscope (Olympus). 
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4. 2. 5. Characterization 

 

The chemical components of modified PS were analyzed by using X-ray 

photoelectron spectroscopy (XPS). The XPS spectra were recorded Kratos AXIS 

spectrometer (hv = 1.5keV). Base pressure is 5 x 10-10 torr, take-off angle is 90 degree 

and irradiation time is about 30min to 1hours. The spectra were referenced to the 

main components of the C1s peaks of PS at a binding energy of 285eV. The O1s 

peaks was referenced to the C=O peak at 531.9eV, the C-O peak at 533.1eV and the 

COO peak at 533.3eV. The peak deconvolution process was operated by using the 

software (Origin) 

Tri-layer films were prepared for the diffusion measurements by solution spin-

coating and floating methods. The thickness of each layer is shown in Figure 1. Real-

space depth profiles were recorded by using dynamic secondary-ion mass 

spectrometry (DSIMS, ATOMIKA SIMS 4000 spectrometer) [23]. An incident 4 keV, 

30 mA beam of oxygen ions was focused onto a 200 μm × 200 μm area for the 

detection of negative secondary ions. The angle of incidence was 45°. To ensure 

stable sputtering during the measurements, a PS buffer layer was laminated onto the 

d-PS/PSMA mixed layer by using the floating technique [24-26]. A gold layer with 

a thickness of 20 nm was sputter-coated onto the tri-layer surface to prevent charging 

the specimen during the DSIMS measurements [26]. 

 

4. 2. 6. Lamination with Aluminum film and barrier properties 
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By using surface modification method of the polymer, we fabricated aluminum 

film laminated clay/polymer film to examine the potential for the gas barrier film. In 

general, the gas barrier film was fabricated by deposition of aluminum oxide or 

silicon oxide. In this experiment, poly(m-xylylene adipamide) (MXD6) was used as 

polymer matrix, Cloisite 93A was used as the filler. The filler content was fixed at 5 

wt%, and the thickness of the composites film was about 70 μm and the size were 

10 cm x 10 cm.  

The surface treatment was performed using oxygen plasma, the power was 120 W 

and treatment time was 10 minutes. After surface treatment of clay/MXD6 

nanocomposites, the modified nanocomposites were combined with aluminum film 

(6 μm, 12 μm). Then, clay/MXD6 film and aluminum film were laminated at 150 °C 

using a compression mold. The water vapor permeability was measured according 

to ASTM F2622 standard. The permeation values were recorded at 23 °C and 50 % 

relative humidity by a Mocon Permatran-W 3/33 (Minneapolis, USA).  
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Table 4. 1. Various properties of polymeric materials 

  

Materials Properties ASTM Value 

Polystyrene 

Tensile Strength D638 540 kg/cm2 

Tensile Modulus D638 1.5 GPa 

Elongation at Break D638 3.5 % 

Flexural Strength D790 890 kg/cm2 

Flexural Modulus D790 33000 kg/cm2 

Impact Strength (IZOD) D256 14.7 J/m 

Tg  104.5 °C 

Polyamide 6 

Tensile Strength D638 820 kg/cm2 

Tensile Modulus D638 2.05 GPa 

Elongation at Break D638 150 % 

Flexural Strength D790 1300 kg/cm2 

Flexural Modulus D790 30000 kg/cm2 

Impact Strength (IZOD) D256 74 J/m 

Tm  220 °C 

PS-g-MA 

Impact Strength (IZOD) D256 11.0 J/m 

Hardness D785 108 

Softening Point D1525 118 °C 

Tg  120 °C 

Density  1.1 g/cm3 
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Figure 4. 1. Schematic illustration of asymmetric double cantilever beam (ADCB) 

test [11]. 
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Figure 4. 2. Schematic representations of structures and reaction between PSMA 

and PA6 
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Figure 4. 3. Schematic illustrations of experiments 
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4. 3. Results and Discussion 

 

4. 3. 1. Adhesion Strength with Bonding Time and Temperature 

 

In a general reactive compatibilization system for immiscible 

amorphous/crystalline polymer pairs, the reactive components added in amorphous 

polymer side and the end group of crystalline polymers easily react to form covalent 

bonds during processing. Our system of PS/PSMA blend and PA6 (polyamide 6) is 

also like that. The maleic anhydride groups in the blend and the amine end groups of 

PA6 reacts each other. The schematic representation of structures and reaction 

between PSMA and polyamide 6 was shown in Figure 4. 2. Through the reaction, 

PA6 chains were grafted with PSMA chain containing maleic anhydride groups and 

the copolymer was formed at the interface. 

The schematic procedure of specimen preparation and adhesion test of PS/PSMA 

and PA6 was shown in Figure 4. 3. After the procedure, ADCB test for the 

measurement of adhesion strength was performed. 

The fracture toughness versus the annealing time is plotted in Figure 4.4. Some 

facts are interesting to note: First, the introduction of PSMA resulted in an 

improvement in the fracture toughness of the interface. Second, the fracture 

toughness increased with the annealing temperature, reached its maximum value at 

a temperature of 200 °C, and then decreased with increase of bonding temperature. 

Third, this system has optimum annealing time of 90 minutes, and annealing 

temperature of 200 °C having the highest value of fracture toughness, although it 
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was less obvious in other cases. Fourth, the fracture toughness increased after some 

induction time of annealing due to the wetting process between the polymer pairs. 

The chemical reaction occurring at the interfaces of reactively blended polymer 

pairs can be controlled by either diffusion or reactions. Cho and Li insisted that the 

critical areal densities of the copolymer at the interface increased with annealing 

temperature until they reached a saturation point at which reactions no longer 

occurred near the interface due to the steric hindrance caused by the high areal 

densities. Seo and Ninh concluded that their system of PP/PPMA blend and Ny6 was 

also diffusion-controlled. Our results agree with that. Actually, either process of 

diffusion or reaction, could govern the interfacial reaction kinetics, especially in the 

initial stage of adhesion. The parameters affecting the rates of diffusion and reaction 

are the bonding temperature and the initial concentration of the functional groups on 

the polymer surface. For an exact analysis, the effects of the annealing temperature 

and the initial concentration were needed. In this study, however, we investigate the 

effects of the annealing temperature and the bonding time at a constant annealing 

temperature since we cannot precisely control the number of functional groups on 

the polymer surface. 

Figure 4.5 shows the fracture toughens as a function of the annealing temperature 

at various bonding time. The slope increases with the annealing temperature up to 

200 °C and the maximum growth rate having the highest fracture toughness is 

appeared at 90min of bonding time. The fracture toughness shows a peak at 200 °C 

and then decrease with higher annealing temperature. In 30 min of short annealing 

time, the fracture toughness was less than about 50 J/m2, and a low annealing 
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temperature of 180 °C leads to an interfacial toughness of under about 100 J/m2. It 

was for this reason that a low temperature and short annealing time did not give 

enough wetting process. 

In this system, the non-wetting processes doesn’t cause the diffusion problem of 

reactive blending system because the surface modification modify the surface only 

(less than a hundred nanometers). The IB+O2, PLASMA, IB+PLASMA processes 

introduced the functional groups which contain oxygen on the surface. So, this 

system can be regarded as the reaction-controlled system. The produced hydroxyl 

groups, carbonyl groups and carboxyl groups reacted with the amine groups of 

polyamide 6 at the interface. Through the reaction, polyamide 6 was grafted with 

polystyrene and copolymer was formed at the interface. According to the several 

recent researches, the interface is occupied with functionalized polymers and is in a 

reaction-controlled regime.  

Figure 4.6, 4.7 and 4.8 shows the variation of fracture toughness between the 

surface modified PS and PA6 with bonding temperature and time. From these data, 

we could conclude every surface modification process is effective to enhance the 

interfacial adhesion. Because the fracture toughness of neat PS and PA6 is about 

several J/m2. The fracture toughness increased with bonding time as the reaction 

between functionalized PS and the amine groups of PA6 proceeded. As mentioned 

above, the interface will be occupied fully by graft copolymer formed by the reaction. 

Then, we could expect the fracture toughness will be saturated at specific value in 

long bonding time. However, the interfacial strength reached a plateau or decreased 

after the peak of maximum fracture toughness. 
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In the variation of fracture toughness with bonding temperature, the fracture 

toughness increased with the annealing temperature, reached a maximum value at a 

temperature of 210 °C, and then it decreased with increase of bonding temperature 

regardless of the three different surface modification processes. The maximum 

fracture toughness (average value) in IB+O2 is 227.75 J/m2, and that of plasma 

treatment process is 286.04J/m2 and finally that of the combined process has 309.39 

J/m2.   
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Figure 4. 4. Variation of the fracture toughness of PS(+PSMA)/PA6 interface with 

the annealing time. 
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Figure 4. 5. Variation of the fracture toughness of PS(+PSMA)/Ny6 interface with 

the annealing temperature. 
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Figure 4. 6. Variation of the fracture toughness between modified PS by ion beam 

irradiation under reactive oxygen gas and PA6 with (a) bonding temperature and (b) 

bonding time. 
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Figure 4. 7. Variation of the fracture toughness between modified PS by oxygen 

plasma treatment and PA6 with bonding temperature (a), and bonding time (b) 
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Figure 4. 8. Variation of the fracture toughness between modified PS by plasma 

treatment after ion beam irradiation without reactive gas and PA6 with bonding 

temperature (a), and bonding time (b) 
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4. 3. 2. Fracture Mechanism 

 

The occurrence of maxima in the fracture toughness was ascribed to the 

occurrence of different failure mechanisms. When the block or graft copolymers are 

not long enough to be fully entangled with the matrix molecules at both sides, the 

fracture at the interface is proceeded by chain pullout. Because the in-situ graft 

copolymers produced at the interface have high molecular weights to be fully 

entangled with matrix polymers at both sides, the fracture occurs by the chain 

scission even when the areal density of copolymers at the interface is low [23]. As 

the annealing proceeds, the areal density of graft copolymers goes over some critical 

values to enable the adhesive strength strong enough to withstand the fracture stress. 

After a long reaction time has passed, the cohesive strength in the PS side decreased 

because other normal PS molecules diffuse away from the interface to form a 

microphase separation between the polystyrene and PSMA molecules. If the 

cohesive strength becomes lower than the adhesive strength, failure occurs due to 

cohesive failure between the molecules at or near the interface and other PS 

molecules below the interface. Then, the fracture will be proceeded by the cohesive 

failure in the weaker polymer side (PS). After some time, both the adhesive strength 

and cohesive strength reach steady-state values. Hence, a maximum occurs in the 

variation of the fracture toughness with time. Whether the maximum peak appears 

or not depends on the relative magnitudes of the adhesive strength and the cohesive 

strength [18]. 

Depending on the intrinsic failure energy of the interface, failure prefers the 
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weaker of the two. This explanation is partly verified in experimental study using X-

ray photoelectron spectroscopy (Table 4.2 and Table 4.3). By checking the elemental 

compositions on the cleaved surfaces, we confirmed that the crack propagated into 

the PS phase in a long-time annealed specimen because of the very strong adhesion 

at the interface. The amount of nitrogen on the Ny6 side decreased at first with the 

bonding time, implying a coverage of PS molecules on this side, and then increased. 

The initial decrease is obviously attributed to the increased number of PS molecules 

transferred to the Ny6 side with bonding time. The later time dependence was 

ascribed to the movement of other PS chains prementioned above. As the reaction 

time proceeded, the cohesive strength became weaker and fewer chains were 

transferred to the Ny6 side. Therefore, the fracture toughness at first increased with 

the annealing time because of the enhanced adhesive strength due to interfacial 

reactions, passed a peak, and then decreased to a plateau value because of a critical 

surface coverage by the interacting molecules and a reduced cohesive strength. The 

adhesive strength also increased with the temperature due to more reactions, but the 

cohesive strength became lower because of disengagement of PS molecules with the 

chains at or near the interface. When the annealing temperature was not high enough 

to induce many reactions at the interface, the adhesion strength was lower than the 

cohesive strength through the whole process. The failure mechanism, then, followed 

only the adhesive failure, and no maximum peak appeared [1].  

The movement of PS molecules from the interface was directly checked by tracing 

the deuterated PS molecule movement. Figure 4.10(a)−(e) shows the depth profiles 

for CH− (blue line), CD− (red line), and carbon ions (black line), with a depth 
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resolution of ∼10 nm after t = 0, 30, 90, 300, and 900 min of annealing at 120 °C. 

This low temperature (120 °C) was chosen to see the time evolution of the d-PS 

molecules movement because the PS molecule diffusion occurs very quickly at the 

high annealing (bonding) temperatures. The intensity of the carbon ion, C−, is nearly 

constant within the tri-layer, indicating that steady-state etching evidently occurs 

during the measurements. Thus, the abscissa of the etching time can be simply 

converted to the depth from the surface. The measured concentration profiles for 

CD− are slightly broadened due to an atomic mixing effect [24, 25]. After correction 

of this small atomic mixing effect, the actual interfacial thickness can be obtained 

[26]. It is obvious in Figure 4.10 that more d-PS molecules diffuse into the buffer PS 

layer side even at a low temperature of 120 °C as the annealing time increases. The 

reaction between PSMA and Ny6 does not proceed rapidly at this temperature, i.e., 

the adhesion strength increased insignificantly at this temperature, but it is apparent 

that d-PS molecules do diffuse into the bulk of the low-potential region. The 

diffusion behavior of polymers strongly depends on the temperature and on their 

molecular weight [21,26]. Figure 4.10(f),(g) shows the CD− concentration profile 

changes after annealing for 30 and 90 min at 150 °C. After 90 min, the CD− 

concentration profile has almost reached a steady state at this higher temperature, 

indicating that chemical reactions take place fast at the PS/PSMA and Ny6 interface 

and diffusion reaches almost to equilibrium.  

By using the method of Whitlow and Wool, the interfacial thickness was 

calculated [27]. Figure 4.11 shows the evolution of the interfacial thickness profile 

for the h-PS/d-PS interface vs annealing time. The interfacial thickness increases 
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proportionately with t1/2 (t = annealing time), suggesting that the diffusion is Fickian 

(Figure 4.8) [2,17]. By fitting the concentration profile to the deconvoluted 

concentration profile C(x) of CD− along the direction normal to the surface, the 

diffusion coefficient, D, can be obtained as [24] 

C(𝑥) =
1

2
 {1 − erf (

−𝑥

√𝑎2+4𝐷𝑡
)}               (4. 3) 

where a is the instrumental function (a = 5.5 nm), t is the annealing time, and x is the 

distance from the interface (Figure 4.10(h)). The D values at 120 °C were evaluated 

using eq 4.3 and are listed in Table 4.4. The D value of d-PS (Mn = 1.8 × 105 g/mol) 

at 120 °C is 2.67 × 10−17 cm2/s [27,28]. Although the annealing temperature is low 

(120 °C), all D values for the present system are greater than this value, which is 

ascribed to the exothermic reaction occurring at the interface. D goes through a 

maximum around 90 min and then drops. This result is consistent with the results of 

the fracture toughness measurement (Figure 4.4) that pass through their peak values 

at this annealing time and higher annealing temperatures (180, 200, 210, and 220 °C). 

Therefore, the reaction occurs most actively around this time. The reaction constant 

values do not vary with the annealing temperature as much as the diffusion 

coefficient values [21,23,29]. As the annealing time increases, more reactions occur 

to produce more graft copolymers, which increase the chemical potential at the 

interface and saturate the interface after the peak time.  

The time scale of the disengagement is the reptation time of the molecules  

τ𝑀 =
〈R〉2

3π2D
                        (4. 4) 

where R is the root-mean-square end-to-end distance and D is the diffusion 

coefficient [24,30]. The reptation times (or disengagement times) of the 
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nonfunctionalized PS (d-PS) molecules were calculated using the diffusion 

coefficient values (Table 4.4). All annealing times are longer than the chain 

disengagement (reptation) times except for an annealing time of 30 min: this 

annealing time is shorter than the reputation (disengagement) time. Thus, the chain 

does not show the Fickian diffusion at this time (Figure 4.8). As more diffusion 

occurs, more nonfunctionalized molecules (d-PS) are disengaged from the produced 

copolymers or PSMA molecules at the interface (Figure 4.12(a)). In the early stages 

of annealing, the buildup of the copolymers produced by the reaction is not sufficient 

to cover the interface, which induces the movement of functionalized molecules 

(PSMA) to the interface. As the annealing proceeds, the buildup of graft copolymers 

limits the replenishment of functionalized molecules to the interface. A longer 

annealing time means that the reaction rate determining step at the polymer−polymer 

interface changes from the reaction-controlled regime to the diffusion-controlled 

regime. The reaction therefore slows down for long annealing times but diffusion of 

nonfunctionalized PS molecules (d-PS) occurs more actively, and thus they can 

escape from the high-energy interface. The diffusion of nonfunctionalized molecules 

(d-PS) from the interface is promoted because of the increase in the potential at the 

interface as annealing time increases. The diffusion of the chains from the interface 

causes the cohesion of the d-PS molecules with the in-situ graft copolymer molecules 

formed at the interface to decrease. Thus, the normal molecules’ disengagement from 

the molecules at the interface (graft copolymers or PSMA molecules) leads to a 

reduced cohesive strength (Figure 4.12(b)). The fracture toughness then initially 

increases due to the increased concentration of the reacted copolymer at the interface 
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but later decreases due to the movement of chains, which results in the cohesive 

failure. 

  



126 

 

 

  

Figure 4. 9. Schematic representation of the locus of failure of PS-(+PSMA)/Ny6 

interface. When the adhesive strength (solid line) is lower than cohesive strength 

(dashed line) the failure occurs first through the adhesive failure. But after the former 

becomes larger than the latter, the failure occurs through the cohesive failure. Bold 

lines implicate the overall path of the failure with time at different temperatures. The 

arrow indicates the fracture toughness variation with the bonding temperature after 

a long time (90 min) 
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Table 4. 2. Elemental compositions of fractured PS and PA6 surfaces measured by 

XPS (variation of annealing time) 

 

  

 

 

 

 

 

 

 

Annealing Time 

(at constant 

bonding temp of 

200°C, min) 

PS Ny6 

% O % N % O 

30 9.76 9.37 12.88 

60 6.96 5.49 9.57 

90 4.25 4.62 8.66 

120 5.33 5.92 10.17 
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Table 4. 3. Elemental compositions of fractured PS and PA6 surfaces measured by 

XPS (variation of annealing temperature) 

 

 

 

 

 

 

 

Annealing 

Temperature (at 

constant bonding 

time of 90min, °C) 

PS Ny6 

% O % N % O 

180 9.54 9.45 12.52 

190 8.11 8.49 9.59 

200 4.25 4.62 8.66 

220 6.21 6.64 8.87 
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Figure 4. 10. Depth profiles: (a) nonannealed, (b) annealed at 120 °C for 30 min, (c) 

annealed at 120 °C for 90 min, (d) annealed at 120 °C for 300 min, (e) annealed at 

120 °C for 900 min, (f) annealed at 150 °C for 30 min, and (g) annealed at 150 °C 

for 900 min; (h) calculation of the diffusion coefficient and experimental 

measurement (annealed at 120 °C for 90 min). 
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Figure 4. 11. Double-logarithmic plot of interfacial thickness versus annealing time 

for the (h-PS/d-PS) bilayer annealed at 393 K (120 °C). The slope of 1/2 is drawn in 

the context of the Fickian diffusion as a guide. 
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Table 4. 4. Diffusion Coefficients for d-PS, Interfacial Thickness and Reptation Time 

Annealing 

Temperature 

(°C) 

Annealing 

Time 

(min) 

Diffusion 

Coefficient 

(cm2/s) 

Interfacial 

Thickness 

(nm) 

Reptation 

Time 

(s) 

120 30 (1800 s) (4.5 ± 0.3) × 10-17 3.4 ± 0.8 3.17 × 103 

120 90 (5400 s) (6.9 ± 0.2) × 10-17 10.9 ± 0.1 2.07 × 103 

120 300 (18000 s) (5.2 ± 0.1) × 10-17 18.7 ± 3.4 2.74 × 103 

120 900 (54000 s) (3.2 ± 0.1) × 10-17 25.4 ± 1.3 4.46 × 103 
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Figure 4. 12. Schematic representation of the variation of the interfacial reactions 

with the reaction time: (a) early period, (b) later period.1,16 Black lines are PSMA 

chains. Light gray lines are PS chains, and red lines in the lower side are Ny6 chains 

(△ = succinic anhydride groups of PSMA and ● = amine groups of Ny6). Due to the 

entanglement of the graft copolymers with other Ny6 and PS molecules on both sides 

of the interface, the adhesion strength increases with annealing time. For longer 

annealing times, more graft copolymers are formed at the interface. However, the 

diffusion of the PS chains from the interface induces cohesion decrease of the PS 

molecules with the in situ graft copolymer molecules formed at the interface or other 

entangled PS molecules (shaded region in (b)). The cohesive strength then decreases 

with the annealing time, and this occurs faster at the higher bonding temperature. 
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4. 3. 3. Barrier properties of laminates film 

 

The clay/MXD6 nanocomposites shows the high oxygen gas barrier properties 

due to the high aspect ratio and the rigid platelet of the clay in the polymer matrix. 

However, water vapor permeability was poor as shown in Table 4. 6.Poly(m-xylene 

adipamide) is one of the crystalline polyamide. MXD6 contains an aromatic ring and 

has lower hydrophilicity unlike other aliphatic polyamides. But due to the 

hydrophilic characteristic of the amide linkage in the polymer, it has relatively high 

water permeability in spite of the high crystallinity.  

In order to overcome this limitation, we tried the non-wetting lamination with 

aluminum film. As shown in Figure 4.13, the lamination of clay/MXD6 film and 

aluminum film was performed well. Furthermore, water vapor transmission rate 

(WVTR) was improved by the lamination. For 6 um Al film, the WVTR can’t be 

measured due to the existence of the pore or the pinholes in Al film. However, 

WVTR of laminates of 6 um Al film was decreased due to the blocking effect of 

clay/MXD6 film. Similar trend was observed in 12 um Al film. These results implied 

that the adhesion between Al film and clay/MXD6 film was established without 

defects. In addition, it was confirmed that the polymer surface treatment could 

improve not only the adhesion between polymers but also the adhesion between the 

polymer (organic) and the inorganic materials. 
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Table 4. 5. Water vapor transmission rate (WVTR) of different samples 

Sample Thickness (mm) WVTR (gm-mil/m2/day) 

6um Al 0.007 Fail 

12um Al 0.012 0.001 

Clay/MXD6 film 0.072 1.016 

6um Al + Clay/MXD6 0.078 0.003 

12um Al + Clay/MXD6 0.085 0.008 
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Figure 4. 13. Cross-section of the laminates of Al film and clay/MXD6 
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4. 4. Conclusions 

 

In this study, we attempted to determine plausible fracture mechanisms at the 

polymer-polymer interface by investigating experimentally the effect of in situ 

reactive compatibilization on the fracture toughness of the interface between an 

amorphous polymer (PS) and a semi-crystalline polymer (Ny6) compatibilized with 

PSMA. The fracture toughness was found to increase with bonding time, pass 

through a maximum value, and then reach a plateau for bonding temperatures higher 

than 190 °C. The fracture toughness also increases with the bonding temperature, 

with a maximum near 200 °C and then decreases at higher bonding temperatures. 

Additionally, we have used DSIMS to directly observe the fracture mechanism 

change at the polymer−polymer interface reinforced with in situ graft copolymers. 

The adhesion strength is affected by two different failure mechanisms, i.e., adhesive 

failure at short bonding times and/or low annealing temperatures due to the small 

amount of graft copolymers produced at the interface and cohesive failure at long 

bonding times or high temperatures because of the diffusion of nonfunctionalized 

molecules into the bulk and thus their disengagement from the produced copolymers 

at the interface or from other functionalized molecules near the interface. This results 

in the appearance of a maximum in the fracture toughness at a particular bonding 

time and temperature. The determined diffusion coefficients and the d-PS 

concentration profiles confirm this conclusion. 
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Chapter 5. MR Fluid High-Performance 

Magnetorheological Suspensions of Magnetic 

Particle-deposited Carbon Nanotubes with Enhanced 

Stability 

 

 

5. 1. Introduction 

 

Magnetorheological (MR) fluids which are suspensions of fine particles in a 

magnetically insulating fluid are kind of smart materials because they can form a 

solid-like structure of fibril shapes along the magnetic field direction upon 

application of a magnetic field [1]. When the magnetic field is applied, randomly 

dispersed particles can rapidly form fibril shapes (meso-structure) along the field 

direction due to polarization between the suspended particles. Reverse structural 

transition happens once the applied field is removed. The structural changes occur 

very quickly, on the order of milliseconds [2]. The meso-structure formed in response 

to a magnetic field enable the apparent viscosities of the MR fluids to be increased 

by 3 to 4 orders of magnitude. The properties of magnetorheological (MR) fluids can 

be controlled over a wide range by varying the magnetic field intensity. The field-

responsive properties of MR fluids are quite useful for a variety of mechanical 

systems. In the automotive industry, for example, the variable properties of MR 

fluids have been used in vehicle suspension systems, clutches, power steering pumps, 
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torque transducer [3–5]. Ferromagnetic materials such as maghemite (Fe2O3), 

magnetite (Fe3O4), or carbonyl iron (CI) generally show high magnetization values 

and less magnetic hysteresis [1,11]. However, MR fluids of these ferromagnetic 

particles have a drawback of poor long-term stability because of a density mismatch 

between the magnetic particles and the suspending media. The long-term stability 

should be improved for wider industrial applications. Significant efforts have been 

devoted to overcoming the sedimentation problem, such as the introduction of 

polymer coatings or passivation layers onto the magnetic particles, addition of 

additives and fillers, or use of a viscoplastic medium [6–10]. Another effective 

method is to fabricate particles of a low density polymeric material encapsulated by 

fine magnetic particles [1,11]. We have reported several approaches to improve the 

stability of MR Fluids in the ferromagnetic materials-based system [9–11]. 

Especially, the Pickering-emulsion polymerization method to prepare iron oxide 

(Fe2O3, Fe3O4)-coated polystyrene particles was successful [10,11]. Spherical iron 

oxide nanoparticles were used as a stabilizer, and their MR properties were examined 

at various magnetic field strengths after the particles were dispersed in silicone oil. 

The incorporation of the polymer core and the iron oxide shell not only reduced the 

density of the particles but also improved the dispersibility of the core–shell 

nanoparticles. The density of the PS/iron oxide particles was significantly reduced, 

and the stability of the suspensions was improved. In this study, the simple chemical 

co-precipitation method was used to fabricate a composite of MWCNTs deposited 

with Fe3O4 and FeCo nanoparticles. The morphology, density and the magnetic 

properties of the particle were investigated. Furthermore, the magnetorheological 



143 

 

behavior of MR fluid that utilized CNT/Fe3O4, CNT/FeCo and the sedimentation of 

the suspension was also studied. 

 

5. 2. Experimental Section  

 

5. 2. 1. Functionalization of CNTs 

 

The MWCNTs used in this study were purchased from Hanwha Nano tech Corp 

and their diameter is 10 ~ 15 nm. Functionalized MWCNTs were prepared using 

mixed solution of H2SO4/HNO3. 1g of MWCNTs was added in 400 ml of 

H2SO4/HNO3 (3:1 volume ratio) mixed solution and heated at 60 °C for 8h under 

reflux. The sample denoted as F-MWCNTs was filtrated and washed with deionized 

water for several times and dried in vacuum for 24 h. For further functionalization, 

F-MWCNTs were immersed in ethylenediamine at 35 °C for 3h under mild 

sonification [12]. After treatment, the samples were washed with water and dried in 

a hot air oven at 110 °C for 6 h. The ethylenediamine treated f-MWCNTs are referred 

to as A-MWCNTs. 

 

5. 2. 2. Synthesis of CNT-Fe3O4 particles 

 

The CNT-Fe3O4 nanoparticles were prepared by using chemical coprecipitation of 

Fe3O4 nanoparticles onto the surface of A-MWCNTs [13,14]. A general synthesis of 

CNT-Fe3O4 is as follows. A-MWCNTs (1g) was added to 300 ml of deionized water 
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and then ultrasonicated for an hour. After ultrasonication, 7.2g FeCl3·6H2O and 

3.208g FeSO4·7H2O were added into the mixture of A-MWCNT and water. The 

solution was deoxygenated for 1h with nitrogen gas. Then, solution was heated to 

70 °C and ammonium hydroxide was added rapidly under stirring for 30 min. After 

4h, temperature was then decreased to room temperature. The synthesized particles 

were collected by using a permanent magnet and washed several times with ethanol 

and dried in vacuum for 24h. The pure Fe3O4 was synthesized via the same procedure 

without CNTs. 

 

5. 2. 3. Synthesis of CNT-FeCo particles 

 

The CNT-FeCo nanoparticles were prepared by using chemical coprecipitation of 

FeCo nanoparticles onto the surface of A-MWCNTs. The functionalization of 

MWCNTs was proceed as described as above. A general synthesis of CNT-FeCo is 

as follows. A-MWCNTs (1g) was added to 300ml of deionized water and then 

ultrasonicated for an hour. After ultrasonication, 7.2g FeCl3·6H2O and 3.208g 

CoCl2·4H2O were added into the mixture of A-MWCNT and water. The solution 

was deoxygenated for 1h with nitrogen gas. Then, sodium borohydride solution 

(200ml) was added slowly under stirring for 30 min. After an hour, the synthesized 

particles were collected by using a permanent magnet and washed several times with 

ethanol and dried in vacuum for 24h.  
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5. 2. 4. Characterization 

 

The densities of MWCNT, Fe3O4, CNT/Fe3O4, and CNT/FeCo particles were 

measured using a helium pycnometer (AccuPyc 1330, Micromeritics Instrument 

Corporation, Norcross, GA). The morphology of the synthesized particles was 

observed by scanning electron microscopy (SEM; JEM-7600F, JEOL, JAPAN) and 

transmission electron microscopy (TEM; JEM-F200, JEOL, JAPAN). Optical 

microscopy (Olympus BX-51, Japan) was also used to observe the response of MR 

fluids during exposure to an applied magnetic field. The magnetic characteristics 

were examined using a vibrating sample magnetometer (VSM; model 7370, Lake 

Shore Cryotronics, Westerville, OH) over the range of -5 to 5 kOe. The magnetite 

content of the modified CNTs was measured by thermogravimetric analysis (TGA, 

TGA/DSC1, Mettler-Toledo, USA). TGA measurement was preformed between 

room temperature and 1000 °C with heating rate 10 °C/min under O2 atmosphere. 

MR fluid was prepared by dispersing the particles in silicon oil (KF-96, 10 cS, 

density (ρ) = 0.96 g/cm3, Shin-Etsu, Japan). The particle concentration was 10 vol%. 

The rheological properties of the MR fluids were measured using a commercial 

rotational rheometer (Physica MCR301, Stuttgart, Germany) equipped with a 

magnetic generator (Physica MRD 180). A parallel-plate measuring system with a 

diameter of 20 mm was employed at a gap distance of 1 mm. The sedimentation 

stability of CNT/Fe3O4 and CNT/FeCo particle suspensions was checked by using a 

Turbiscan (Classic MA2000, Formulation, France). 
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5. 3. Results and Discussion 

 

5. 3. 1. Morphology & Structure 

 

The morphology of Fe3O4-deposited CNT was examined by SEM and TEM. Some 

typical images of CNT/Fe3O4 are shown in Figure 5.1. As shown in Figure 5.1, the 

spherical iron oxide particles covered the outside of the CNTs and the size of most 

particles ranged from 10 nm to 30nm. The FeCo-deposited CNT showed similar 

morphology as shown in Figure 5.2. However, coarser particle around CNT was 

observed in TEM images (~50 nm). Furthermore, the characteristic peaks of iron-

cobalt alloys were confirmed in X-ray diffraction pattern and FeCo-decorated CNT 

was successfully synthesized (Figure 5.3) 

 

5. 3. 2. Magnetorheological behaviors 

 

TGA measurement shows the quantitative analysis of particles (Figure 5.4(a)) 

which indicates that the content of magnetite in the CNT/Fe3O4 is ca 67%. Since 

magnetic response of the particle is attributed to Fe3O4 covering CNTs, the saturation 

magnetization value is proportional to the amount of remaining Fe3O4 nanoparticles. 

The densities of MWCNT, Fe3O4, CNT/Fe3O4, and CNT/FeCo are presented in Table 

5.1. Figure 5.4(b) shows the magnetic hysteresis loops for pure Fe3O4, CNT/ Fe3O4, 

and CNT/FeCo particles in powder state over the range of -5 to 5 kOe. As shown in 

Figure 4b), very small coercive force and high magnetic saturation value are 
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observed. The saturation magnetization value of the Fe3O4 deposited CNTs was 42.0 

emu g-1 which was smaller than that of pure Fe3O4 (66.7 emu g-1), but in good 

agreement with the amount of involved Fe3O4 (Figure 5.4(a)). In case of the 

CNT/FeCo, higher saturation magnetization value was observed (66.0 emu g-1). High 

Ms of CNT/FeCo was due to the saturation magnetization value of pure FeCo (102.3 

emu g-1)  

Once the magnetic field is on, the MR fluid displayed a rapid transition from 

uniformly dispersed state to chain-like network structures along magnetic field. 

Figure 5.5 shows a photograph of the MR fluid before and after the application of an 

external magnetic field. When an external magnetic field was on, the chain-like 

structures were formed in response to the external field. As soon as the external 

magnetic field was off, the magnetic particles returned to uniformly dispersed state 

again. Dynamic oscillatory tests (amplitude and frequency dependence) of 

CNT/Fe3O4 is shown in Figure 5.6. Figure 5.6(a) exhibits the amplitude-sweep 

measurement, which represents the change of the storage modulus as a function of 

the strain, ranging from 0.01 to 100%. The storage modulus tends to increase with 

the magnetic field strength because of the dipole–dipole interactions between 

particles. The plateau region is observed in a strain range to 0.02% for both magnetic 

field strengths of 86 and 343 kA/m. This region is the linear viscoelastic region, 

where the storage modulus is constant regardless of the applied strain. The meso-

structures formed under the magnetic polarization remain undisturbed. As the strain 

amplitude increased, the storage modulus showed a gradual decrease because the 

meso-structures started to break apart. Figure 4b shows the frequency-sweep 
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measurement of the storage modulus (G’) and the loss modulus (G”) at a strain of 

0.01%. The storage modulus of the particle suspensions were one orders of 

magnitude larger than the corresponding loss modulus. This indicates that the solid-

like elastic properties of those MR fluids upon exposure to the magnetic field was 

strong because of the mesostructured formation [15]. Though the nanosized Fe3O4 

particles were surface-deposited on the CNTs surface, they were polarized strongly 

enough to maintain those chain-like meso-structures. 

In most MR fluids, the meso-structures are strong enough to withstand the external 

shear stress at low shear rates, but they are broken down at high shear rates. The 

shear stress of the MR suspensions remains at constant values at low shear rates and 

goes down slightly with the structural change and rises again because of the high 

shear stress (Figure 5.7(a)). CNT/ Fe3O4 particle suspensions have lower shear stress 

than pure Fe3O4 particle suspensions because the uncovered CNTs (small amount of 

Fe3O4 on the CNT surface) and large particles hinders particle aggregation [17]. At 

very high shear rates, the hydrodynamic stress increased the shear stress. And the 

dependence of the shear stress on the shear rate and applied magnetic field strength 

is well demonstrated in Figure 5.7(a). As the shear rate increased, the viscosity of the 

suspensions decreased linearly (Figure 5.7(b)). 

In the case of CNT/FeCo nanoparticles, MR behavior was very similar to the 

CNT/Fe3O4 suspensions as shown in Figure 5.8 and 5.9(a). This was because the 

morphology and structure except for the size of magnetic particles are similar to 

Fe3O4. Figure 5.9(b) compared the storage modulus dependence between 

CNT/Fe3O4 and CNT/FeCo suspension. Due to the high saturation magnetization 
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value of CNT/FeCo (66.0 emu g-1), the CNT/FeCo suspension showed higher yield 

stress, storage modulus than CNT/Fe3O4 suspension.  

The static yield stress was measured using the controlled shear stress (CSS) 

method. Figure 5.10(a) shows the change of viscosity as a function of the shear stress. 

The shear viscosity showed a sharp decrease after a certain shear stress value. The 

values of shear stress marked with arrows in Figure 5.10(a) and the point is the static 

yield stress that required to initiate flow. Under the applied magnetic field, the system 

exhibited Bingham fluid behaviors. 

τ = τdy + ηplγ ̇                           (5. 1) 

where τ is the shear stress, τdy is the dynamic stress, ηpl is the plastic viscosity and γ̇ 

is the shear rate. For the plausible analysis of the MR fluids, the static yield stress is 

recommended to be applied rather than the dynamic yield stress because it is the 

stress to initiate the flow (true yield stress) rather than the latter which is the 

extrapolation of the shear stress in the broken state to zero shear rate. Recently, Seo 

and Seo suggested a new constitutive model for predicting the static yield stress as 

follows, 

𝜏 = 𝜏𝑠𝑦 (1 −
(1−exp(−𝑎�̇�))

(1+(𝑎�̇�)𝛼)
) + η𝑝𝑙γ̇            (5. 2) 

where τsy is the static yield stress, ηpl is the plastic viscosity, a is the time constant 

(the reciprocal of the critical shear rate for an aligned meso-structure deformation), 

and α is the power-law index used to decide the degree of shear thinning. The effects 

of each parameter on stress behaviors have been described previously [15]. The static 

yield stress predicted by the Seo-Seo model, the experimental data, the dynamic 

yield stress by Bingham model are compared in Table 5.2. The static stress values 
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predicted by Seo-Seo model agreed well with the measured static yield stress 

because the magnetic polarization dominated the shear stress across almost all shear 

rates [15], but the dynamic yield stress values are also close to the measurement due 

to the shallow stress well depth [1]. 

The suspensions exhibited a wide plateau region over the low shear rate. The 

dynamic yield stress values were obtained by fitting the above relationship. Figure 

5.10(b) shows the dynamic yield stresses of the MR fluids as a function of the 

magnetic field strength. At low magnetic fields, the yield stress increases almost 

quadratically (~1.65) with the magnetic field strength, whereas it followed a 1.0 

power-law under strong magnetic fields [11,16]. At a sufficiently high magnetic field, 

magnetization saturation occurred, and the polarization force failed to increase with 

increasing magnetic field intensity.  

 

5. 3. 3. Suspension stability 

 

The light transmission profile as a function of time for Fe3O4, CNT/ Fe3O4, and 

CNT/FeCo are shown in Figure 5.11. The transmission ratio increased gradually over 

time due to the sedimentation of the particles. The pure Fe3O4 particles suspension 

showed the highest transmission, reaching 45% within 24h. The CNT/Fe3O4 particles 

suspensions showed remarkable stability (~4%). In addition, CNT/FeCo   

suspensions also showed improvement stability (~13%) but lower than CNT/Fe3O4 

suspensions. This improvement of stability of magnetic particle decorated CNT are 

due to the characteristics of CNT. CNT was not responsive to external magnetic field, 
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it occupies most of the particle volume to reduce its density. The lower density of 

the CNT/ Fe3O4 and CNT/FeCo particle and hollow structure of CNTs contributed 

to this stability. Moreover, the high aspect ratio of CNTs will be favorable for the 

supporting effects between the particles [17]. 

 

 

 

5. 4. Conclusion 

 

In this work, we have reported the fabrication method to enhance the sedimentation 

stability in Fe3O4-based MR Fluid. Fe3O4-deposited CNTs were synthesized by 

chemical co-precipitation method using iron ions. The incorporation of CNTs and 

Fe3O4 nanoparticles decreased particle density remarkably. MR fluids that utilized 

CNT/Fe3O4 showed high magnetorheological performances and exhibited stability 

against the sedimentation owing to reduced particle-fluid density mismatch, hollow 

structure of CNTs and the supporting effect of inherent CNT tube-like particles. 

Though yield stress was lower than that of bare Fe3O4, its excellent improved 

sedimentation stability can find appropriate applications. In addition, we have 

fabricated CNT/FeCo nanoparticles to overcome above limitation. Due to the high 

saturation magnetization of CNT/FeCo, the suspension showed great yield stress and 

sedimentation stability. 
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Table 5. 1. The densities of CNT, Fe3O4, CNT/Fe3O4 

 MWCNT Pure Fe3O4 CNT/Fe3O4 CNT/FeCo 

Density 1.5g/cm3 4.90g/cm3 2.91g/cm3 3.47 g/cm3 

 

Table 5. 2. Static yield stress and dynamic yield stress of the suspensions of 

CNT/Fe3O4 suspension. 

Yield Stress [Pa] 

 M = 86kA/m M = 343kA/m 

τ (exp) 28.8 138.5 

τ (static) 33 145 

τ (dynamic) 24.1 139.4 

 

Table 5. 3. Static yield stress and dynamic yield stress of the suspensions of 

CNT/FeCo suspension. 

Yield Stress [Pa] 

 M = 86kA/m M = 343kA/m 

τ (exp) 396 765 

τ (static) 402 780 

τ (dynamic) 401 785 
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Figure 5. 1. SEM photographs of (a, b) CNT/Fe3O4, and (c) TEM images of 

CNT/Fe3O4 particles. 

Figure 5. 2. SEM photograph of (a) CNT/FeCo and (b, c) TEM images of CNT/FeCo 

particles 
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Figure 5. 3. X-ray diffraction patterns of CNT, FeCo, and CNT/FeCo 
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Figure 5. 4. (a) TGA measurement data and (b) VSM data of CNT, CNT/Fe3O4, 

CNT/FeCo 
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Figure 5. 5. Optical microscope images of CNT/Fe3O4 suspension (a) before and (b) 

after the application of the external magnetic field. 
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Figure 5. 7. (a) Shear stress and (b) shear viscosity flow curves for 10 vol% 

CNT/Fe3O4 suspension 

Figure 5. 6. (a) Amplitude-sweep dependence of the storage modulus, G’, and loss 

modulus, G’’. (b) Frequency dependence of G’, G’’ of CNT/Fe3O4 particles 
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Figure 5. 8. (a) Amplitude-sweep dependence of the storage modulus, G’, and loss 

modulus, G’’. (b) Frequency dependence of G’, G’’ of CNT/FeCo particles 

Figure 5. 9. (a) Shear stress flow curve of CNT/FeCo suspension and (b) storage 

modulus comparison between CNT/Fe3O4 and CNT/FeCo suspensions 
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Figure 5. 10. (a) Static yield stress curve and (b) Dynamic yield stress dependence 

on the magnetic field strength 
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Figure 5. 11. The light transmission [%] as function of time [h] for CNT,  

CNT/Fe3O4 and CNT/FeCo suspensions (10 vol%). 
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Chapter 6. Conclusions 

 

6. 1. Overall Conclusions 

 

In conclusion, to test the feasibility of substitutes for lead in X-ray radiation 

shielding applications, three different non-leaded metals (tungsten, tin and bismuth-

tin alloy (BiSn)) were used to prepare metal-polymer composites. Tin exhibits a 

shielding efficiency that is comparable to that of tungsten between 29 keV (the K-

edge energy of tin) and 69 keV (the K-edge energy of tungsten). Considering the 

lightness of tin, it can be used to shield low energy X-ray radiation. BiSn exhibits 

much better shielding (a low dose ratio) than tin, and the shielding was comparable 

to that of tungsten for all X-ray energy ranges. It is composed of 42% tin and 58% 

bismuth, so it effectively shields low energy X-ray radiation due to its tin component 

and high energy level radiation due to its bismuth component; the K-edge energy (90 

keV) is much higher than that of tungsten. Thus, we have demonstrated that BiSn 

exhibits better performance than tungsten and is a suitable candidate for X-ray 

shielding applications. 

Based on this result, we pressed a multilayered sheet of gauze on which BiSn 

suspension was painted. The sheet was found to exhibit good X-ray shielding but 

also non-uniformity in the dispersed metal phase. The lamination of the stacked sheet 

with a WP film or a BiSnP film was found to improve the non-uniform dose ratio 
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over the whole surface. The melting and agglomeration of the BiSn particles mean 

that the sheet laminated with a BiSnP film exhibits a more uniform dose ratio than 

the sheet laminated with a WP film. An important feature of the BiSn alloy is its 

absorption of high-energy photons by its high atomic number component (bismuth) 

and low-energy photons by its low atomic number component (tin), which means 

that its X-ray radiation shielding is very effective. 

The BiSn alloy promises to be useful in the manufacturing of X-ray radiation 

shielding apparels because of its excellent shielding, nontoxicity and low density. 

Further, it can be processed with typical polymer processing equipment. These 

results suggest that the use of non-leaded metal (BiSn)/polymer composites as a 

substitute for the harmful lead currently widely used in X-ray shielding plates and 

medical gowns is feasible.  

In order to test the feasibility of substitutes for the lead in the shielding equipment 

against high energy radiation of γ-ray (667 keV from 137Cs source), multilayer 

composites of (BiSn/polymer)/tungsten were fabricated. All prepared composite 

sheets show a fairly good shielding ability against the high energy γ-ray radiation. 

Both the BiSn (400phr)/polymer sheet and tungsten flakes showed the shielding 

efficiency following the Beer-Lambert law. The transmittance of the tungsten sheet 

is expressed as (I/I0)Tungsten = exp(-0.23282*x) while that of the BiSn/polymer 

composite follows the fitting equation of (I/I0)BiSn/polymer = exp(-0.0308*x) where x is 

the thickness of the composite material in mm. Therefore, tungsten sheet exhibits the 

7 times shielding efficiency than the BiSn (400phr)/polymer composite sheet of the 

same thickness. When the BiSn/polymer composite sheet and tungsten sheet are 
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combined to form multilayered laminates, a synergistic effect was observed such that 

12 mm thick tungsten sheet show the same 95% shielding efficiency once it is 

adhered on the 10 mm thick BiSn/polymer 

In case of EMI shielding composites, Sendust/MWCNT/polymer composites 

were prepared by applying a solution blending method and using an internal mixer. 

The incorporation of MWCNTs with micro-forged Sendust could significantly 

improve the electromagnetic wave absorption and EMI shielding efficiency 

compared to Sendust/polymer composites. The loss mechanism of the 

Sendust/MWCNT/polymer composites consists of both magnetic loss and dielectric 

loss. Added MWCNTs could improve the permittivity of composites, causing a large 

increase in dielectric loss. The composite containing 100 phr Sendust and 15 phr 

MWCNTs absorbed 60 % of the energy at 1 GHz and demonstrates a wide shielding 

frequency range. On the other hand, the reflection loss value reached −17 dB at 4.6 

GHz in the composite containing 5 phr MWCNTs. The total SE value increased with 

the amount of MWCNT due to the enhanced dielectric loss caused by increased 

permittivity and improvement in conductivity of the ternary composites. In addition, 

the composite produced by this approach has the practical advantage of being able 

to produce light and thin microwave absorption materials with excellent EMI 

shielding efficiency in a wide frequency range. 

Furthermore, we have used DSIMS to directly observe the fracture mechanism 

change at the polymer−polymer interface reinforced with in situ graft copolymers. 

The adhesion strength is affected by two different failure mechanisms, i.e., adhesive 

failure at short bonding times and/or low annealing temperatures due to the small 
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amount of graft copolymers produced at the interface and cohesive failure at long 

bonding times or high temperatures because of the diffusion of nonfunctionalized 

molecules into the bulk and thus their disengagement from the produced copolymers 

at the interface or from other functionalized molecules near the interface. This results 

in the appearance of a maximum in the fracture toughness at a particular bonding 

time and temperature. The determined diffusion coefficients and the d-PS 

concentration profiles confirm this conclusion. 

 

6. 2. Further Works 

In this study, composite materials with various barrier properties were fabricated 

and analyzed. We believe that these studies suggest a method to obtain higher barrier 

properties in composite materials. However, further challenges still remained and 

summarize as follows. 

 

1. In EMI shielding, it was confirmed that the combination of dielectric material 

and magnetic material has a synergistic effect. However, the influence of the 

morphology of the fillers on EMI SE needs to be clarified. Also, it is necessary to 

confirm the possibility of shielding materials which have both two characteristics. 

 

2. EMI shielding composites have characteristics required depending on the 

place and environment (absorption, reflection). The shielding material having a 

multilayer structure can obtain versatile shielding properties as well as blocking 
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properties for wide ranges (frequency). Therefore, it is necessary to study the 

shielding properties of such multilayer materials. 

 

3. In the case of iron cobalt alloys, it is known that crystal structure can be grown 

through reduction, thereby increasing the saturation magnetization. This effect can 

improve the performance of MR Fluid. We are currently studying whether this effect 

can be seen in CNT/FeCo particles. 
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국문 초록 

 

복합재료는 다른 형태의 재료를 조합하여 만든 multiphase 재료라고 

볼 수 있다. 복합재료는 구성물질 각각의 특성으로부터 얻을 수 없는 

여러 가지 다양한 성질은 갖는 특징이 있다. 복합재료의 조성, 분산, 

형태, 결정화도, 결정구도 그리고 계면에서의 구조 등의 변화를 통해 

성질을 조절할 수 있다. 이런 뛰어난 가공성형성(개질성) 때문에 

복합재료는 항공, 자동차, 전자, 건설, 에너지, 생명과학 및 다른 여러 

산업 분야에서 요구되는 특징을 만족시키기 위해 사용되고 있다. 

복합재료의 필러 선택에 따라서 부여되는 특징 중 차단 특성은 여러 

가지 산업분야 및 일상생활에서 중요한 요소다. 사람이나 물체를 

외부로부터 보호하는 차폐재료는 인체를 상해로부터 지키거나, 제품이 

올바르게 작동하도록 한다. 가장 일반적인 차단 요소는 수분이나 기체 

등이 있으며, 또한 전자파, 방사선 등 강한 에너지를 같는 복사선도 

차단해야 할 외부 요인 중 하나이다.  

본 연구에서는 고분자 복합재료가 갖는 경량성, 가공용이성 등을 

활용하여 다양한 차단성을 갖는 복합재료를 제조하였다. 이 연구에서는 

외부차폐요소로서 이온화 방사선, 마이크로파, 수증기 및 외력에 초점을 

두고 진행하였다. 방사선 차폐 복합재료의 경우, 납을 대신하여 

비스무트, 주석 합금과 텅스텐을 사용하여 복합재료를 만들었다. 또한 

이를 적층 하여 다층구조로 형성하여 방사선 차폐 특성을 분석하였다. 

이러한 과정을 통해 엑스선과 감마선을 효율적으로 차폐할 수 있었다. 
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또한 전자파 차폐를 위해 유전물질인 탄소나노튜브와 자성물질인 

센더스트 합금을 조합을 통해 기존 차폐재료보다 가벼우면서도 더 높은 

차단효율을 갖는 복합재료를 제조하였다. 두 재료의 조합을 통해 

발생하는 전기적 특성의 변화가 이러한 향상의 원인임을 여러 가지 

분석방법을 통해 확인하였다. 

추가적으로, 여러 가지 차단 특성을 갖는 복합재료를 하나의 

다층재료로 성형하기 위한 기초 연구로 고분자 계면에서의 접착 거동에 

대한 연구를 진행하였다. 서로 섞이지 않는 고분자 간의 접착력을 

일반적으로 매우 낮다. 이를 극복하기 위해 in-situ 상용화제를 

첨가하거나 표면처리를 진행함으로써 고분자 간의 접착력을 향상시킬 수 

있었다. 그 과정에서 접착력이 온도와 시간에 따라 변화하는 것을 

확인하였으며, 추가적인 질량분석 및 표면분석을 통해 이러한 거동이 

발생하는 원인 분석하여, 고분자 간의 접착을 합리적으로 이해할 수 

있는 거동을 제시하였다. 또한, 표면처리 기술을 도입해 고분자 

복합체와 금속산화물 필름 간의 접착력을 향상시켰다. 이를 통해, 높은 

수증기 차폐 특성을 갖는 라미네이트를 제작할 수 있었다.  

마지막으로 동력 차단 재료로 자기응답성유체에 관한 연구를 

진행하였다. 그 중에서도 자기응답성 유체의 침전 안정성을 개선하기 

위해 탄소나노튜브에 자성물질을 코팅한 물질을 합성하고 이를 이용해 

높은 안정성을 얻는데 성공하였다. 
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Appendix 

 

Appendix A. Improvement of Mechanical Properties by 

Introducing Curable Functional Monomers in 

Stereolithography 3D Printing 

 

A. 1. Introduction 

 

Additive manufacturing, commonly referred to as 3D printing (3DP), has emerged 

as a powerful and dynamic technology to produce a wide range of complex 

structures/components, already enabling rapid prototyping and beginning to impact 

industrial production significantly. 3D printing can provide a simple route to the 

production of highly customized structures, tailored toward specific applications, 

while simultaneously reducing the cost and time associated with traditional 

subtractive fabrication techniques. [1-5] 

Among all the 3DP technologies, stereolithography (SLA) is used to produce 

models, prototypes, and fabricate final parts of products. In SLA printing process, 

UV curable resin is used. During printing process, the stereolithography resin (SLR) 

is polymerized layer by layer by an UV laser or other sources. After being cured by 

the UV light, a crosslinked polymer network is formed. The main advantage over the 

other 3D printing techniques is high resolution, dimensional accuracy, and surface 

quality.[6-7] 
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Nowadays, commercial desktop stereolithography apparatus were developed.[8-

9] These desktop level stereolithography apparatuses usually use bottom up systems 

with inexpensive laser (405 nm wavelength) and the acrylate based SLR as the 

printing materials due to the limited choice of photoinitators (radical polymerization). 

In bottom up system, the curing of the SLR layer occurs directly above the resin tank. 

Then, the cured layer is detached from the tank, as the platform move upwards (peel 

off process). After that, uncured resins fill the gap between the cured layer and the 

bottom of the tank and curing process proceeds again. By repeating these steps, the 

final part can be obtained.[10]  

However, poor mechanical properties of SLR due to insufficient interlayer 

adhesion are common to most desktop SLA apparatus, limiting their application as 

functional materials.[11] Past research proposes the printed parts are incompletely 

cured.[12] Therefore, the several researches have been conducted to improve the 

mechanical properties of SLA resins. [13-16] 

Generally, dual-cure system contains two kinds of reactive functional groups: a 

UV-curable functional groups and a thermally curable functional group. After being 

heated and exposed to UV light, such a system will form an enhanced crosslinked 

network.[17-20] This approach can effectively solve the problem like insufficient 

curing by UV irradiation at the interface between layers. In this study, we introduced 

reactive functional groups into the SLR resins which contains acrylate double bond 

only to construct the dual-cure system in 3D stereolithography.  
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A. 2. Experimental Section 

 

A. 2. 1. Materials 

 

A commercial stereolithography resin (Clear Resin, XYZ Printing) was used as a 

base resin. Clear Resin consists of urethane diacrylates, acrylic monomers and 

photoinitiator. Glycidyl methacrylate (GMA) was used to introduce for the reaction 

with the hydroxyl groups of 2-hydroxy-3-phenoxypropyl acrylate (HPA). The 

photoinitiator was diphenyl(2,4,6-trimethylbenzoyl)phosphine oxide. 1,8-

Diazabicyclo[5.4.0]-7-undecene (DBN) was used as a thermal catalyst to promote 

the reaction between epoxy and hydroxyl group. All reagents were used without any 

further purification. 

   

 

A. 2. 2. Preparation of dual curable stereolithography resin 

 

To formulate the dual curable stereolithography resins (SLRs), the mixture of 

thermally curable acrylic monomers (GMA and HPA) was prepared first. The 

equivalent ratio of the epoxy and hydroxyl groups was kept at 1. The mixture 

contains 5 wt% of the photoinitiator and 3 wt% of thermal catalyst was stirred at 

room temperature for 2 h before use. The ratio of the neat SLR to the acrylic mixture 

was optimized to 4 through the several pre-experiments.  
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A. 2. 3. 3D printing by using stereolithography 

 

A Nobel 1.0 desktop 3D printer (XYZ Printing) was used to fabricate three-

dimensional parts. This device is equipped with a 405 nm wavelength laser. Multiple 

printing options are available, but in this study, we have set all options to default and 

set the layer thickness to only 50 μm. Geometry of the test specimens used in this 

study was fabricated according to the ASTM D638 Type V.[21] In order to cause the 

fracture to occur at the interlayer, test specimens were printed in the vertical direction. 

After printing, the samples were washed by isopropanol several times to remove 

uncured SLRs. Dual cured samples were cured in a convection oven for two hours 

at various temperature (80 °C, 120 °C, and 160 °C) to achieve fully cured 3d printing 

samples. Table 1 shows the description for the sample in this study. 

 

A. 2. 4. Characterization  

Chemical reaction involving thermally curable functional groups (epoxy and 

hydroxyl groups) were analyzed by differential scanning calorimetry (DSC, DSC 

823e, Mettler Toledo). In DSC measurements, the printed sample (UV-cured) was 

heated from 30 °C to 200 °C at 5 °C min-1.  

The FT-IR spectra were obtained before and after thermal curing process using a 

FT-IR instrument (TENSOR 27, Bruker) equipped with an attenuated total 

reflectance (ATR) accessory. Quantitative analysis was performed by monitoring the 

disappearance of the band at 910cm-1 of the C-O bond in the epoxy group upon heat 
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treatment. Conversion of epoxy groups was calculated through the area of the 

absorption peak at 910cm-1. 

The gel fraction was measured to confirm the crosslinked structure of the cured 

samples after UV and thermal curing. The UV and dual-cured samples were soaked 

in acetone for 24 h at 60 °C. The remaining part was dried under a vacuum oven for 

24 h. The gel fraction was calculated using the following equation.  

Gel fraction (%) = (Wf / Wi) × 100          (A. 1) 

where Wi is the initial weight of the sample, and Wf is the weight of remaining 

part.[19] The measurements were performed five times for each sample and the 

average value was used. 

The mechanical properties such as the tensile strength, elongation at break, and 

elastic modulus were obtained according to ASTM D638. Tensile test of specimens 

was conducted on a universal test machine (Instron 5543, Instron). The crosshead 

speed was 10 mm min-1.  

Dynamic mechanical analysis (DMA Q800, TA Instrument) was performed to 

observe the temperature dependence of viscoelastic properties for the 3D printed 

final parts. The DMA test was performed with a frequency of 1 Hz, an oscillating 

amplitude of 0.05 % and a heating rate of 2°C min-1. The temperature dependence of 

storage modulus, E’ and loss tangent (tan δ) was measured from -20 °C to 140 °C. 
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Figure A. 1. Chemical structure of (a) HPA, (b) GMA, and (C) DBN 
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Table A. 1. Formulation of stereolithography resins  

 Clear Resin 
Thermally 

monomer mixture 
Post Cure 

Reference 100 0 No Post cure 

Mix-Uncure 80 20 No Post-cure 

Mix-Heatcure 80 20 
Heat Post-cure 

(Dual Cure) 
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A. 3. Results and Discussion 

 

The reaction scheme of the chemical reaction in dual curable SLRs during post 

heat treatment is represented in Scheme 1. Without thermally curable monomers, the 

crosslinking network was formed by the reaction of C=C double bonds only. When 

the curable mixture was introduced to neat SLR, additional bonds were formed by 

the chemical reaction between thermally curable functional group and these bonds 

contributed to the increase of crosslinking density of the existing polymer structure. 

Figure A. 1 shows the DSC thermogram of UV cured sample. As shown in Figure 

A.1, the exothermic peak of the curing reaction was observed. By introducing the 

thermal catalyst, the peak temperature decreased 30 °C.  

To investigate the reaction of epoxy with hydroxyl groups after heat treatment, we 

analyzed the FT-IR spectra. In Figure A.2, the epoxy group peak at approximately 

910cm-1 appeared by the addition of the curable mixture and disappeared after 

thermal curing process. This implies that the epoxy groups reacted with the hydroxyl 

groups almost completely. About 90% of epoxy groups reacted after heat curing 

process and unreacted part was due to the reduction of chain mobility in the 

crosslinking network.[22] 

As shown in Figure A.3, a gel fraction corresponding to a crosslinking density of 

90% was achieved with UV curing in neat SLA resin. However, a gel fraction of the 

uncured sample decreased by about 10% with UV curing. The introduction of the 

curable mixture which having a single C=C bond per monomer decreases the 

crosslinking that was occurred by UV curing. Also, the change in transparency of 
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the modified SLA resin could affect the crosslinking reaction. After thermal curing 

process, the gel fraction increased slightly to about 90%. This effect is due to the 

bonding between the epoxy and hydroxyl groups in the curable mixture but there 

was little difference from the neat SLA resin. Therefore, the crosslinking density of 

the final parts could be evaluated as similar as that of the neat SLA resin. 

Figure A.4 shows the temperature dependence of the mechanical properties. The 

tensile properties were improved when the curing temperature was increased to 

120 °C. However, when the temperature increased from 120 °C to 160 °C, no 

improvement in tensile properties was not observed. This is because the reaction 

between functional groups didn’t occur sufficiently at 80°C and the reaction was 

completely occurred at 120 °C or 160°C.[18, 23] Based on the result, we set the 

optimal thermal curing condition for 2 h at 120 °C.  

Figure A.5(a) shows the stress-strain curve and the tensile properties of the 

samples. The tensile strength and elongation at break of SLA resins are shown in 

Figure A.5(b). When introducing the reactive functional monomers mixture, the 

uncured sample showed a lower tensile strength and a longer elongation at break. 

This behavior can be interpreted as the decrease of crosslinking density as well as 

incomplete curing of the resins due to the change of SLA resins properties. [11, 24] 

In the dual-cured sample, the tensile strength was significantly improved and 

elongation at break decreased slightly. This effect in mechanical properties is well 

known by increasing the crosslinking density.[23, 25] The noticeable point is that 

the mechanical properties of the heat-cured sample was greatly improved even 

though the overall crosslinking density evaluated by the extraction was similar. This 
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implies that the improvement in mechanical properties is due to other effects than 

the increase of the overall crosslinking density. Although, the reactions between 

thermally curable functional groups don’t always occur between the interfaces, some 

of them may react in the vertical direction at the interlayer and contribute to the 

improvement of the interlayer adhesion. 

DMA measurement was performed to investigate the viscoelastic properties of the 

final parts to understand the structure/properties relationships. The temperature 

associated with the peak of loss tangent (tan δ) is defined as the glass transition 

temperature (Tg). Similar remarkable changes could be observed in storage modulus 

with change in mechanical properties as shown in Figure A.6(a). The uncured sample 

exhibited that lower storage modulus values compared to reference, while the dual 

cured sample showed the highest storage modulus due to the formation of dense 

crosslinking network via the UV-thermal dual cure process.[15, 26] Figure A.6(b) 

shows the temperature dependence of loss tangent for all samples. The glass 

transition temperature was slightly increased by 7°C due to the increase of the 

crosslinking density. On the other hand, the dual cured sample showed a higher tan 

δ value than the reference, even though it had a high crosslinking density. The height 

of the tan δ reflects the mobility of the polymer segments between crosslinks in the 

glass transition region.[26] This transition could be due to the increased linearity of 

the polymer segments between crosslinks with the introduction of thermally curable 

monoacrylates. These results agreed with the result from the mechanical properties 

– higher tensile strength, longer elongation at break.  
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Scheme A. 1. Reaction scheme of the reaction during the UV and thermal cure 
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Figure A. 1. DSC thermograms of UV cured mixed resin 
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Figure A. 2. FT-IR Spectra of neat SLR and modified SLR before and after thermal 

curing process 
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Figure A. 3. The gel fraction of different samples 
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Figure A. 4. The temperature dependence of the mechanical properties of dual-cured 

sample 
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Figure A. 5. (a) Stress-strain curve and (b) tensile properties of different samples 
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Figure A. 6. The DMA test result of different samples: (a) storage modulus and (b) 

tan δ 
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A. 4. Conclusion 

 

A novel three-dimensional composite curing process was developed by adding 

acrylic monomers having a thermally curable group in 3D stereolithography. 

Hydroxyl groups and epoxy groups of acrylate monomers were completely reacted 

during heat cure process. The dual curing process improved the mechanical 

properties of the final products such as tensile strength, storage modulus and 

elongation at break. This enhancement was caused by the development of the strong 

interlayer adhesion in the vertical direction as well as the increase of crosslinking 

density of the final parts. The newly developed three-dimensional printing and 

curing process enables to fabricate the final parts showing superior interlayer 

adhesion and the mechanical properties compared to the case which have an 

insufficient interlayer bonding.  

 

  



192 

 

A. 5. References 

[1]  Bikas, H.; Stavropoulos, P.; Chryssolouris, G. Additive manufacturing 

methods and modelling approaches: a critical review. Int. J. Adv. Manuf. Technol. 

2016, 83 (1-4), 389-405. 

[2]  Stansbury, J. W.; Idacavage, M. J. 3D printing with polymers: Challenges 

among expanding options and opportunities. Dent. Mater. 2016, 32 (1), 54-64. 

[3]  Chapiro, M. Current achievements and future outlook for composites in 3D 

printing. Reinf. Plast. 2016, 60 (6), 372-375. 

[4]  Levy, G. N.; Schindel, R.; Kruth, J.-P. Rapid manufacturing and rapid 

tooling with layer manufacturing (LM) technologies, state of the art and future 

perspectives. CIRP annals 2003, 52 (2), 589-609. 

[5]  Gao, W.; Zhang, Y.; Ramanujan, D.; Ramani, K.; Chen, Y.; Williams, C. 

B.; Wang, C. C. L.; Shin, Y. C.; Zhang, S.; Zavattieri, P. D. The status, challenges, 

and future of additive manufacturing in engineering. Comput. Aided. Des. 2015, 69, 

65-89. 

[6]  Lee, J.-Y.; An, J.; Chua, C. K. Fundamentals and applications of 3D 

printing for novel materials. Appl. Mater. Today. 2017, 7, 120-133. 

[7]  Kruth, J. P.; Leu, M.-C.; Nakagawa, T. Progress in additive manufacturing 

and rapid prototyping. Cirp Annals 1998, 47 (2), 525-540. 

[8]  He, Y.; Wu, W.-b.; Fu, J.-z. Rapid fabrication of paper-based microfluidic 

analytical devices with desktop stereolithography 3D printer. Rsc Advances 2015, 5 

(4), 2694-2701. 

[9]  Monzón, M.; Ortega, Z.; Hernández, A.; Paz, R.; Ortega, F. Anisotropy of 

photopolymer parts made by digital light processing. Materials 2017, 10 (1), 64. 

[10]  Manapat, J. Z.; Chen, Q.; Ye, P.; Advincula, R. C. 3D printing of polymer 

nanocomposites via stereolithography. Macromol. Mater. Eng. 2017, 302 (9), 

1600553. 

[11] Salmoria, G. V.; Ahrens, C. H.; Beal, V. E.; Pires, A. T. N.; Soldi, V. 

Evaluation of post-curing and laser manufacturing parameters on the properties of 

SOMOS 7110 photosensitive resin used in stereolithography. Mater. Des. 2009, 30 

(3), 758-763. 



193 

 

[12] Fuh, J. Y. H.; Lu, L.; Tan, C. C.; Shen, Z. X.; Chew, S. Curing 

characteristics of acrylic photopolymer used in stereolithography process. Rapid 

Prototyp. J. 1999, 5 (1), 27-34. 

[13]  Cho, Y. H.; Lee, I. H.; Cho, D. W. Laser scanning path generation 

considering photopolymer solidification in micro-stereolithography. Microsyst. 

Technol. 2005, 11 (2-3), 158-167. 

[14]  Heller, C.; Schwentenwein, M.; Russmueller, G.; Varga, F.; Stampfl, J.; 

Liska, R. Vinyl esters: low cytotoxicity monomers for the fabrication of 

biocompatible 3D scaffolds by lithography based additive manufacturing. J. Polym. 

Sci. A 2009, 47 (24), 6941-6954. 

[15]  Mohtadizadeh, F.; Zohuriaan-Mehr, M. J.; Hadavand, B. S.; Dehghan, A. 

Tetra-functional epoxy-acrylate as crosslinker for UV curable resins: synthesis, 

spectral, and thermo-mechanical studies. Prog. Org. Coat. 2015, 89, 231-239. 

[16]  Cui, J.; Yu, G.; Pan, C. A novel UV‐curable epoxy acrylate resin containing 

arylene ether sulfone linkages: Preparation, characterization, and properties. J. Appl. 

Polym. Sci. 2014, 131 (22). 

[17]  Chen, W.-H.; Chen, P.-C.; Wang, S.-C.; Yeh, J.-T.; Huang, C.-Y.; Chen, 

K.-N. UV-curable PDMS-containing PU system for hydrophobic textile surface 

treatment. J. Polym. Res. 2009, 16 (5), 601-610. 

[18]  Decker, C.; Masson, F.; Schwalm, R. Dual‐curing of waterborne urethane‐

acrylate coatings by UV and thermal processing. Macromol. Mater. Eng. 2003, 288 

(1), 17-28. 

[19] Decker, C.; Viet, T. N. T.; Decker, D.; Weber-Koehl, E. UV-radiation 

curing of acrylate/epoxide systems. Polymer 2001, 42 (13), 5531-5541. 

[20] Park, C.-H.; Lee, S.-W.; Park, J.-W.; Kim, H.-J. Preparation and 

characterization of dual curable adhesives containing epoxy and acrylate 

functionalities. React. Funct. Polym. 2013, 73 (4), 641-646. 

[21]  International, A. ASTM D638-14, Standard Test Method for Tensile 

Properties of Plastics, ASTM International: 2015. 

[22]  Dean, K.; Cook, W. D.; Burchill, P.; Zipper, M. Curing behaviour of IPNs 

formed from model VERs and epoxy systems: Part II. Imidazole-cured epoxy. 

Polymer 2001, 42 (8), 3589-3601. 



194 

 

[23]  Noh, S. M.; Lee, J. W.; Nam, J. H.; Byun, K. H.; Park, J. M.; Jung, H. W. 

Dual-curing behavior and scratch characteristics of hydroxyl functionalized urethane 

methacrylate oligomer for automotive clearcoats. Prog. Org. Coat. 2012, 74 (1), 

257-269. 

[24]  Colton, J.; Blair, B. Experimental study of post-build cure of 

stereolithography polymers for injection molds. Rapid Prototyp. J. 1999, 5 (2), 72-

81. 

[25]  Krumova, M.; Lopez, D.; Benavente, R.; Mijangos, C.; Perena, J. M. Effect 

of crosslinking on the mechanical and thermal properties of poly (vinyl alcohol). 

Polymer 2000, 41 (26), 9265-9272. 

[26]  Asif, A.; Shi, W.; Shen, X.; Nie, K. Physical and thermal properties of UV 

curable waterborne polyurethane dispersions incorporating hyperbranched aliphatic 

polyester of varying generation number. Polymer 2005, 46 (24), 11066-11078. 

 

 


	Chapter 1. Introduction
	1. 1. Composite Materials
	1. 2. Fundamentals of Shielding
	1. 2. 1. Radiation Shielding
	1. 2. 2. EMI Shielding
	1. 2. 3. Gas Barrier Properties

	1. 3. Magnetorheological Fluids
	1. 4. Research Objectives
	References

	Chapter 2. Radiation Shielding Properties of Nonlead Metal/Polymer Composites
	2. 1. Introduction
	2. 2. Experimental Section
	2. 2. 1. Materials
	2. 2. 2. Sample Preparation
	2. 2. 3. X-Ray Irradiation and Analysis
	2. 2. 4. γ-ray Irradiation and Analysis

	2. 3. Results and Discussion
	2. 3. 1. The effect of metal fillers on X-Ray shielding
	2. 3. 3. γ-Ray Shielding Properties

	2. 4. Conclusions
	References

	Chapter 3. Microwave Absorption and Shielding Property of Fe-Si-Al Alloy/MWCNT/Polymer Nanocomposites
	3. 1. Introduction
	3. 2. Experimental Section
	3. 2. 1. Materials
	3. 2. 2. Preparation of Sendust/Polymer Composites
	3. 2. 3. Fabrication of Sendust/MWCNT/Polymer Composites
	3. 2. 4. Characterization

	3. 3. Results and Discussion
	3. 3. 1. Morphology of Sendust/MWCNT/polymer composites
	3. 3. 2. Dielectric Properties
	3. 3. 3. Microwave Absorption and EMI Shielding Properties

	3. 4. Conclusions
	References

	Chapter 4. Enhancement of Interfacial Adhesion between Polymer Pairs and Fracture Mechanism
	4. 1. Introduction
	4. 2. Experimental Section
	4. 2. 1. Materials
	4. 2. 2. Ion beam irradiation and plasma treatment
	4. 2. 3. Adhesion Process
	4. 2. 4. Measurement of Fracture Toughness
	4. 2. 5. Characterization
	4. 2. 6. Lamination with Aluminum film and barrier properties

	4. 3. Results and Discussion
	4. 3. 1. Adhesion Strength with Bonding Time and Temperature
	4. 3. 2. Fracture Mechanism
	4. 3. 3. Barrier properties of laminates film

	4. 4. Conclusions
	References

	Chapter 5. MR Fluid High-Performance Magnetorheological Suspensions of Magnetic Particle-deposited Carbon Nanotubes with Enhanced Stability
	5. 1. Introduction
	5. 2. Experimental Section
	5. 2. 1. Functionalization of CNTs
	5. 2. 2. Synthesis of CNT-Fe3O4 particles
	5. 2. 3. Synthesis of CNT-FeCo particles
	5. 2. 4. Characterization

	5. 3. Results and Discussion
	5. 3. 1. Morphology & Structure
	5. 3. 2. Magnetorheological behaviors
	5. 3. 3. Suspension stability

	5. 4. Conclusion
	References

	Chapter 6. Conclusions
	6. 1. Overall Conclusions
	6. 2. Further Works

	국문 초록
	List of Publication
	Appendix
	Appendix A. Improvement of Mechanical Properties by Introducing Curable Functional Monomers in Stereolithography 3D Printing


<startpage>18
Chapter 1. Introduction 1
 1. 1. Composite Materials 1
 1. 2. Fundamentals of Shielding 7
  1. 2. 1. Radiation Shielding 7
  1. 2. 2. EMI Shielding 17
  1. 2. 3. Gas Barrier Properties 23
 1. 3. Magnetorheological Fluids 24
 1. 4. Research Objectives 27
 References 29
Chapter 2. Radiation Shielding Properties of Nonlead Metal/Polymer Composites 31
 2. 1. Introduction 31
 2. 2. Experimental Section 34
  2. 2. 1. Materials 34
  2. 2. 2. Sample Preparation 35
  2. 2. 3. X-Ray Irradiation and Analysis 36
  2. 2. 4. γ-ray Irradiation and Analysis 38
 2. 3. Results and Discussion 41
  2. 3. 1. The effect of metal fillers on X-Ray shielding 41
  2. 3. 3. γ-Ray Shielding Properties 50
 2. 4. Conclusions 65
 References 67
Chapter 3. Microwave Absorption and Shielding Property of Fe-Si-Al Alloy/MWCNT/Polymer Nanocomposites 72
 3. 1. Introduction 72
 3. 2. Experimental Section 74
  3. 2. 1. Materials 74
  3. 2. 2. Preparation of Sendust/Polymer Composites 75
  3. 2. 3. Fabrication of Sendust/MWCNT/Polymer Composites 75
  3. 2. 4. Characterization 76
 3. 3. Results and Discussion 79
  3. 3. 1. Morphology of Sendust/MWCNT/polymer composites 79
  3. 3. 2. Dielectric Properties 79
  3. 3. 3. Microwave Absorption and EMI Shielding Properties 83
 3. 4. Conclusions 93
 References 94
Chapter 4. Enhancement of Interfacial Adhesion between Polymer Pairs and Fracture Mechanism 99
 4. 1. Introduction 99
 4. 2. Experimental Section 101
  4. 2. 1. Materials 101
  4. 2. 2. Ion beam irradiation and plasma treatment 102
  4. 2. 3. Adhesion Process 103
  4. 2. 4. Measurement of Fracture Toughness 103
  4. 2. 5. Characterization 105
  4. 2. 6. Lamination with Aluminum film and barrier properties 105
 4. 3. Results and Discussion 111
  4. 3. 1. Adhesion Strength with Bonding Time and Temperature 111
  4. 3. 2. Fracture Mechanism 120
  4. 3. 3. Barrier properties of laminates film 132
 4. 4. Conclusions 136
 References 137
Chapter 5. MR Fluid High-Performance Magnetorheological Suspensions of Magnetic Particle-deposited Carbon Nanotubes with Enhanced Stability 141
 5. 1. Introduction 141
 5. 2. Experimental Section 143
  5. 2. 1. Functionalization of CNTs 143
  5. 2. 2. Synthesis of CNT-Fe3O4 particles 143
  5. 2. 3. Synthesis of CNT-FeCo particles 144
  5. 2. 4. Characterization 145
 5. 3. Results and Discussion 146
  5. 3. 1. Morphology & Structure 146
  5. 3. 2. Magnetorheological behaviors 146
  5. 3. 3. Suspension stability 150
 5. 4. Conclusion 151
 References 160
Chapter 6. Conclusions 164
 6. 1. Overall Conclusions 164
 6. 2. Further Works 167
국문 초록 169
List of Publication 172
Appendix 174
Appendix A. Improvement of Mechanical Properties by Introducing Curable Functional Monomers in Stereolithography 3D Printing 174
</body>

