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Abstract 

 

Rheology and morphology of  

polypropylene/poly(ethylene-co-methacrylic acid)/clay 

nanocomposites  

       

Doohyun Kim 

School of Chemical and Biological Engineering 

The Graduate School 

Seoul National University 

 
In this study, ternary composites of polypropylene / ionomer / clay were 

investigated depending on the dispersion and localization of clay. The 

transition of property were observed by adding additive fillers. Fillers were 

localized inside of the dispersed phase under the critical mass ratio. However, 

over that composition, the clay particles formed stiff network structure in the 

dispersed phase and additional clays were localized at the interface between 

two phases. The interaction of ternary composites changed from 

polypropylene-ionomer to polypropylene-ionomer and ionomer-clay 

according to development of microstructure. The transition point of storage 

modulus (G’) was observed due to the evolution of microstructure. 

Depending on the growth of rheological properties, the fractured morphology 

of the composites changed from phase separated morphology to 

compatibilized morphology due to dispersion of fillers and droplet size of 

dispersed phase changed. The interfacial interaction of the ternary composite 

was quantified depending on the structural development of dispersed phase 
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by the rheological properties. Also, interfacial interaction at solid state were 

measured through peel adhesion strength increased by evolution of 

microstructure. Furthermore, the crystallinity of the composites was 

decreased when the clay particles were localized at the interface. 

 

 

Key words: Interface, clay, immiscible blend, compatibilizer, wetting, 
ternary composites 
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Chapter 1 Introduction 

 

1.1 Polymer/clay nanocomposite 

 

The growing demands of low-cost, high performance, and lightweight 

materials interest greatly on polymer. The important factor in polymer 

processing is the combination of multiple polymer with inorganic fillers to 

get various characteristic. Polymer nanocomposites are industrially important 

composites that contains a dispersion of particles that have at least one 

dimension (i.e. length, width, or thickness) in the nanometer-size in polymer 

matrix. Due to their nanometer-size dispersion, at loading levels of 2-3 vol%, 

they offer similar performance to conventional micro-size composites with 

30-50wt% of filler materials. These properties include improved mechanical 

strength, gas permeability, electrical conductivity, chemical resistance, heat 

resistance and flammability. [1] Nanoparticles used in polymer 

nanocomposites have been divided into three categories defined in terms of 

the number of dimensions of their nanometer size. The one-dimensional 

nanoparticles are usually platelets form, two-dimensional nanoparticles are 

fibres or whiskers form, and three-dimensional nanoparticles are spherical 

form. Depending on the dimensional structure the reinforcing effect of 

nanoparticles is related to the aspect ratio (p) and the interaction between 

particle and matrix. [2] 

 

 

1.2 Nanoclay exfoliation methods 

 

The most widely utilized nanoparticle reinforcement is montmorillonite 
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(MMT) which platelets consist of octahedral alumnina sheets sandwithed 

between two tetrahedral silica sheets. The world’s leading plastics producing 

companies have been invested in the development and production of 

polymer-layered silicate nanocomposites. [1] The layered silicates hybrids 

containing single silicates layer was developed by Toyota Central Research 

and Development Labs of Japan. They developed methods for producing 

nylon 6 / clay nanocomposites using in situ polymerization similar to the 

Unichika process.[3] The layer surface has 0.25 to 0.9 negative charges per 

unit cell and a commensurate number of exchangeable cation in the 

interlamellar galleries. The purpose of processing layered silicate 

nanocomposites is to totally exfoliate the platelets but frequently doublets 

and short stacks (tactoids) may also be present. Usually the aspect ratio of 

exfoliated MMT is p=50 to 2000 and the specific surface is in the order of 

750 to 800m2/g. Due to the high aspect ratio and specific surface, exfoliated 

MMT enables great improvement in strength and gas permeability. 

Depending on the chemical affinity between polymer matrix and surface of 

layered silicates, three types of layered silicate structure are 

thermodynamically possible. 

 

Conventional structure 

Conventional polymer-layered silicates nanocomposites contain aggregated 

structure of clays, tactoids. When the polymers unable to intercalate between 

silicate sheets, a conventional structure of nanocomposites formed whose 

properties remain same as conventional microcomposites. The conventional 

structure looks like phase separated structure between clay tactoids and 

polymer matrix, it can also be called phase separated structure. The 

interlayer spacing of conventional structure is same as clay powders. Usually, 
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the clay tactoids improve the rigidity of polymer, but decrease strength and 

toughness. 

Intercalated structure 

Intercalted structure means a single extended polymer chain is intercalated 

between the silicate layers thus, the ordered structure of silicate layer and 

polymer chain can be obtained. The interlayer spacing between each silicate 

layers increase and the X-ray diffraction peak shifted towards low angle 

values. In the intercalated structure still the silicate layers form structure in 

order compared to exfoliated structure.  

 

Exfoliated structure 

In exfoliated structure, the silicate layers are completely dispersed in a 

continuous polymer matrix. The contact area between polymer and 

nanofillers are greater than conventional structure or intercalated structure. A 

separation between layers depends on the polymer contents of the 

composites and interfacial interaction between polymer matrix and 

nanofillers. 

 

 
1.3 Nanocomposites processing 

 

The fabrication of polymer layered silicates nanocomposites are classified 

into three groups according to the starting group and preparation methods.  

Solution mediated processing 

Solution mediated processing is based on a solvent system. A solvent is used 

to disperse the layered silicates in which the polymer is soluble and the 

silicate layers are swellable. Thus, the layered silicates used in this methods 
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are usually organically modified layered silicates. When the layered silicates 

are swollen, the polymer and layered silicate solutions are mixed, the 

polymer chains intercalate and displace the solvent within the interlayer of 

the silicates. Upon the removal of solvents, uniform structure of polymer 

layered silicates can be formed. The solution mediated processing include 

emulsion or suspension polymerizations. When the silicate layers are 

suspended in an solution atmosphere, the monomer is polymerized in the 

other phase within the suspension. [4] 

 

In situ polymerization 

In this method, the layered silicate is swollen within the liquid monomer or a 

monomer solution so the polymer formation can occur between the 

intercalated sheets. Polymerization can be initiated either by heat or radiation, 

by the diffusion of a suitable initiator, or by an organic initiator or catalyst 

fixed through cation exchange inside the interlayer before the swelling step. 

[4] 

 

Direct melt compounding 

Direct melt compounding is the simplest way of making nanocomposites. 

This method involves annealing, statically or under shear, a mixture of the 

polymer and layered silicates above the softening point of the polymer. This 

method has great advantages over either in situ intercalative polymerization 

or polymer solution intercalation. First, this method is environmentally 

benign due to the absence of organic solvents. Second, it is compatible with 

current industrial process, such as extrusion and injection molding. The melt 

intercalation method allows the use of polymers which were previously not 

suitable for in situ polymerization or solution intercalation. [4] The problem 
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is, in this method, it is not easy to form well dispersed structure of nanofillers 

in polymer matrix.  

 

1.4 Ternary nanocomposites 

 

The use of polymer blends as composites matrices to produce engineering 

materials at low filler content has been studied for more than two decades. 

Ternary composites containing polymer matrix, additive polymer such as an 

elastomer, and rigid fillers are important for numerous engineering industry 

which deal complex system because the properties varies very wide range 

depending on the microstructure of the ternary composites.[5] The 

mechanical properties of such composites are determined significantly by the 

phase morphology of the system in particular the relative dispersion of the 

additive components. [6] In ternary composites system, mutual miscibility 

and adhesion of the constituents are the crucial factors influencing the 

structure and the property relationships in ternary composites. [7] 

Usually, the morphology of the ternary system is determined by the 

interfacial tension and wetting properties and adsorption properties. 

Depending on these interfacial properties, three kinds of structure can be 

formed. The following is the Harkin’s equation for a ternary system which 

can predict the morphology of the ternary blends where A is the continuous 

matrix phase and B, C are the dispersed phases.  

λ31 = γ12 + γ32 - γ13    (1) 

where γ12, γ32 and γ13 are the interfacial tension for each component pair, and 

λ31 is the spreading coefficient The index 2 refers to the matrix. If the λ31 is 

greater than 1, the encapsulated structure can be formed and if the absolute 

value of λ31 smaller than 1, the component 2 can be localized between the 
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phase 1 and 3. In addition, Guo et al. showed that the morphology obtained 

in multi phase systems, is determined not only by interfacial tensions, but 

also by the interfacial free energy which includes the interfacial area besides 

the interfacial tension. [8] 

The same phenomena occurs in the ternary composites including rigid fillers. 

According to the Young's equation the location of a filler in an equilibrium 

state can be estimated by calculation of the wetting coefficient.  

 

ω =
            	           

   
   (2) 

 

where             is the interfacial energy between filler and polymer 

component i,             the interfacial energy between filler and polymer 

component j, and     is the interfacial energy between polymer components 

i and j. Normally, three types of phase morphologies are formed in a ternary 

polymer composites. First one is individually dispersed microstructure which 

nanoparticles are dispersed or aggregated in both polymer 1 and polymer 2. 

Second one is if the absolute wetting coefficient is higher than 1, 

nanoparticles are dispersed or aggregated in one polymer phase, third one is 

if the absolute wetting coefficient value is lower than 1 partial wetting by 

both polymer where nanoparticles are localized in interface between polymer 

blends.[9] 

 
 

1.5 Nanoparticles as compatibilizer in immiscible blends 

 

In general, compatibilizer refers usually to a macromolecule used to 

manipulate the interfacial properties of two immiscible two phase system 
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including blends and emulsion etc. Usually the compatibilizer applied in two 

phase system are block copolymer or other organic materials which have 

both hydrophilic and hydrophobic characteristics. 

However, newly methods to compatibilize two phase system applies 

inorganic solid particles. The stabilization of emulsions by incorporating 

colloidal particles which is frequently termed as a pickering emulsion is 

known since the pioneer works of Ramsden and Pickering. [10] The particles 

at the interface minimize total interfacial energy of the system. Thus it 

reduces the droplet phase and stabilize morphology of the emulsion.[11] 

Similar behavior have been observed in immiscible polymer blend system by 

several researchers. In polymer blend system, the presence of particle refines 

the droplet size of the dispersed minor phase, stabilizes it against coalescence 

during melt mixing and ensures strong interfacial adhesion between the 

phases in the solid state, thus improving the final mechanical properties. ] In 

their presence, the stabilizing energy gain originates from the strong 

adsorption of polymeric components on the solid surface. To achieve this 

function, the inorganic particles should have the largest possible surface area 

per unit weight. [12] 
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Chapter 2 Experimental part 

 

2.1 Materials 

 

The polypropylene used in this study was Moplen HP562T that kindly 

supplied by Polymirae co. Poly(ethylene-co-methacrylic acid) which has 

commercial name of Sulryn®8945 was supplied by Duphont, Korea. The 

melt flow rate of polypropylene is 60g / 10min at 196 ℃ / 2.16 kg. The 

melt flow rate of Surlyn ionomer is 4.5 g / 10 min at 230 ℃ / 2.16 kg. The 

density of polypropylene is 0.90 g/cm³ and ionomer is 0.95 g/cm³. The 

characteristics of materials are listed in Table 1.  

The montmorillonite clays were purchased from Southern clay co. The  

surface modified clay Cloisite® 20A (C20A) used in this study. C20A was 

intercalated with 38 weight percent of dimethyl dihydrogenated tallow 

quaternary ammonium salt.  
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Table 1. Charicteristics of materials 

Materials polypropylene poly(ethylene-co-methacrylic acid) 
Test 

methods 

Grade 
Moplen 

HP562T  
Surlyn8945 - 

Structure 
 

 

- 

MFR 

60 g / 10 min 

(196 ℃ / 2.16 

kg) 

4.5 g / 10 min 

(230 ℃ / 2.16 kg) 

ASTM 

D1238 

Density 0.90 g/cm³ 0.95 g/cm³ 
ASTM 

D792B 
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2.2 Processing 

 

Before processing, all the materials were dried in vacuum oven 

(SANGWOO SW90DV) at a temperature of 80℃ for at least 24 hours before 

processing. The blending of polypropylene, ionomer and motmorillonite 

clays were conducted in internal mixer (Rheocomp ®, MKE) with a volume 

of 60ml. All the blends were prepared in same processing condition. The 

batch mixer was filled with 45g of polymeric materials and additional 

nanoclays. The blend were mixed for 8 min at a temperature of 190℃ and a 

rotation speed of 100 rpm. The specific procedure of compounding are as 

follows. The matrix polymer polypropylene was compounded at rotating 

speed of 10rpm for 1 min, following compounding was conducted at rotating 

speed of 100rpm for 1min. Second step of mixing was put ionomer into the 

batch mixer for 1 min at the same condition. Finally clay was blended with 

the polymer blend for 5 min. All the composites composition were listed in 

Table 2.  

The composites were then compression molded using a Carver laboratory 

hot press at 190℃ for 7 min into a mold with a thickness of 1.0 mm and then 

annealed at room temperature. The organoclay mass concentration for 

PP/ionomer blend varies from 0 wt% to 10wt%. 
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Table 2. Code name and composition for PP/ionomer/OMMT 

Code name 
C20A mass 

fraction [%] 

Blend 

PP mass fraction 

[%] 

ionomer mass 

fraction [%] 

PP90S10 0 90 10 

PP90S10C20A1 1 90 10 

PP90S10C20A3 3 90 10 

PP90S10C20A4 4 90 10 

PP90S10C20A5 5 90 10 

PP90S10C20A7 7 90 10 

PP90S10C20A10 10 90 10 

PP80S20 0 80 20 

PP80S20C20A5 5 80 20 

PP80S20C20A6 6 80 20 

PP80S20C20A7 7 80 20 

PP80S20C20A8 8 80 20 

PP80S20C20A9 9 80 20 

PP80S20C20A10 10 80 20 
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2.3 Charicterization 

 

2.3.1 XRD 

XRD data was used to observe the structure of clay which dispersed in the 

blend. Wide angle x-ray diffraction data were obtained from Rigaku D/ 

MAX-2500 X-ray diffractometer with Cu Ka radiation  wavelength ¼ 

1.5418) with accelerating voltage of 40 kV and 300mA. Diffraction spectra 

were obtained over a 2θ range of 1.2–10. 

 

2.3.2 Scanning electron microscopy (SEM) 

The fractured surface morphology of the composites was examined by 

field-emission scanning electron microscopy (FE-SEM) using a JEOL model 

JSM-6700F with a acceleration voltage of 5 to 10kV. Before proceeding, the 

samples were fractured in liquid nitrogen and sputter coated with palladium 

to avoid charging. 

 

2.3.3 Transmission electron microscopy (TEM) 

The microstructure of the ternary composites were analyzed using field-

emission transmission electron microscope (FE-TEM) using a JEOL JEM-

2100F with an electron accelerating voltage of 200 kV. Before proceeding, 

the samples were microtomed in liquid nitrogen using PT PC 

Ultramicrotome & Photographic. 

 

2.3.4 Rheometry 

Rheological properties were obtained using stress control type rheometer 

Discovery hybrid rheometer-3 (DHR-3, TA) at air atmosphere. The 

measurements were conducted at 180℃ with a 25mm parallel plate fixture. 
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Dynamic oscillatory shear test was conducted to observe the viscoelastic 

storage modulus (G’), loss modulus (G’’) and complex viscosity (η*) at 

linear viscoelastic region. Steady rate sweep test was conducted to shear rate 

dependence of viscosity (η).  

 

2.3.5 Differential Scanning Calorimetry (DSC) 

Thermal characteristics of the composites were measured using DSC 

Q1000 (TA Instruments). Samples were heated from 50℃ to 230℃ at a 

scanning rate of 10 ℃/min and then maintained at this temperature for 5 min 

to erase thermal history before subsequent cooling at the same rate. The 

measurements were conducted two times and the data was gathered from 

second cycle.  

 

2.3.6 Peel adhesion test 

The adhesion strength of composites were measured by tensile machine. 

Before test, polypropylene and ionomer/C20A composi6tes were molded as a 

sheet with a thickness 0.2mm, width 20mm, and length 100mm. 

Subsequently, two sheets were compression molded to combine together at 

190℃. The test was carried out on an UTM at room temperature, a 

crosshead speed of 0.5mm/s.  
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Chapter 3 Results and discussion 

 

3.1 Effect of clay concentration 

 

3.1.1 Intercalated structure of clay  

 

The wide-angle XRD patterns of the samples obtained after compounding 

are shown in Figure 3. 1. From the results, we could find that the 2θ peaks of 

the composites decreases. The addition of organoclay to blends of 

polypropylene and poly(ethylene-methacrylic acid) led to disordered state of 

clay layers, i.e. intercalated structure. This intercalation or exfoliation of clay 

layers of clay tactoid is due to polar surface of the clay particles interact with 

polar functional group of the poly(ethylene-methacrylic acid) ionomer. [13, 

14] 
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Figure 3. 1. Wide-angle XRD patterns of PP/ionomer/C20A composites and 

C20A with different C20A concentration. 
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3.1.2 SEM microscopy morphology 
 

Figure 3.2. shows that the cryo-fractured surface of the composites 

depending on the mass fraction of the organoclays. Due to chemical structure 

of polypropylene and poly(ethylene-co-methacrylic acid) ionomer are 

different, fractured surface of 90/10 PP/ionomer shows phase separated 

morphology.. The composites under the clay mass fraction 3wt%, we can see 

that there are still distinguishable phase boundary between polypropylene 

and poly(ethylene-co-methacrylic acid) ionomer. However, introducing more 

clays, the cryo-fractured surface shows no phase boundary which shows 

similar images like compatibilized composites by organoclays.  
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Figure 3. 2. Cryo-fractured SEM images of PP/ionomer/C20A composites: 

(a) 90/10/0 (b) 90/10/3 (c) 90/10/5 (d) 90/10/7. 

  

a b 

c d 

10μm 

10μm 10μm 

10μm 
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3.1.3 Rheological properties 
 

The rheological properties of the 90/10 PP/ionomer and C20A composites 

depending on the concentration of C20A are shown in figure 3.3-3.5. 90/10 

PP/ionomer blend shows similar rheological behavior to neat PP. It can be 

assumed that weak interaction between PP and ionomer thus it is hard to 

reveal properties of ionomer. The ternary composites of the C20A mass 

fraction under 3%, the rheological properties of the ternary composites are 

still similar to PP/ionomer blends. However, adding more clays to the 

composites, storage modulus of the composites grows tremendously. From 

the result we found that there’s a threshold of C20A mass fraction which 

affects rheological properties of the ternary composites. 
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Figure 3. 3. Storage modulus of PP/ionomer/C20A hybrids at 180c 
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Figure 3. 4. Loss modulus of PP/ionomer/C20A hybrids at 180c 
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Figure 3. 5. Complex viscosity of PP/ionomer/C20A hybrids at 180c 
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3.1.4 Relation between rheology and morphology 
 

The composition of the composites where cryo-fractured morphology 

shows phase separated image, rheological properties especially storage 

modulus (G’) of the composites reveal similar value to PP/ionomer blends 

without clay. It means that there’s a weak interaction between two phase. 

Similar behavior also found in 80/20 PP/ionomer blend. (Figure 3.6.)Under 

the clay concentration of 6wt%, the rheological properties of the composites 

show same trends to the 90/10 PP/ionomer blend. However, composites over 

the concentration, the rheological properties of the composites increase and 

the cryo-fractured surface of the composites shows no phase boundary as 

90/10 PP/ionomer composites. From this two result, the transition of 

properties is strongly associated with mass ratio between ionomer and clay. 

Thus, it can be concluded that the rheological properties are strongly related 

to morphology and also both properties are influenced by the mass ratio 

between ionomer and clay. It is defined as critical mass ratio of clay in 

ternary composites. The critical mass ratio of clay : ionomer is 3 : 10. 
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Figure 3. 6. Reduced storage modulus (	
            

        
 ) of PP/ionomer/C20A 

composites depending on C20A mass fraction. 
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3.2 Microstructure analysis 

 

3.2.1 Wetting properties 

 

At the equilibrium state, the localization and dispersion of the nanoparticle 

are governed by thermodynamic properties. Thus, the morphology of the 

ternary composites at equilibrium state can be explained by wetting 

properties. Wetting is the thermodynamic state of the composites or blends 

which governs the morphology of the composites especially dispersed phase 

size and adhesion between the dispersed and matrix phase. The surface 

tension of the poly(ethylene-co-methacrylic acid) were calculated using 

following multi block copolymer equation. The mass fraction of methacrylic 

acid is 15.2%, χ=0.152. 

 

 ionomer=χ     +χ         	

 

Where  ionomer is total surface tension of the ionomer, χi is volume fraction of 

the “i” component,  i is surface tension of “i” component. The calculated 

value were listed in table 3.  

 

 Wu (1971) suggested that calculating interfacial tension of polar or non-

polar molten and solid state of polymers using surface tension, i.e. equation 3.  

 

   = 	  + 	  
  - 4(  

d   
d)/(  

d +   
d)-4(  

p   
p)/(  

p +   
p)   (3) 

 

     : total amount of surface tension. 

   : dispersive component of surface tension. 
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   : polar component of surface tension. 

 

From equation 3, we can calculate interfacial tension between each 

component. The calculated value of interfacial tension between ionomer and 

PP is 1.71 (mJ/m2) , PP and C20A clay is 6.40 (mJ/m2) and ionomer and 

C20A clay is 4.32 (mJ/m2) (Table 4). Using interfacial tension between each 

component we can approximate wetting coefficient from equation 1. The 

calculated value of wetting coefficient is -1.21. The minus value of wetting 

coefficient implied that C20A have higher affinity to ionomer phase than 

matrix phase. Thus, most of the clay particles could be found in dispersed 

phase. 
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Table. 3. Surface tension of materials 

Material     	(mJ/m^2)    (mJ/m^2)    (mJ/m^2) 

C20A 26.08 19.71 6.37 

ionomer 28.68 25.70 1.20 

PP 20.82 20.82 0 
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Table. 4. Calculated interfacial tension and wetting coefficients of 
PP/ionomer/C20A composites 

Components 
Interfacial tension 

 	
  	

(mJ/m^2) 

Wetting coefficient 
 a 

              4.32 

-1.21             1.71 

         6.40 
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3.2.2 TEM microscopy morphology 

 

The structure of dispersed phase was studied using TEM microscopy. Due 

to high affinity to ionomer, the inclusion of additive fillers by elastomer 

formed encapsulated structure. (Figure 3.7) The ionomer formed ionomeric 

aggregation in the binary and ternary composites which makes interaction 

between ionic aggregation and polar surface of the clay induce strong 

encapsulated structure. As the concentration of the additive fillers grows, 

additional clay particles fulfill periphery of the dispersed structure and when 

the mass fraction of the clay reached the critical mass ratio of polypropylene 

and clay, the additional clays were observed at the interface between 

polypropylene matrix and dispersed phase.  
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Figure 3. 7. TEM micrographs of PP/ionomer/C20A hybrids: (a) 90/10/3 (b) 

90/10/5 (c) 90/10/7. 
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3.2.3 Dispersed phase structure 

 

The structure of dispersed phase developed depending on the 

concentration growth of clay particles. Rheological properties which is 

sensitive to microstructure are analyzed depending on the mass fraction. 

Each point was obtained in frequency 1 rad/s, strain 5% at 180℃. The 

composites of low mass fraction of the clays where concentration of the filler 

particles is under 3 weight percent showed more liquid like behavior. (Figure 

3.8) However, when the concentration of clay particles grows, there is a 

crossover point that storage modulus (G’) and loss modulus (G’’) of the 

composites meets near 3 weight percent of the clay mass fraction. The 

rheological properties implied that solid like behavior over the crossover 

point. The region where the composites show solid like behavior, the 

interaction between filler and filler, filler and matrix polymer are weak 

compared to the interaction between filler and dispersed phase. When the 

mass fraction of clay reached the critical value, the dispersed phase formed 

stiff network structure which is similar to the jammed structure. After the 

jammed structure formed due to massive volume of clay particles, additional 

fillers localized at the interface between matrix polymer and dispersed phase. 

The selective localization of nanofillers affects average size of dispersed 

phase, rheological properties and mechanical properties at solid state.  
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Figure 3. 8. Rheological properties of PP/ionomer/C20A hybrids and 

ionomer/C20A hybrids with different C20A concentration in ternary 

composites at 180℃. 
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Although the interfacial properties crucially affect size of the dispersed 

phase, the formation of dispersed phase influence size of dispersed phase 

also. The variation of average drop diameter was obtained from TEM images 

and number average drop diameter (Dn) and volume to surface average drop 

diameter (Dvs) were calculated. 

 

 

D =	
∑  

 
 

D  =	
∑  

 

∑  
  

 

The calculated number average drop diameter and volume to surface 

average drop diameter were plotted depending on clay mass fraction in 

figure 3. 9. 

The average drop diameter size increase by adding filler particles due to 

the attraction of ionomer and clay surface that makes inclusion of clay 

particles to the dispersed phase. The phenomena of growing average drop 

diameter is driven by the addition of clay which trapped inside of ionomer 

phase, i.e. formation of encapsulated structure. The same behavior can be 

observed until the critical mass ratio, the drop diameter of the dispersed 

phase increases depending on the mass fraction. When the critical mass ratio 

reached the average drop diameter showed highest value and decreases. The 

phenomena of decreasing drop diameter is caused by clay particles at the 

interface act as a compatibilizer in immiscible blends thus the interfacial 

tension decreases. [15, 16] 
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Figure 3. 9. Number average droplet diameter (Dn) and volume to surface 

area droplet diameter (Dvs) of PP/ionomer/C20A hybrids . 
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3.3 Quantification of interfacial interaction 

 

3.3.1 Miscibility of ternary system 

 

The extent of interfacial interaction can be qualified by rheological 

properties depending on mass of clay particles. Under the composition of 

clay 7 weight percent, most of the solid fillers localized in the dispersed 

ionomer phase. Thus, we can consider the ternary composite as a binary 

blends of polypropylene and ionomer/clay composites. This assumption 

enables us to quantify extent of miscibility between matrix and dispersed 

phase by equation (4).  

 

    	  ,     =  	     (  )	       (4) 

 
The difference between experimental value and calculated value are defined 

as degree of miscibility. 

 

Degree	of	miscibility = 	
  	   −	  	   

  	   
 

 

The degree of miscibility implies that miscibility of two component by 

following rules.  

The absolute value of the degree of miscibility becomes zero, they have 

thermodynamically high miscibility. The deviation from zero point means 

that weak miscibility compared to mixing same materials. The value of 

degree of miscibility are plotted in figure 3.10. 
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The addition of clay enables degree of miscibility from positive value to 

negative value and the absolute value becomes bigger than blends without 

clay that means weak interfacial interaction between matrix polymer and 

dispersed phase. This phenomena is due to the growth of viscosity ratio 

where the interfacial interaction of the composites are still same as 

polypropylene and ionomer and ionomer and clay. After critical mass ratio 

the value recovered to positive value and the absolute value is smaller than 

original value which means strong interfacial interaction between three 

components. The trends are similar to the number average and volume to 

surface average drop diameter variation depending on mass fraction of fillers.  
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Figure 3. 10. Viscosity ratio of calculated viscosity and measured viscosity 

of PP/ionomer/C20A hybrids depending on mass concentration of C20A. 
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3.3.2 Effective volume analysis 

 

The interfacial interaction model which correlate the interfacial interaction 

to viscoelastic properties was proposed by Sumita et al. [17] It is reported 

that the energy loss of the composites related to the interfacial region of the 

filler particles where immobilized matrix polymer does not contribute to 

energy loss. The energy dissipation is related to loss modulus 

W = π E” ε2 

Where W is energy dissipation, E” is loss modulus, and ε is extension rate.  

The model is described by following equation.  

 

             

         
= (1 −   )  =	 (1 −   )      (5) 

  

Where E”composites is the loss modulus of the nanocomposites, and 

E’’matrix is the loss modulus of the matrix polymer.    is the effective 

volume fraction of total particle. B is a parameter which represents the 

effective volume of one particle. Same investigation can be applied to shear 

property of the composites by analogy. Thus, the equation can be described 

as  

 

             

         
=	 (1 −   )  = (1 −   ′)         (6) 

 

where G”composite is the loss modulus of the nanocomposites, and 

G’’matrix is the loss modulus of the matrix polymer at melt state. In this 

study, clay particles were fully encapsulated in dispersed ionomer phase, we 
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can consider the one dispersed droplet composites of ionomer and clay as a 

one particle. 

Thus, in this ternary system, parameter B’ represents the effective volume 

of dispersed phase. B’ value where composite of clay mass fraction of 1% is 

0.42. Growing clay mass fraction, the effective volume of dispersed phase 

grows. (Figure 3. 11) This phenomena is interpreted as a growth of volume 

of dispersed phase due to formation of encapsulated structure. After critical 

mass ratio, clay particles are localized at the interface and the adsorption of 

polypropylene to clay surface enables growth of B’. The growth of B’ 

and	   stopped after clay mass ratio of 5% and parameters show nearly 

constant value. It can be assumed that although the total volume of dispersed 

phase increases by the addition of fillers, the effective volume due to the 

adsorption of polypropylene is constant in the mild flow condition. 
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3.3.3 Solid state adhesion strength 

 

The peel adhesion strength of the polymer sheets is strongly related to the 

interfacial interaction between two polymers. [18] In peel adhesion test, the 

size of the dispersed phase can be ignored. Thus only the interfacial 

interaction can influence the adhesion strength. As previous tests, ternary 

composites can be considered as blends of polypropylene and clay and 

ionomer composites. 

 

 

Figure 3. 12 shows relative peel adhesion strength of the composites. The 

relative adhesion strength between polypropylene and ionomer is 1. Adding 

same ratio of organoclays to 1wt% in the ternary composites to the 

composites of ionomer and clay, the relative peel adhesion strength decreases 

to 0.45. According to the results, beside the growth of droplet size additional 

effect influence the interfacial properties of the composites. The composites 

of clay mass fraction 3% shows similar value. 

When the ionomer and clay composite forms network structure, the peel 

adhesion strength recovered and the value grows. The increase of adhesion 

strength originates from the interaction between organoclay and 

polypropylene.  
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Figure 3. 11. Calculated effective volume per single dispersed phase 

parameter (B’) and effective volume parameter (Φe) depending on C20A 

mass fraction. 
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Figure 3. 12. Relative peel adhesion strength of 

polypropylene/ionomer/C20A composites depending on C20A mass fraction. 
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3.4 Crystallization effect 

 

The crystallization effect depending on the localization of clay in ternary 

composites were studied by using DSC analysis. Figure 3. 13. shows DSC 

heating and cooling curves of the PP/ionomer/C20A ternary composites. All 

the curves shifted vertically for the clarity.  

The crystallinity of the polypropylene were calculated using following 

equation.  

 

χ	 = 	∆Hc
∆  

  ∆     	× 100      (7) 

 

∆Hc	[J/g] is the measured enthalpy of the crystallization of the composites, 

and fp is mass fraction of the polypropylene and ∆Hc   [J/g] is the standard 

enthalpy of the 100% crystalline polypropylene [209J/g]. 

The crystallinity of polypropylene is influenced by the contact of the 

ionomer and clays. The ionic interaction of the ionomer cause growth of 

crystallinity and onset temperature. X-ray scattering experiments show that 

the ionic association persist up to 300℃ which is higher than processing 

temperature of the composites in this study. 

The effect of organoclay on crystallinity of polymer was studied by many 

reports. Usually, aggregation of clay tactoids induce heterogeneous 

nucleation and influence growth of crystallinity as the talc composites. In the 

composites of polypropylene and clay, same behavior occurs which clay 

tactoids increases the crystallinity of the polypropylene from 45% to 48%. 
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Figure 3. 13. DSC heating and cooling curves of PP/ionomer/C20A hybrids : 

Heating rate = 10℃/min, cooling rate = 10℃/min, compression molded 

samples (a) cooling curves (b) heating curves. 
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However, when the exfoliated structure of the clays is formed, the 

crystallinity of the polypropylene decreases which is opposite phenomena 

compared to agglomerated structure. The retardation of crystallization 

behavior is due to exfoliated clay act as diffusion or displacement barriers for 

crystallization of polypropylene. Also, partial miscibility of the modified 

clay hinders the crystallinity of the polypropylene.[19] 

The calculated values of the crystallinity of the composites are listed in 

Table 5. Thus, the crystallinity of the polypropylene decreases due to 

poly(ethylene-methacrylic acid) ionomer as reported before. Also, the results 

showed that the crystallinity of the composites varies depending on the 

localization of the organoclays in the dispersed phase. Under the organoclay 

contents 3wt%, where the organoclays were located inside of ionomer phase 

the crystallinity of the polypropylene seems similar to the blends of 

polypropylene and poly(ethylene-co-methacrylic acid) ionomer. The slight 

increase in the crystallinity may be due to the growth of the dispersed phase 

droplet induce heterogeneous nucleation. However, when the clays were 

localized at the interface, the calculated crystallinity of the composites 

decreases. This behavior is well interpreted by previous results. As discussed 

before, when the ternary structure formed, the structure of the clay form 

exfoliated and intercalated structure. The organoclays do not have a chance 

to contact polypropylene when they are located inside of ionomer phase. 

However, when they were located interface of the polypropylene and 

ionomer, they contact with polypropylene and the retardation effect of 

organoclay in crystallinity of the composites occurs because the organoclay 

at the interface can act as a diffusion barrier.       
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Table 5. DSC crystallization data for PP/ionomer/C20A 

Code name 
C20A mass 
fraction [%] 

Tc
peak [℃] Tc

onset [℃] 
Crystllinity 

[%] 

PP90S10 0 112.940 117.705 45.48 

PP90S10C20A3 3 111.983 118.467 45.82 

PP90S10C20A4 4 114.670 118.818 44.76 

PP90S10C20A5 5 113.933 119.163 44.66 

PP90S10C20A7 7 110.030 115.412 43.11 
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Chapter 4 Conclusion 

 

The microstructure of ternary composites depending on mass 

concentration of additive fillers were studied. The ternary composites of 

polypropylene / ionomer / clay formed encapsulated structure. In the low 

concentration of fillers, clays were trapped inside of dispersed phase due to 

wetting characteristics. The composites containing clays over critical mass 

ratio to ionomer, the dispersed phase formed stiff solid like structure and the 

fillers that could not penetrate into disperse phase localized at the interface 

between polypropylene and ionomer. Depending on the evolution of 

microstructure, the interfacial interaction which affect morphology, rheology 

and mechanical properties changed. The cryo-fractured surface of the 

composites changed from phase separated morphology to compatibilized 

morphology and the rheological properties increased. The droplet diameter 

of dispersed phase increased before critical mass ratio (3wt%), however, the 

size reduction of dispersed phase found after the critical mass ratio. The 

transition of interfacial interaction at the melt state depending on the mass 

concentration were quantified by degree of miscibility and effective volume. 

The miscibility of the composites decreased by forming encapsulated 

structure but recovered from interfacial interaction between matrix and solid 

fillers. The effective volume of the dispersed phase increased by growing 

interfacial interaction of clay and matrix polymer by adsorption of polymer 

on the surface of the clay. The solid state adhesion strength between matrix 

polymer and composites of dispersed polymer and fillers implied that the 

interfacial interaction of the composites improved over critical mass ratio. 

The crystallinity of the composites also affected by the formation of ternary 
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composites. To be conclude, the formation of ternary composites depending 

on the mass fraction of fillers influence the interfacial properties of the 

composites. 
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국 요약 

  

본 연구에서는 폴리프로필렌/ 에틸렌 메타크릴산 공중합체/ 클

레이 삼상 복합체에서 클레이의 분산 및 위치에 따른 복합체의 구

조변화와 물성을 연구하였다.  폴리프로필렌과 에틸렌 메타크릴산 

공중합체(EMMA)의 블렌드에 클레이입자를 0 ~ 1 0%  첨가하면서 

물성변화를 관찰하였다.  클레이 함량 3 % 이하의 복합체에서 클

레이는 EMAA 상의 내부에 존재하는 반면,  클레이 함량이 증가하

면서 분산상에 클레이가 채워져 견고한 구조가 형성되며 추가적인 

클레이는 계면에 존재하게 된다.  이에 따라 계면에서의 상호작용

은 폴리프로필렌과 E M A A 로부터 폴리프로필렌- 클레이와 

E M A A - 클레이의 상호작용으로 변화하며 이에 따라 미세구조 

및 유변물성이 변화한다.  복합체의 저장 모듈러스 ( G ’) 는 클레

이가 분산상의 내부에 존재 할 때는 거의 영향을 받지 않지만 클

레이가 계면에 위치하면서부터 크게 증가한다.  또한 파단면의 모

폴로지 역시 클레이가 복합체의 내부에만 존재할 경우에는 분산상

의 상 경계가 뚜렷하게 관찰되고 분산상의 크기가 증가하지만,  

클레이가 계면에 위치할 때는 분산상의 크기가 줄어들고 파단면의 

모폴로지 역시 상의 경계가 뚜렷하게 관찰되지 않는 상용화된 모

폴로지를 보인다.  우리는 복합체의 유변물성의 변화를 통하여 분

산상 내부구조의 변화에 따른 클레이의 위치변화와 계면에서의 상

호작용의 변화를 정량화 하였다.  또한 고체상태에서의 계면 접착

량 측정을 통하여 계면에서의 상호작용의 증가함에 따라 접착력이 
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증가하고,  미세구조상 클레이 입자가 계면에 존재할 때 결정화도

가 낮아짐을 확인하였다. 본 연구를 통하여 삼상 또는 다상의 복

합체 설계시에 화학적 친화도에 따른 열역학적 변수 이외에 첨가

되는 입자의 양에 따른 구조적인 한계와 그에 따른 분산상의 구조 

변화 및 복합체 전체의 구조와 물성의 변화를 예측하는데 기여를 

할 수 있을 것이라 기대한다.  
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