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Abstract 

 

A study on poly(lactic acid) and natural rubber 

blends compatibilized by organoclays 

 

Hyun Geun Ock 

School of Chemical and Biological Engineering 

Seoul National University 

 

In this thesis, the effect of organoclay as a compatibilizer in immiscible poly(lactic 

acid) (PLA) and natural rubber (NR) blends was studied. Structural development of 

PLA90/NR10 blend was examined depending on the clay content (0.5~10wt%). The 

drop size of the dispersed NR phase initially decreased and then remained constant as 

the clay content increased. Below the critical concentration (3wt%), the clay was 

selectively localized mostly at the interface between the matrix phase (PLA) and the 

dispersed phase (NR), whereas the clay particles were additionally observed in the 

matrix phase above 3wt%. XRD analysis revealed that the gallery structure of the clay 

was highly dependent on the concentration and selective location of the clays. The 

development of the structure and the physical properties of the blend were also 

investigated according to the clay contents by measuring the linear viscoelasticity and 

surface tension. The degree of clay exfoliation was analyzed quantitatively in terms of 

the modulus ratio of PLA/NR/clay and PLA/clay. The elongational behavior and 
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mechanical properties of the blends were strongly dependent on the location of the 

clays. The clay worked as an efficient compatibilizer below the critical content, while 

it worked as a reinforcing filler above the threshold, making the matrix more rigid. 

Next, the compatibilizing effect of organoclay in immiscible poly(lactic acid) (PLA) 

and natural rubber (NR) blends was investigated through small amplitude oscillatory 

shear (SAOS) and large amplitude oscillatory shear (LAOS) tests by varying clay 

concentrations, mixing conditions and types of clay. A quantified nonlinear parameter 

(I3/1) from FT-rheology and complex moduli (|G*|) were used to analyze the structural 

development of the PLA/NR blends in response to added clays. The nonlinear-linear 

viscoelastic ratio (NLR) was also introduced to describe morphological changes in the 

blends. Observation of the TEM images revealed that the drop size of natural rubber 

decreased as the clay content increased from 0.5 to 3 wt%. However, the NR size did 

not change above 3wt% of the clay. The NLR value increased up to 3wt%, then 

reached a plateau. The drop size reduction due to increased mixing rates was reflected 

in the NLR value. In addition, the compatibilization efficiency of various types of clay 

was in accordance with the NLR value. A reciprocal relationship was observed 

between the NLR and inverse of the drop size, with respect to the clay concentration, 

mixing condition, or types of clay. The NLR value could be used to estimate the 

compatibilizing effect of organoclay in immiscible polymer blends (PLA/NR), even 

without direct morphological observation. 
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Chapter 1.  

Introduction 
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1.1. General introduction 

 

A physical mixture of two or more polymers is defined as polymer blend. Polymer 

blends have been used for several decades due to the recent demand for special 

engineering application. Desired physical properties for specific purposes can be 

easily achieved with appropriate choices of multiple polymeric materials rather than 

synthesis of a new polymer. Accordingly, polymer blends occupy very important 

portion in actual polymer industry, even in economic aspects.  

In general, the morphology of dispersed phase is changed from nodule, fibril shape 

to co-continuous phase with different viscosity ratio and volume ratio between matrix 

phase and dispersed phase. The size of droplet of the dispersed phase vary depending 

on interfacial stress and hydrodynamic stress following drop breakup and coalescence 

[1]. The shape and size of droplet of the secondary polymer would play one of the 

most important roles in controlling final properties of the polymer blends. We have to 

control the morphology of the blends in order to get required performance of the 

blends. Behavior of materials in molten state under the applied shear rate in 

manufacturing steps could be interpreted by rheological analysis. The first objective of 

this thesis is rheological investigation on morphology of polymer blends and relevant 

physical properties. 

Another method to improve physical properties of polymer is introducing small 

amount of nanoparticles in polymer matrices. This hybrid material system is called 

polymer nanocomposites. Especially, clay is one of the most widely used 

nanoparticles to fabricate polymer nanocomposites due to its large surface area and 
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high aspect ratio. The performance of polymers such as mechanical properties [2,3], 

heat resistance [4,5], flame retardancy [6,7], gas barrier properties [8,9], and 

biodegradability [10,11] could be enhanced with relatively small amount of clay 

content compared to conventional micron-sized fillers [12]. Taken polymer blend and 

polymer nanocomposites together, three component material system which could be 

classified into polymer blend nanocomposites is achieved. Researches on polymer 

blend nanocomposites have been robust, since introducing two polymers and one 

nanoparticle is easier way to achieve required performances than developing of a new 

synthetic techniques of polymer. 

Most of two polymers are immiscible each other, so that their blend exhibits phase 

separated morphology, which results in decrease of various mechanical properties. 

Unique features of each polymer can be revealed only when two polymers are 

efficiently blended. Thus, the additional compatibilizer is required to make two 

polymers more compatible in order to get desired features of each polymer [13,14]. 

Adopting polymer blend nanocomposite system, we can expect not only 

compatibilization of two immiscible polymers, but also enhancement of physical 

properties due to functionality of nanoparticles. In this thesis, strategies for 

compatibilization of immiscible polymer blends was also studied by choosing an 

immiscible polymer blend model system. 

Dealing with complex material system, it is essential to design optimum 

composition between each materials. For example, more amounts of secondary 

polymer added to base polymer would result in decrease of intrinsic properties of base 

polymer. Also, excess amount of nanoparticle might be insignificant or even affect 



4 

 

negatively on certain properties. Thus, it is very important to decide the optimum 

amount of components, at which each of them could play its intrinsic role 

appropriately. This thesis focused on establishing strategies to determine the optimum 

ratio between materials of the model polymer blend nanocomposite to get the best 

performance.  
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1.2. Outline of the thesis 

 

The thesis contains background, experimental methods, results and discussion, and 

conclusion chapters.  

Chapter 2 covers the background of the study which is categorized into three parts. 

The first part describes basic characteristic features of poly(lactic acid) (PLA) and 

explains inevitable reasons for blending it with highly elastic natural rubber (NR) to 

achieve better performances for industrial applications. In Chapter 2.2, immiscibility 

between PLA and NR is depicted, underlying the necessity of the use of 

compatibilizer to make the two polymers compatible to each other. There are several 

strategies to increase compatibility between the two polymers. An effective aspect of 

introducing organoclay among many kinds of compatibilizer is described as well. 

Then, nonlinear rheological analysis techniques utilizing FT-rheology to characterize 

compatibilizing effect of organoclay in PLA/NR blends is introduced in Chapter 2.3. 

Finally, the objectives of the thesis is suggested in Chapter 2.4. 

Chapter 3 describes experimental methods, including material information of PLA, 

NR, and organoclays and sample preparation procedures. Chapter 3.2 deals with 

detailed description on rheological measurement, those of not only dynamic and 

extensional rheology, but also nonlinear rheological approaches by FT-rheology. In 

order to confirm microstructural development of the PLA/NR blends due to added 

organoclay, electron microscopy, such as SEM and TEM, was introduced in Chapter 

3.3. In addition, other characterization tools, such as mechanical property and X-ray 

diffraction, are also described.  
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Chapter 4 describes the results about structure and properties of the PLA/NR/clay 

system resulting from compatibilization. In Chapter 4.1, microstructural features of 

PLA and natural rubber blends attributed to the effect of organoclay as a 

compatibilizer are described. In Chapter 4.2, structural development of the 

PLA/NR/clay is demonstrated on the basis of rheological analysis followed by 

interfacial tension analysis and capillary number estimation. In addition, effect of clay 

exfoliation on the blends is investigated. In Chapter 4.3, extensional viscosity and 

mechanical properties of the PLA/NR blends due to the presence of organoclay are 

described. The last part covers nonlinear rheological characteristics of the blends. 

Linear (G*) and nonlinear (Q) rheological properties as well as the ratio between the 

two quantities (NLR) are introduced to trace morphological change of the blends for 

three important variables such as concentration of clay, mixing condition, and types of 

clay.  

Chapter 5 summarizes the results of PLA and NR blends compatibilized by 

organoclays and then the thesis is concluded. 
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2.1. Poly(lactic acid) and natural rubber blends 

 

Recently, we have been faced environmental problems of non-degradable plastic 

materials. Use of biodegradable polymers can be a solution for this kind of issues, as 

they are sustainable resources. Poly(lactic acid) (PLA) is a thermoplastic bio-polymer 

made from starch or aliphatic biodegradable polyester such as lactic acid as shown in 

Figure 2.1.1 [15,16]. PLA possesses various advantageous physical properties of other 

commercial plastic materials while having low cost for disposal because it is 

biodegradable [17-19]. PLA has good performances in biodegradability, 

biocompatibility, thermal stability, and excellent processability. Because it can be 

decomposed by bacteria or microorganisms, PLA has gained much attention as an 

alternative to non-biodegradable plastics. However, it has restrictions for industrial 

applications due to its brittleness, long degradation time, and low melt strength. PLA 

should be plasticized to enable its use in many industrial applications due to its innate 

brittleness [16,20]. One possible approach to overcome these drawbacks is to use 

plasticizers [21,22]. However, this causes additional problems in melt compounding. 

The use of typical liquid type plasticizers results in many problems such as 

evaporation of the plasticizer owing to the high shear stress and heat energy in the 

melt mixing process. Another possible method of plasticizing is introduction of highly 

elastic toughening materials such as elastomer to PLA in a process known as rubber 

toughening [23,24]. Brittle PLA could be effectively toughened by blending it with a 

highly ductile elastomeric polymers.  
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Natural Rubber (NR) is an elastomeric polymer that shows many advantages 

including excellent mechanical properties, low cost, and ease of processing [25,26]. 

Most representative features of natural rubber are high elongational properties and 

good impact strength. Most of natural rubber sources are composed of cis-1,4-

polyisoprene. Natural rubber also exhibits great elastic properties since the applied 

external energy is transferred to thermal energy due to the distortion of double bonds 

of the isoprene monomer. Some recent studies reported efficient biodegradation of NR 

[27]. Accordingly, NR could be used as a good toughening material for biodegradable 

PLA as illustrated in Figure 2.1.2. Moreover, as it comes from the rubber tree in nature, 

it can be used to make eco-friendly blends with biodegradable PLA. 
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Figure 2.1.1. Reaction schemes to produce PLA [15,16]. 

 

 

 

 

 

 

 

 

 



11 

 

 

 

 

 

 

Figure 2.1.2. Schematic representation for structure, thermal properties, and resources 

of PLA and natural rubber, respectively. 
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2.2. Effect of organoclay as a compatibilizer 

 

However, most polymers are immiscible with others, which results in phase 

separation between two polymers as shown in confocal microscopy images of 

PLA/NR blends in Figure 2.2.1. Thus, it is essential to add a compatibilizer when two 

polymers are blended, copolymers being the most common ones. There have been 

many studies that have examined the effect of copolymers in incompatible polymer 

blends [28-32]. However, it is selective and sometimes expensive to find a good 

copolymer. Similarly, in case of PLA and natural rubber blends, maleic anhydride 

grafted rubber as chemical compatibilizers are usually introduced to ‘glue’ the two 

immiscible phases [33-35]. Such chemical compatibilizers increase manufacturing 

cost and introduce detrimental effects on the processability by increasing the viscosity 

of the blend. 

Another strategy is to use inorganic solid nanoparticles as a compatibilizer. The 

effect of nanoparticles in polymer blends has been extensively studied. Inorganic 

nanoparticles could make two immiscible materials more compatible by reducing the 

interfacial tension of the blend [36-40]. In particular, organically modified clays 

(organoclays) have been actively investigated in the past few decades due to their 

many unique features such as large surface area and high aspect ratio [41-46]. The 

surface of clay can be easily modified with various functional groups with the ion 

exchange reaction, and one can control compatibility with many polymers. When an 

organoclay is added to an incompatible polymer blend, the clay particles at the 

interface of the two polymers reduce the drop size of the dispersed phase by lowering 
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the interfacial tension (Figure 2.2.2) [43,44]. As a result, the two polymers can be 

compatibilized. In this thesis, organically modified clays were introduced to the 

PLA/NR blend as compatibilizers.  

The effects of organoclays on the change in various physical properties in PLA and 

natural rubber (NR) blends have been previously reported. Bijarimi et al. [47] reported 

on the crystallinity and thermal stability of the blend, and Bitinis et al. [34,35] 

investigated on the change in the mechanical and barrier properties according to the 

addition of clays in a PLA/NR blend. As shown in Figure 2.2.3, it was inferred that 

physical and mechanical properties of PLA/NR blends markedly improved depending 

on the concentration clay. However, they mainly described the change in physical 

properties of the blends from a macroscopic point of view, although they also 

investigated micromechanical deformation and reinforcement mechanisms of the 

PLA/NR/clay system. Also, the origin of the structural changes in the dispersed phase 

or of the dispersion state with different locations of organoclay has never been 

reported. It is important to figure out the exact mechanism for the role of organoclays 

as a compatibilizer in order to control the processability and to get the desirable end-

use properties for industrial applications.  
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Figure 2.2.1. Confocal microscopy images of PLA85/NR15, PLA90/NR10, and 

PLA85/NR15, respectively. 
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Figure 2.2.2. TEM pictures of 10/90 (w/w) PBT/PE (a) and 80/20 (w/w) (b) with 5 

phr organoclay [43]. 
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Figure 2.2.3. Samples stretched at different elongations (a) PLA, (b) PLA/NR, (c) 

PLA/NR/C15A 1wt%, (d) PLA/NR/C15A 3wt% [35]. 
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2.3. Characterization of compatibilizing effect by FT-

rheology 

 

Linear rheological material functions such as storage and loss modulus (G' and G'') 

or complex viscosity (|η*|) from small amplitude oscillatory shear (SAOS) tests 

provide information about internal structure and properties of polymeric materials 

[48]. For example, the degree exfoliation of nanoclay can be determined by the 

increase in storage and loss modulus in polymer/clay nanocomposites [49,50]. The 

drop size reduction of immiscible polymer blends could also be related to the 

interfacial tension, which can be calculated by several mathematical models using G' 

and G'' moduli [51]. Although many researchers have taken advantage of the linear 

rheological properties obtained from SAOS tests to characterize the internal structure 

of polymeric materials, less attention has been paid to nonlinear rheological analysis. 

Manufacturing process of polymers (either PLA or NR) such as injection molding, 

extrusion and compression molding is accompanied with very high shear or 

extensional flow field. In this sense, it is worth mentioning that more intensive 

rheological investigation should be conducted to understand the behavior 

PLA/NR/clay system under those types of flow field.  

Among several nonlinear rheological methods, nonlinear rheological properties 

from large amplitude oscillatory shear (LAOS) tests have recently been of interest for 

characterizing complex fluids [38, 52-60]. The nonlinear shear stress response under 

large deformations could provide useful information regarding the topology and 
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morphology of polymer melt systems (i.e., polymer melts, polymer composites, and 

polymer blends) [57-60]. Especially, Fourier Transform rheology (FT-Rheology) has 

been widely used to quantify nonlinear stress responses [61-63]. As demonstrated in 

Figure 2.3.1, the raw stress signal as a function of time is converted to intensity as a 

function of frequency [64]. Among many intensities, the third relative harmonic (I3/1≡ 

I (3ω)/I (ω), where ω is the excitation frequency) was used as a nonlinear index. It has 

been reported that this index is sensitive to microstructural changes from topology to 

morphology of the polymer composites and blend [56].  

Based on this higher sensitivity, Lim et al. proposed the Nonlinear-Linear 

viscoelastic Ratio (NLR ≡   ( )/  (0)/| 
∗( )|/| ∗(0)|; normalized nonlinear 

viscoelastic property/normalized linear viscoelastic property) as a characterization 

method for morphological development of various polymer nanocomposite system 

(Figure 2.3.2). Recently, this characterization method was utilized for detecting 

microstructural change of immiscible polymer blends compatibilized with organoclay. 

Salehiyan et al. [38,52] investigated the relationship between morphology evaluations 

of PP/PS blends with various compatibilizers (organoclay and silica nanoparticles) 

and nonlinear rheological properties from LAOS tests and found that nonlinear 

rheological properties were sensitive to small changes in the internal structure of 

polymer blends. They used NLR to quantify morphology of the PP/PS blends with 

various compatibilizers. As shown in Figure 2.3.3, organoclay was found to cover the 

PS dispersed phase at their interfaces and cause significant size reduction, which was 

reflected in increasing NLR values larger than 1 (NLR>1) [52]. They also investigated 

the effects of silica nanoparticles with different natures (hydrophilicity and 
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hydrophobicity) on PP/PS blends [38]. PP/PS blends with hydrophilic silica and no 

alteration of droplet size showed constant NLR values (»1) with increasing 

concentrations of hydrophilic silica. However, NLR values of PP/PS blends with 

hydrophobic silica nanoparticles were much larger than 1 (NLR>1), and increased 

with silica concentration, consistent with morphological evolution (i.e., reducing 

droplet size). Based on these two studies, there was an inverse correlation between 

NLR and droplet size.  

The mechanical properties and melt strength of PLA/NR/clay were found to be 

increased by controlling the location of clay. When the clays were located at the 

interface, the drop size of natural rubber decreased greatly. It is very important to 

control drop size since the size of the dispersed phase plays a very important role in 

the final properties of the blends. In polymer blend systems, the drop size of the 

dispersed polymer is generally changed by the capillary number (the ratio between 

hydrodynamic stress and interfacial stress) and the viscosity ratio between two 

polymers. The droplets can be deformed and eventually broken only when the 

capillary number exceeds the critical capillary number [1]. In contrast, when 

nanoparticles are incorporated into polymer blends such as PLA/NR/clay, the 

morphology is not simply determined by those parameters due to the complexity in 

estimating hydrodynamic stress or interfacial tension.  

In this respect, this thesis focused on analyzing morphological development of 

dispersed phase in the PLA/NR/clay system by introducing the recently proposed 

rheological method. In addition to the materials composition, it was investigated the 
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effects of mixing condition and types of clay on the morphological development and 

resulting properties. 

 

 

 

 

 

 

 

Figure 2.3.1. (a) Nonlinear stress curve, (b) FT-spectrum gained from FT-rheological 

analysis, respectively [64]. 
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Figure 2.3.2. NLR of PCL/MWNT, PCL/OMMT, PCL/PCC composites, and 

PVA/borax solution as function of concentration. The lines are added to guide eye [59]. 
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Figure 2.3.3. Comparison of NLR values of PP/PS/C20A and PP/PS/silica blends as a 

function of weight fraction of particles, and TEM images of PP/PS/ 5wt% C20A, 

PP/PS/ 7wt% C20A, PP/PS/ 5wt% silica, and PP/PS/ 7wt% silica, respectively [52]. 
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2.4. Objectives of the thesis 

 

In this thesis, the mechanism of the role of organoclays as a compatibilizer in a 

PLA/NR blend system and the resulting microstructural development were 

investigated. Not only the end-use properties but also the properties of processability 

including the extensional viscosity were investigated to better understand the 

performance of the PLA/NR blend system [65]. In addition, the compatibilizing effect 

of organoclay in immiscible poly(lactic acid) (PLA) and natural rubber (NR) blends 

was characterized. The effects of clay contents, mixing conditions and types of clay 

on both linear viscoelastic properties from SAOS tests and nonlinear viscoelastic 

properties from LAOS tests were investigated. NLR was used to quantify 

morphological evolutions, such as the droplet size of PLA/NR blends with organoclay 

[66]. 
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Chapter 3.  

Experimental methods 
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3.1. Sample preparation 

 

Raw materials 

Poly(lactic acid) (PLA) used in this study is 4032D (  n = 90,000g/mol,   w = 

181,000 g/mol, PDI = 2.01) consisted of 98% of L-lactide and 2% of D-lactide was 

provided by Natureworks, USA. Natural rubber (NR), ISNR5 (  n = 260,000 g/mol, 

  w = 780,000 g/mol, PDI = 3.00, intrinsic viscosity in benzene at 30°C = 4.45 dl/g) 

was obtained from Rubber Board, India. The structural information about polymers 

used in this work is displayed in Table 3.1.1. Three different types of organoclay, 

Cloisite 10A (C10A), Cloisite 20A (C20A), and Cloisite 30B (C30B), were purchased 

from Southern Clay Products Inc., USA. The functional groups substituted on each 

clay surface are listed in Figure 3.1.1.  

 

Blend preparation 

All materials were dried in a vacuum oven at 80°C for 12 h. Blending was carried 

out with an intensive internal mixer (Rheocomp mixer 600, MKE, Korea) at 200°C. In 

order to figure out contents of organoclay on structure and properties of the PLA/NR 

blends for Chapter 4.1 through 4.3, Cloisite 20A (C20A) (cationic exchange capacity 

= 95 meq/100g clay, density = 1.77 g/cc) was chosen. The modifier of the C20A 

consists of two hydrogenated tallow (HT) and two methyl groups (CH3-), which 

shows intermediate features among three types of clays. Various concentrations of 

C20A particles, 0.5, 1, 2, 3, 5, and 10wt%, were added to the PLA/NR blend with a 

composition of 90/10 wt%. Compounding was conducted at 100 rpm in most cases, 
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which corresponds to the shear rate 47.1 s-1 approximately ( =̇  Ω/2ℎ, where D is 

the averaged diameter of screw of the batch mixer, h is the gap between screw element 

and barrel, h=2mm, D=36mm and Ω is the rotational speed in rpm) [67,68]. The 

corresponding PLA/NR (9:1) blend with 3 wt% C20A was denoted PLA/NR/C20A3. 

For the experiments in Chapter 4.4.2, the mixing at 30, 50, and 100 rpm 

(corresponding to 14.1, 23.6 and 47.1 s-1, respectively) was applied for 

PLA/NR/C20A3 to investigate the effects of mixing condition on the blends. Finally, 

three types of clays (C10A, C20A, and C30B) were introduced into the PLA/NR 

blends with a fixed concentration (3wt%) in Chapter 4.4.3. In order to avoid physical 

aging of PLA, rheological and mechanical properties were measured within a month 

after the blends were prepared. 
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Figure 3.1.1. Structures of functional groups of (a) Cloisite 10A (C10A), (b) Cloisite 

20A (C20A), (c) and Cloisite 30B (C30B). T: Tallow (~65% C18; ~30% C16; ~5% 

C14), HT: Hydrogenated Tallow (~65% C18; ~30% C16; ~5% C14) 
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Table 3.1.1. Information of polymer used in the study. 

Substance Trademark Structure 

Poly(lactic acid) 

(PLA) 
4032D 

 

Natural rubber 

(NR) 
ISNR5 
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3.2. Measurement of rheological property 

 

A strain-controlled type rheometer, RMS 800 (Rheometrics Inc.), was used to 

perform rheological experiments. Linear rheological properties were obtained by 

frequency sweep tests within a linear viscoelastic regime. The samples were prepared 

using a hot press (CH4386, Carver) with a width and thickness of 25 and 1 mm, 

respectively. Extensional rheology measurement was done with the SER fixture on the 

Physica MCR 501 (Anton Paar, Austria) at 160°C and different extension rates of 0.01, 

0.03, 0.07 and 0.1 s-1. Nonlinear stresses were obtained by strain sweep tests at a 1 

rad/s frequency. For the raw data acquisition, a 16 bit ADC card (PCMCIA-6036E; 

National Instruments, Austin, USA) with a sampling rate up to 200 kHz was used. 

This ADC card was plugged into a laptop computer equipped with the LabView 

(National Instruments) software. Stress data was obtained simultaneously using an 

ADC card. All measurements were conducted at 190°C using a parallel plate 

geometry with a diameter of 25mm, similar to linear viscoelastic measurements. 
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3.3. Characterization of structure and properties of blends 

 

Morphology 

The morphology of pure PLA/NR blends fractured in liquid nitrogen was observed 

by Field Emission Scanning Electron Microscopy (FE-SEM) using a JSM 6700F at 

5kV. Transmission Electron Microscopy images were taken using a JEM 2100F at an 

accelerating voltage of 200 kV for PLA/NR/clay. Samples were prepared by cryotomy 

after being molded in epoxy resin. The number averaged diameter (  =
∑    

∑  
), 

volume-to-surface averaged diameter (   =
∑    

 

∑    
 ), the weight averaged drop 

diameter (  =
∑    

 

∑    
), the volume averaged diameter (  =

∑    
 

∑    
 ), interparticle 

distance (ID =     
 

  
 
 / 

− 1 ) and polydispersity index (PI =    /  ) were 

estimated measuring at least 100 droplets using the Image J software. 

 

Tensile test 

The tensile test was conducted following the ASTM D638 type V with UTM (LF 

plus, Lloyd instruments Ltd). The experiments were repeated 10 times, and the data 

were averaged.  

 

X-ray diffraction 

X-ray diffraction analysis was done with the D / MAX-2500 (RIGAKU, Cu-Kα 

radiation, λ = 1.5418 with an acceleration voltage of 40 kV). The diffraction spectrum 

within 2θ range between 1.2 and 10° was analyzed. 
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Chapter 4.  

Results and discussion 
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4.1. Microstructure of PLA/NR/clay 

 

4.1.1. Morphological development 

 

Figure 4.1.1 shows the TEM images of three representative blends (PLA/NR, 

PLA/NR/C20A3 and PLA/NR/C20A10). The images clearly show that the NR 

droplets are uniformly distributed and stabilized inside the PLA matrix. The size of the 

dispersed NR phase dramatically decreases with the increase in clay concentration. 

Quantitative analysis of the TEM images are presented in Figure 4.1.2. The number 

averaged diameter (Dn) is plotted as a function of clay content. The drop size shows a 

clear concentration dependence. As the clay content increases, the Dn decreases and 

levels off to a constant after 3wt%. The weight averaged diameter (Dw) shows a 

similar trend. At clay concentrations lower than 3wt%, the clay particles are rarely 

observed; however, they are clearly observed in the PLA domain for a clay content of 

10wt%. 

The location of the clay changes depending not only on the affinity between the 

polymer and clay but also on the clay content in the immiscible polymer blend system, 

resulting in different physical properties and structures of the blend [43]. Thus, the 

selective position of the clays in addition to the size of the dispersed phase was 

observed using high-magnification TEM images.  
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Figure. 4.1.1. Transmission Electron Microscopy (TEM) images of (a) PLA/NR, (b) 

PLA/NR/C20A3, and (c) PLA/NR/C20A10. 
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Figure 4.1.2. Number-averaged diameter (Dn) of the PLA/NR blends as a function of 

clay content. 
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4.1.2. Selective localization and dispersion quality of clay  

 

As shown in Figure 4.1.3, the clay particles exist mostly at the interface of the two 

polymers for a clay content of 0.5~3wt%. At concentrations higher than 5wt%, the 

organoclays exist even in the PLA phase. In the case of PLA/NR/C20A5, the clay 

forms a core-shell like structure surrounding the interface. When the clay content 

reaches 10wt%, a significant amount of clay particles exit in the PLA domain forming 

a branched structure. To estimate the selective location of organoclays in PLA/NR 

blends, wetting coefficient was calculated. 

 

  =
 	        	 	 	       

 	      
                                         (4.1.1) 

 

where γα-β is the interfacial tension between the material α and β.  

 

The clay would be localized at the interface if |  |<1. The surface tension is 30.81 

mN/m for PLA, 16.75 mN/m for NR and 25.44 for C20A [34, 69-71], from which the 

interfacial tension was evaluated. According to the calculation, the wetting coefficient 

(|  |) was 0.3047. This result implies that the clays are preferentially localized at the 

interface, which results in the reduction of the interfacial tension and prevents 

coalescence, so that the size of the droplet does not increase any more.  
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Figure 4.1.3. TEM images of the PLA/NR blends with different clay concentrations 

(0.5~10wt%). 
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In Figure 4.1.4, the PLA/NR/C20A0.5 and PLA/NR/C20A1 do not show any 

distinct 2θ peak of pristine C20A (3.23º). The disappearance of distinct peak of the 

pristine clay in XRD pattern originates from the change in structural regularity of 

silicate layers, which implies that the distance between silicate layers in the PLA/NR 

blend becomes larger than that of the pristine clay, indicating highly disordered 

structure. Therefore, the disappearance of the clay peak in XRD can be related to the 

exfoliation of clays at the interface between the two polymers. This result is in a good 

agreement with the TEM morphology. The 2θ peak begins to appear when the clay 

content is about 3wt%, and it is clearly observed above a clay concentration of 5wt% 

for which the d-spacing changes from 1.8 nm to 1.37 nm. The decrease of the 2θ angle 

suggests that the distance between the clay layers increases because the polymer 

chains intercalate into the clay galleries.  
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Figure 4.1.4. XRD patterns of pristine C20A, PLA/NR and PLA/NR/C20A with 

different clay contents (0.5~10 wt%). 

 

 

 

 

 



39 

 

4.2. Linear rheological analysis 

 

4.2.1. Dynamic properties 

 

Storage and loss moduli of the PLA/NR blends with varying clay content are 

shown in Figure 4.2.1(a) and (b). Those of PLA/NR show a strong frequency 

dependence with a typical terminal behavior at low frequencies. In contrast, G' and G'' 

of PLA/NR/C20A show a weak frequency dependence and increase with the clay 

content. As demonstrated in Figure 4.2.1(c), the complex viscosity of PLA/NR blends 

increases with clay content while the frequency dependence is more pronounced with 

the added clays. For example, the η* at 0.1 rad/s of PLA/NR/C20A10 (154 x 103 Pa-s) 

is enhanced approximately 216 times higher than that of PLA/NR (713 Pa-s) as listed 

in Table 4.2.1.  

One of the reasons for this change is the increase of the surface area due to the 

reduction in drop size in the dispersed phase [44]. The moduli of the blends also 

increase even with a clay content larger than 3wt%, at which the drop size of NR 

becomes saturated. In addition, all the blends except for PLA/NR/C20A0.5 show the 

crossover point (G'=G''). These results indicate that the increase in moduli as well as 

complex viscosity of PLA/NR/C20A is caused by the formation of network structures.  

For the blends containing 0.5~3wt% of clay, the moduli at the low frequency 

region increase rapidly, and the terminal slope levels off gradually with the clay 

content as well, which is caused by the formation of a 3-D percolation structure [72]. 

This non-terminal behavior at the low clay content indicates that the percolation 
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network is formed due to the clays at the interface. On the other hand, the moduli of 

PLA/NR/C20A5 and PLA/NR/C20A10 increase even at high frequencies, which is 

caused by the filler effect of the excess clays in the matrix phase. All the clays are 

located at the interface or inside NR phase as evidenced by the TEM morphology. The 

dispersion state of the clay is either exfoliated or intercalated according to the XRD 

analysis. In addition, tan δ (G''/G') at 0.1rad/s decreases with the clay content, reaching 

a plateau after 3wt% (Figure. 4.2.2). The blend is liquid-like at a low clay content, but 

it becomes solid-like at a clay content of 2~3wt%. 
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Figure 4.2.1. (a) Storage modulus (G'), (b) loss modulus (G'') and (c) complex 

viscosity (η*) of PLA/NR and PLA/NR/C20A as a function of angular frequency 

measured at 190°C. 
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Figure 4.2.2. Tan δ of the PLA/NR/clay at 0.1 rad/s depending on the concentration of 

the clay (0~10 wt%). 
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Table 4.2.1. Complex viscosity at 0.1 rad/s and terminal slope of the PLA/NR blends 

with different contents of organoclay. 

Organoclay [wt%] η* at 0.1rad/s [Pa-s] Slope [-] 

0 713 -0.09 

0.5 1,131 -0.10 

1 3,278 -0.45 

2 4,400 -0.57 

3 11,816 -0.73 

5 28,983 -0.80 

10 154,262 -0.80 
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4.2.1.1. Interfacial tension 

 

The Palierne model (Eq. 4.2.1) is introduced to calculate the interfacial tension 

between the matrix phase and the dispersed phase [51].  

 

τ =
    

4α

(      )(       (   ))

  (   )  (    )
                                 (4.2.1) 

 

Here, τ1 is the interfacial relaxation time, K is the ratio of the viscosity of the 

dispersed phase (ηd) and that of the matrix (ηm), α is the interfacial tension, and ϕ is 

the volume fraction of the dispersed phase. The interfacial relaxation time is 

determined by the weighted relaxation spectrum, which is obtained from the linear 

viscoelastic properties using the fixed-point iteration method proposed by Cho and 

Park [73,74]. As shown in Figure 4.2.3(a), the relaxation times of neat PLA and NR 

are about 0.01s and 0.67s, respectively. For PLA/NR, the first peak appears at 0.2s 

and the second peak at 2.7s. In general, the longest relaxation time, except for the 

peaks corresponding to the relaxation time of either the matrix phase or the dispersed 

phase, is known as a characteristic time for the interfacial relaxation [75,76]. The 

relaxation spectra of PLA/NR (Figure 4.2.3(a)) show two peaks. The spectra of 

PLA/NR/20AC (i.e., PLA/NR/C20A2 in Figure 4.2.3(b)) also have two peaks, with a 

more intense second peak. 

When the clay content increases, the time at which the second peak appears also 

increases (Table 4.2.2). The intensity becomes stronger with the increase in clay 

content as well (Fig. 4.2.3(b) inset). These results demonstrate that the second peak of 
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the spectra corresponds to the longest relaxation time reflecting the characteristics of 

the relaxation behavior of the interface. Then, it can be concluded that the first peak 

corresponds to the neat NR, while the relaxation time of PLA is shifted to a lower time, 

not shown in this spectra. The shift of the relaxation time might be caused by the 

complex internal structure of the incompatible PLA/NR blends.  

For the blends with a clay content between 1 and 3 wt%, which exhibit a clear 

weighted relaxation spectrum, the interfacial tension can be calculated. The longest 

relaxation time (τ1) and the volume averaged drop size (Dv) as well as the calculated 

interfacial tension (σ) from Eq. 4.2.1 are shown in Table 4.2.2. The interfacial tension 

of the PLA/NR is about 1.50 mN/m, gradually reducing to 0.86 mN/m for 

PLA/NR/C20A1 and 0.26 mN/m for PLA/NR/C20A3. When the clay is added to the 

immiscible polymer blends, two polymers are adsorbed on the clay surface. This 

results in a gain in the stabilization energy, which leads to a decrease of the drop size 

as well as the interfacial tension [43]. The interfacial tension in this case is reduced 

due to the role of the clay as a compatibilizer. Therefore, it is expected that the excess 

amount of clay which is located in the matrix phase does not affect the formation of 

the interface. In other words, the extra addition of the clay does not affect the 

interfacial tension of the blends. Therefore, it is reasonable to assume that the 

interfacial tension of PLA/NR/C20A5 and PLA/NR/C20A10 is identical to that of 

PLA/NR/C20A3. 
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Figure 4.2.3. Weighted relaxation spectrum of (a) neat PLA and NR, and (b) PLA/NR 

and PLA/NR/C20A2. Inset: the spectrum of PLA/NR/C20A1, PLA/NR/C20A2 and 

PLA/NR/C20A3 in the high relaxation time regime. 

 

 

 

 

 

 

Table 4.2.2. Interfacial tension between PLA and NR and the parameters used to 

calculate it. 

Organoclay [wt%] Rv [μm] τ1 [s] α [mN/m] 

0 1.96 2.70 1.50 

1 1.31 3.17 0.86 

2 1.03 3.69 0.58 

3 0.53 4.30 0.26 

5 0.48 - 0.26 

10 0.51 - 0.26 
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4.2.1.2. Capillary number estimation 

 

The size of the dispersed phase is determined by two dimensionless numbers, the 

viscosity ratio between the dispersed phase and the matrix phase and the capillary 

number (Eq. 4.2.2) in incompatible polymer blends [1].  

 

  =
            	      

           	      
=

   ̇ 

 
                                  (4.2.2) 

 

where    is the capillary number,    is the viscosity of the matrix,   ̇ is the 

shear rate,   is the drop size of the dispersed phase, α is the interfacial tension. 

 

Drop deforms only when the capillary number (Ca) is larger than the critical 

capillary number (Cacrit) at a specific viscosity ratio. When Ca is larger than Cacrit, the 

droplet breaks up. At high shear stress, the capillary number increases and accelerates 

the breakup process of the dispersed phase. The finely broken droplets cause a high 

surface energy, resulting in a thermodynamically unstable state. Therefore, the 

droplets combine with each other in order to lower the surface energy of the system 

[77]. Once the interfacial tension (Table 4.2.2) and the other parameters (Table 4.2.3) 

were calculated, capillary number was estimated. It may be named as a nominal 

capillary number (Can) due to several assumptions as following (Table 4.2.4). 

The Can of the PLA/NR/clay is plotted with the viscosity ratio in Figure 4.2.4. 

Below the critical clay contents, the capillary number increases due to the decrease in 

interfacial tension. As a result, the droplet breakup is more accelerated. The clay is 
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found to be selectively localized at the interface below 3wt%, as illustrated in Figure 

4.1.3. On the other hand, as the clay content increases further (PLA/NR/C20A5 and 

PLA/NR/C20A10), the clay exists in the PLA phase too. This is in good agreement 

with previous reports by Hong et al. [43,44]. In this case, the capillary number also 

increases as the clay concentration increases. However, the viscosity ratio between the 

dispersed phase and the matrix phase decreases due to the excess amount of clay in 

the matrix phase, resulting in higher Cacrit for the breakup of drops.  
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Figure 4.2.4. Estimated nominal capillary number (Can). 
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Table 4.2.3. Viscosity of the dispersed phase and the matrix phase and their ratio at a 

given shear rate (47.1 s-1) depending on the clay content in the PLA / NR blends. 

Clay contents [wt%] ηd [Pa-s] ηm [Pa-s] ηd /ηm [-] 

0 415 343 1.01 

1 377 343 1.01 

2 346 343 1.01 

3 313 343 1.01 

5 313 573 0.60 

10 313 748 0.46 
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Table 4.2.4. Assumptions made to calculate nominal capillary number 

Assumptions 

� Shear viscosity can be replaced by complex viscosity according to Cox-Merz rule 

[78]. 

 ( )̇ = | ∗( )| ̇   

 

� Shear rate is defined by  =̇  Ω/2ℎ, where D is the diameter of a blade, h is the 

gap between blade and wall, and Ω is the rotation speed in rpm. As h=2mm, D=36mm 

in this case, 100 rpm corresponds to shear rate 47.1 s-1 [67,68]. 

 

� The maximum loading of the clay at the interface is 3wt%, above which extra 

clay locates only in the matrix phase (PLA). 

 

� When the clay locates at the interface, it does not affect the viscosity ratio 

between PLA and natural rubber. 
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4.2.1.3. Effect of clay exfoliation 

 

The drop size of the dispersed phase and resulting rheological properties of 

PLA/NR/clay blend are closely related to clay exfoliation. The rheological evidences 

such as strong shear thinning in complex viscosity and decrease in terminal slope of 

storage and loss moduli shown in Figure 4.2.1 imply the enhanced degree of 

exfoliation [79,80]. The storage modulus of PLA/NR without clay is almost same 

with that of neat PLA, but their change to the addition of clay is dramatically different, 

which is also evidenced by the different size of clay tactoids. TEM images 

demonstrate that the thickness of clay tactoid is about ~0.7 μm for PLA/clay (Figure 

4.2.5(a)), whereas it decreases down to ~10 nm for PLA/NR/clay (Figure 4.2.5(b)).  

To separate the effect of clay exfoliation, the ratio between the normalized modulus 

of PLA/NR/clay and that of PLA/clay is introduced. 

 

Ψ =
   

 ( )/  
 ( )    /  /    

	

[  
 ( )/  

 ( )]   /    
                                      (4.2.3) 

 

where G'0 is G' at 0.1rad/s and ϕ is the clay concentration. 

 

The Ψ value increases dramatically between 0.5 and 1wt%, and then decreases 

asymptotically to a constant value after 3wt% as shown in Figure 4.2.6. The sudden 

increase in Ψ is related to the increase in the degree of exfoliation. Below 1 wt%, the 

clay shows fully exfoliated structure at the interface between PLA and NR, whereas 
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the blend contains both exfoliated and intercalated structures at the interface for 

PLA/NR/C20A2 and PLA/NR/C20A3, as evidenced in Figures 4.1.3 (TEM) and 4.1.4 

(XRD). Over 5 wt%, the extra clays in the matrix would form tactoids or intercalated 

structures, which leads to small Ψ. 
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Figure 4.2.5. TEM images for (a) PLA/C20A3 and (b) PLA/NR/C20A3. Scale bar is 

500nm for (a) and 50nm for (b). 
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Figure 4.2.6. Ψ as a function of clay content. 
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4.3. Elongational rheology 

 

4.3.1. Extensional viscosity 

 

The transient extensional viscosities of the pure PLA and PLRC under various 

extension rates (0.01, 0.03, 0.07 and 0.1 s-1) are shown in Figure 4.3.1. The 

extensional viscosity of the neat PLA increases with time, following the 3η0 curve (Eq. 

4.3.1), solid line in Figure 4.3.1), as expected.  

 

  ( )̇ =̇ 3 ( )̇ |̇ ̇, ̇	→                                           (4.3.1) 

 

where    is the extensional viscosity,   is the shear viscosity,   ̇ is extensional 

rate, and   ̇ is the shear rate.  

 

Additionally, the time at which the strand ruptures decreases as the extension rate 

increases. The strain at the rupture is approximately constant irrespective of the 

extension rates. Strain-hardening is observed in PLA/NR/C20A0.5 and 

PLA/NR/C20A1, but it is most remarkable at clay concentrations of 2~3wt%. The 

strain for the breakup of the specimen is larger than that of neat PLA. However, the 

strain-hardening behavior disappears in the blends with a clay content larger than 

5wt%. The Trouton ratio (Tr: the ratio of the extensional viscosity to shear viscosity) 

for each blend is given in Figure 4.3.2, showing the trend for the extensional behavior 

of the blends according to the clay content. When the clay content is less than 3wt%, 
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strain-hardening is caused by the exfoliated clays at the interface. In contrast, the 

hardening behavior becomes weak and eventually disappears due to the excess 

amount of clays in the matrix phase acting as a stress point.  
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Figure 4.3.1. Transient extensional viscosity as a function of time for the neat PLA 

and PLA/NR/C20A measured at 160°C. 
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Figure 4.3.2. Trouton ratio of the neat PLA and PLA/NR/C20A with different clay 

content (0.5~10 wt%). 
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4.3.2. Mechanical properties 

 

The mechanical properties of the blends are shown in Figure 4.3.3. The elongation 

at break of the blends with a clay content of 0.5~3wt% is much larger than that of 

PLA/NR. However, when the content is higher than 5wt%, the strain is reduced. This 

transition of the tensile strain with respect to the clay content can be attributed to the 

different role of the clay on the mechanical properties according to its selective 

localization. Meanwhile, the tensile strength of the blend decreases significantly with 

the addition of clay up to 1wt%, and changed little with further clay content. Wu et al. 

explained the mechanism of rubber toughening in a polymer blend system [81,82]. 

When rubber is introduced as a toughening material in a matrix polymer, the inter-

particle distance decreases and the van der Waals attraction between the particles 

increases, which results in the increase in yielding behavior. The interparticle distance 

(ID) between the dispersed droplets is first reduced and then reaches to a constant 

value (about 0.2 μm) for a clay content near 3wt% (Figure 4.3.4). Below the critical 

concentration (3wt%), the elongational strain increases following the rubber-

toughening mechanism. After the threshold amount of clay, despite the minimum ID 

value, the properties of the blends become more brittle again because the clays in a 

matrix phase act as the stress point under the flow field. Thus, it is suggested that the 

final properties of the immiscible polymer blend system can be designed by 

controlling the localization of the clays in the blend system and their different roles 

depending on the clay content. 
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Figure 4.3.3. Elongation at break and tensile strength of the PLA/NR blend and 

PLA/NR/C20A measured at room temperature. 
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Figure 4.3.4. Interparticle distance of the PLA/NR/C20A as a function of clay 

concentration. 
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4.4. Nonlinear rheological characterization 

 

4.4.1. Concentration of clay 

 

In Figure 4.4.1, the linear rheological properties of PLA90/NR10 blends with 

different C20A contents measured from small amplitude oscillatory shear (SAOS) 

tests are plotted. Figure 4.4.1(a) shows the complex moduli (|G*|) of the 

PLA/NR/C20A blends. The complex modulus of the blend gradually increased as the 

clay content increased. Especially, the log |G*| at 0.1 rad/s highly increased as the clay 

contents increased (Figure 4.4.1(b)). The terminal complex modulus at 0.1 rad/s was 

proportional to the power of clay contents (log |G*|~  ). At clay contents lower than 

3wt% (Regime I in Figure 4.4.1(b)), |G*| increased with increasing clay levels 

(n=0.37). However, the modulus increased with a slope of 0.16 at above 3wt% of clay 

(Regime II in Figure 4.4.1(b)). The terminal slope for complex moduli rapidly 

decreased with the clay content and became almost constant above 3wt%, displaying a 

certain transitional behavior of the PLA/NR blends depending on the clay content. As 

depicted in Figure 4.4.1(c) and (d), storage (G') and loss (G'') moduli of the blends at 

various freuquencies (0.1, 1, 10, and 100 rad/s) also vary at around the clay contents 

of 3wt%, similar to the tendency of the complex moduli. The different trends of linear 

viscoelastic properties according to the clay concentration suggest that the structure of 

the blends varies with clay contents.  

In general, increases in the moduli of the complex system (i.e., polymer 

nanocomposites, polymer blends, particulate suspension, etc.) in the terminal region 
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strongly reflect formation of networking between components. In case of polymer 

nanocomposite system, interaction between nanoparticles as well as their dispersion 

quality strongly affect this nonterminal behavior, whereas it is highly affected by 

increased interfacial area for compatiblized polymer blends [45, 83]. The material 

system in this study is called polymer blend nanocomposite which contains two 

polymers and one particle together. It is difficult to explain effects of each component 

separately on structural change only with linear rheological material functions in 

SAOS test such as G', G'' and G* due to the complexity of the PLA/NR/clay. For a 

clear understanding of structural development of the blends, an advanced rheological 

analysis beyond dynamic modulus analysis is essential. 
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Figure 4.4.1. Linear rheological properties of PLA/NR blends filled with various 

concentrations of C20A particles, 0, 0.5, 1, 2, 3, 5,and 10wt% measured at 190°C. 

(a) absolute magnitude of complex modulus (|G*|) as functions of applied frequency 

(b) |G*| at 0.1 rad/s and terminal slope as a function of clay concentration (solid lines 

represent fitted results (b)) (c) storage moduli (G') (d) loss moduli (G'') at four 

representative angular frequencies (0.1, 1, 10, and 100 rad/s). 
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As shown in Figure 4.4.2 and 4.4.3, the size of the dispersed NR phase (Dn, Dvs) 

decreased as the amount of clay increased at below 3wt%. Although the clay contents 

increased further at above 3wt%, there was no significant change in the drop size of 

NR. These results match well the |G*| at 0.1 rad/s and the slope of |G*| at low 

frequency (Figure 4.4.1(b)). The change in location of the clay with the increasing 

clay content is traced with highly zoomed-in TEM images as shown in Figure 4.4.4. 

At lower clay concentrations, the clay is observed at the interface, while it starts to 

appear in PLA matrix when the concentration becomes higher. Especially at 10wt%, 

an obvious increase of clay in the matrix phase is observed. These results suggest that 

clay could work as an effective compatibilizer below a critical concentration. Thus, 

the size reduction of the dispersed phase is caused by the compatibilizing effect of the 

clay at the interface. In addition, the size distribution of the dispersed phase 

(polydispersity index, PI) is almost constant, suggesting a stable morphology of the 

dispersed phase, regardless of the clay content (Figure 4.4.3 and Table 4.4.1). 

According to the morphological observation, the nonterminal behavior of the 

PLA/NR blends in Figure 4.4.1 represents the increase in the total interfacial area 

between PLA and NR due to reduced drop size of the dispersed phase by 

compatibilizing effect of the clay added [13,41]. 
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Figure 4.4.2. TEM images of PLA/NR blends with different C20A concentrations 

(0.5~10 wt%) with different magnification (scale bar is 500 nm for (a, b, c), 200 nm 

for (d, e, f) and 1μm for (g, h, i, j, k, l). 
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Figure 4.4.3. Drop size (Dn, Dvs) of the PLA/NR blends with different concentrations 

of C20A.  
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Figure 4.4.4. Highly zoomed-in TEM images for the PLA/NR blends with varied 

C20A contents (a) 1wt% (b) 3wt% (c) 5wt%. 
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Table 4.4.1. Dn, Dvs and PI values of the PLA90/NR10 with various contents of C20A 

(0~10wt%). 

C20A contents (wt%) Dn (μm) Dvs (μm) PI [-] 

0 1.32 ± 0.56 1.73 1.31 

0.5 1.22 ± 0.54 1.64 1.35 

1 0.90 ± 0.34 1.16 1.29 

2 0.75 ± 0.27 0.94 1.26 

3 0.41 ± 0.15 0.50 1.24 

5 0.37 ± 0.12 0.45 1.20 

10 0.37 ± 0.14 0.47 1.28 
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The complex modulus of the blends with strain amplitude is shown in Figure 4.4.5. 

As the clay content increased, the |G*| value increased. The difference in |G*| 

according to the clay concentration is pronounced at a small strain amplitude region. 

Furthermore, the strain amplitude dependence of the complex moduli of the PLA/NR 

blends with higher concentrations of clay is enhanced, showing steep strain softening 

behavior. This result is influenced by the complex internal structure of the blends.  

The nonlinear response can be analyzed more specifically by analyzing the raw 

stress data. Lissajous plot was introduced to analyze the structural development of 

materials qualitatively. Figure 4.4.6 depicts the elastic Lissajous loop (normalized 

stress (σ/σmax) with the normalized strain (γ/γmax) and the viscous loop (normalized 

stress (σ/σmax)) with the normalized strain rate ( /̇ ṁax). The elastic Lissajous loop of 

the PLA/NR blend displayed a circular shape, regardless of the strain amplitude 

(Figure 4.4.6(a)). However, in the case of PLA/NR/C20A, the elastic Lissajous pattern 

changed from a circular to an ellipsoidal shape as the concentration of clay increased. 

As shown in Figure 4.4.6(b), the viscous Lissajous loop followed a similar trend. The 

shape of the Lissajous curve of the PLA/NR does not change significantly, whereas 

that of PLA/NR/C20A varies with strain amplitude (See Figure 4.4.6(c) and (d), for 

example). These results imply that the inner structure of the blends becomes more 

complex due to the incorporated clay. 
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Figure 4.4.5. |G*| of PLA/NR blends with different amounts of C20A (0–10 wt%) as 

a function of strain amplitude at 190°C. 
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Figure 4.4.6. Normalized Lissajous pattern under fixed frequency (1 rad/s) and 

different strain amplitudes (0.1, 0.25, 0.5, 1, 2) of PLA/NR blends with the 

concentration of C20A. (a) Total stress vs. normalized strain, (b) total stress vs. 

normalized strain rate (c), (d) zoomed-in plot for γ/γmax vs σ/σmax and  /̇ ṁax vs σ/σmax 

for blends with 10 wt% C20A, respectively. 
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FT-rheology is introduced to quantify the nonlinearity of the blends. Figure 4.4.7(a) 

exhibits a normalized third harmonic intensity (I3/1) value with the applied strain 

amplitude. The intensity of the PLA/NR blend increases with strain amplitude, 

showing a constant slope. In the case of PLA/NR/clay, the intensity increases up to the 

medium amplitude oscillatory shear (MAOS) region (γ0<1), then starts to decrease in 

the LAOS region (γ0>1). Additionally, the intensity of the PLA/NR/clay increases 

with clay contents. The increase in the I3/1 of the polymer blends is attributed to the 

interfacial tension reduction [52]. Hyun and Wilhelm [55] proposed a nonlinear 

coefficient,  ( ,   ) ≡   / /  
 , as well as a zero-strain nonlinear coefficient, 

  ( ) ≡ lim  ⟶  ( ,   ), which was proposed as an asymptotic value for the Q 

parameter from FT-rheology. A comparison of the calculated Q parameter of the 

blends with the fitting results obtained using a mathematical model [ =   	(1 +

(    )
  )(    )   ⁄ ] is shown in Figure 4.4.7(b). The results showed that zero-

nonlinear coefficient (Q0), critical strain (γoc = 1/C1) and degree of strain thinning 

varied according to the concentration of clay (Table 4.4.2).  
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Figure 4.4.7. (a) Normalized third harmonic intensity (I3/1) from FT-rheology versus 

strain amplitude of the PLA/NR blends reinforced with various concentrations of 

C20A, (b) Nonlinearity Q of the blend with different contents of C20A with strain 

amplitude (symbol: experiments, line: fitting results). 
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Table 4.4.2. Fitting parameter of PLA/NR/C20A with different clay contents 

(0~10wt%). 

Clay content (wt%) Q0 C1 C2 C3 

0 0.0125 0.22456 5.03986 -1.9735 

0.5 0.01337 1.67841 5.67258 -0.4574 

1 0.11321 3.17896 20.1318 -0.2778 

2 0.38043 6.20247 9.18189 -0.4069 

3 3.3010 18.3342 16.2250 -0.6620 

5 4.24519 21.2510 10.8902 -0.4749 

10 25.1534 51.1912 20.7524 -0.4887 
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The normalized zero-nonlinear coefficient (=Q0(φ)/Q0(0)) and normalized complex 

moduli (=G*(φ)/G*(0)) of PLA/NR/C20A are shown in Figure 4.4.8(a) and Table 

4.4.3. The normalized |G*| and normalized Q0 both increased as clay concentration 

increased. However, the normalized |G*| gradually increased as the clay content was 

augmented, whereas the normalized Q0 showed transitional behavior at 3wt% of the 

clay, similar to SAOS results in Figure 4.4.1. Moreover, the rate of increase was faster 

for Q0 than |G*|. These findings indicate that the nonlinearity of the blends is more 

sensitive than the linear viscoelasticity, which could be due to the complex internal 

structure of the blends. Lim et al. [58,59] proposed a NLR value (nonlinear-linear 

viscoelastic ratio, Eq. 4.4.1) that reflected the internal structure of complex fluids very 

sensitively: 

 

NLR =
  ( )/  ( )

| ∗( )|/| ∗( )|
                                             (4.4.1) 

 

where, φ is the filler concentration, Q0 is the asymptotic limiting and constant value 

of Q at low strain amplitude from LAOS tests, and |G*| is the complex modulus from 

SAOS tests. 

The NLR value of the PLA/NR blends is shown in Figure 4.4.8(b). The value 

increased sharply up to 3wt%, while it reached a plateau at higher concentrations of 

clay. The NLR value was previously related to the inverse droplet size of PP/PS 

blends [38,52]. The NLR value of the PLA/NR blend also represents the 

morphological change. The size of the dispersed phase decreases with the increase of 
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clay, and is approximately constant above 3wt% of the clay (Table 4.4.1). These 

findings correspond to the appearance of the plateau after an upturn in the NLR value 

(Figure 4.4.8(b)), suggesting that 3wt% is the optimum amount of clay that shows the 

highest compatibilization efficiency in the PLA/NR blends. Both the SAOS results 

(|G*|) and the LAOS results (Q0) only increase with increasing concentration of clay. 

However, the transition of NLR value was observed at 3 wt%, above which an almost 

plateau formed. NLR can give more exact information regarding drop size rather than 

only SAOS or LAOS results. These findings match the inverse of droplet size well, 

indicating that the NLR value is closely related to droplet information. Therefore, the 

NLR value was used to investigate the morphology under various experimental 

conditions. 
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Figure 4.4.8. (a) Normalized Q0, and normalized |G*| (b) NLR value determined by 

Eq. 4.4.1 for PLA/NR/C20A blends. 

 

 

 

 

 

 

 

Table 4.4.3. Q0/Q0(0), G*/G*(0) and NLR value of PLA90/NR10 blends with 

different concentration of C20A (0~10 wt%). 

Samples Q0/Q0(0) [-] G*/G*(0) [-] NLR [-] 

PLA/NR/C20A0.5 9.26 1.34 7.12 

PLA/NR/C20A1 88.92 2.60 35.0 

PLA/NR/C20A2 1214.48 3.76 282 

PLA/NR/C20A3 2645.63 4.56 516 

PLA/NR/C20A5 3186.73 6.22 519 

PLA/NR/C10A10 16966.89 20.27 837 
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4.4.2. Mixing condition 

 

The structure and properties of polymer blends vary depending on processing 

conditions, such as compounding time, mixing rate or temperature. Mixing rate is 

especially important since it changes the capillary number which determines the 

breakup and coalescence of droplets of the dispersed phase. The effects of mixing rate 

on the PLA/NR/C20A3 blends were confirmed in comparison with the PLA/NR 

blend. The change in storage and loss moduli at 0.1 rad/s of the PLA/NR, as well as 

the PLA/NR/C20A3 blends prepared with different mixing rates (30, 50 and 100 rpm) 

are depicted in Figure 4.4.9. For the PLA/NR blend, G'' was higher than that of G', 

regardless of mixing rates. 
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Figure 4.4.9. G', G'' moduli of PLA/NR blends (left: without clay, right: with clay) 

measured at 0.1 rad/s 190°C. Clay (C20A) is added with 3wt%.  

 

SEM revealed that there was no significant change in drop size or shape of the 

PLA/NR blend, regardless of the mixing rate (Figure 4.4.10(a)). In contrast, the G' and 

G'' of the PLA/NR/C20A3 varied as mixing rates increased. For example, both moduli 

showed similar value at 30 rpm, and the G'' became higher than G' at 50 and 100 rpm. 

Moreover, deformation of NR droplets was observed at 30 and 50 rpm, resulting in 

fibril morphology, and the drop changed to a nodular shape at 100 rpm. The drop size 

of PLA/NR/C20A3 decreased as mixing rpm increased (Figure 4.4.10(b) and (c)). 
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In immiscible polymer blends, the dispersed phase is known to be broken up only 

when a capillary number is higher than a critical capillary number at a given flow field 

(i.e., shear of extension flow). The drop size of the PLA/NR blend is not changed with 

the imposed mixing rate, since the capillary number does not reach the critical value, 

resulting in no significant change in rheological properties. Conversely, the change in 

drop size and rheological properties for PLA/NR/C20A3 suggest that the capillary 

number increased due to the incorporation of clay into the blend. The |G*| and the Q0, 

as well as the NLR values of the PLA/NR/C20A3 are listed in Table 4.4.4. The |G*| at 

100 rpm increased by approximately 1.41 times relative to that at 30 rpm, whereas the 

Q0 values showed a greater increase with increasing rpm. This change in Q0 value is 

attributed to the drop size reduction of the NR phase due to the clay, resulting in an 

increased NLR with mixing rates. Mixing at 100 rpm reduced the droplet size by 1.94 

times (=0.97μm/0.50 μm) relative to mixing at 30 rpm. The trend for NLR with 

different mixing condition can also match the droplet size of the dispersed phase. 

 

 

 



85 

 

 

Figure 4.4.10. (a) SEM pictures of PLA/NR and (b), (c) TEM pictures of 

PLA/NR/C20A3 blends compounded at different mixing rpm (30, 50 and 100 rpm 

corresponding to approximated shear rate 14.1 23.6 and 47.1 s-1, respectively). 
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Table 4.4.4. Q0, ∣G*∣, NLR of PLA90/NR10/C20A3 blends with different mixing rpm 

(30, 50, 100). 

RPM Q0 [-] |G*| [MPa] NLR [-] 

30 0.56 ± 0.03 2.01 ± 0.04 118 ± 5.93 

50 0.74 ± 0.01 2.17 ± 0.03 144 ± 3.07 

100 3.39 ± 0.13 2.54 ± 0.15 485 ± 28.1 

 

4.4.3. Types of clay 

 

The compatibilizing effect of clay in the PLA/NR blend was investigated according 

to the types of clay. Three different types of clay (C10A, C20A, C30B) were 

introduced into the PLA/NR blend with fixed contents (3wt%). As shown in Figure 

4.4.11(a), G'' was higher than G' for the PLA/NR/C30B3 blend throughout the 

frequency range, while G' was higher than that of G'' in the low frequency region for 

the PLA/NR/C20A3. In the case of PLA/NR/C10A3, G' was higher than G'' at the 

broader frequency range. Moreover, G' and G'' for PLA/NR/C10A3 showed a plateau 

in the low frequency domain, which represents a gel-like structure (Figure 4.4.11(b) 

and (c)). This change in moduli originated from the different compatibilization 

efficiency of each clay in the PLA/NR blends. Many previous studies have been 

conducted to determine reasons for different compatibilization efficiencies of clay 

with type. The efficiency was found to be changed with the selective location of clay 

due to differences in polarity, volume and viscosity between the matrix phase and 

dispersed phase. As previously mentioned, the selective location of the clay could be 
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estimated by calculating the wetting coefficient using Eq. 4.1.1. The clay would be 

located at the interface only when -1<  <1, otherwise it is entirely in the matrix 

phase or the dispersed phase. The wetting coefficient of three different clays 

calculated by the geometric mean approach is shown in Table 4.4.5 [34, 69-71]. 

 

Figure 4.4.11. (a) Storage and loss moduli of PLA/NR/C10A3, PLA/NR/C20A3 and 

PLA/NR/C30B3 with angular frequencies (G' and G'' are plotted separately in (b) and 

(c), respectively). 
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Table 4.4.5. Surface tension (γ) and wetting coefficient (  ) of each material 

calculated by Eq. 4.1.1. 

Material γ [mN·m-1] ωa [-] 

C10A 30.04 -0.9043 

C20A 25.44 -0.3047 

C30B 34.54 -1.4477 

 

According to the wetting coefficient, C30B prefers being located in the matrix 

phase, while both C10A and C20A would be preferentially located at the interface. As 

shown in Figure 4.4.12, large agglomerates of C30B were observed in the matrix 

phase, whereas C10A and C20A were mainly located at the interface surrounding the 

dispersed phase. The position of each clay estimated by wettability is in agreement 

with the morphological observations. The drop size of NR decreased in the order of 

PLA/NR/C30B3 (0.75μm), PLA/NR/C20A3 (0.50μm) and PLA/NR/C10A3 

(0.39μm). Taken together, these results clearly demonstrate that C10A is the most 

efficient compatibilizer, followed by C20A and C30B. These findings match the 

SAOS results well (Figure 4.4.11). Since C10A as well as C20A showed the same 

range of wettability (-1<  <1), their compatibilization efficiency would be dependent 

on the nature of clay, such as its size, surfactant concentration and density. The density 

of organoclay could be considered a primary factor determining compatibilization 

efficiency. Due to its highly anisotropic structure, organoclay has a high excluded 

volume that restricts the motion of clay layers. The density difference between C10A 

(1.90 g/cm3) and C20A (1.77 g/cm3) results in the change in excluded volume 
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between those two clays. The larger surface of the dispersed phase could be enclosed 

by layers of C10A than that of C20A with the same weight fraction. Thus, the 

efficiency of C10A is higher than that of C20A, resulting in a smaller drop size of 

PLA/NR/C10A3 than the blend with C20A. 
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Figure 4.4.12. TEM images of PLA/NR blends filled with different types of clays 

(3wt%). (a), (b) C10A, (c), (d) C20A, (e), (f) C30B. 

 

 



91 

 

The linear viscoelasticity and the nonlinearity of each PLA/NR/clay are displayed 

in Figure 4.4.13. The I3/1 value with the strain amplitude increased in the order of 

PLA/NR/C30B3, PLA/NR/C20A3 and PLA/NR/C10A3, as did the normalized Q0. 

The rate of increase in the normalized Q0 was more rapid than that of the normalized 

|G*| value. These findings again clearly demonstrate that the nonlinearity is more 

sensitive than the linear viscoelastic |G*| value for describing the change in the inner 

structure of polymer blend systems, similar to the effects of mixing condition on 

rheological properties. As depicted in Figure 4.4.14 and Table 4.4.6, the NLR showed 

the greatest increase for PLA/NR/C10A3, followed by PLA/NR/C20A3 and 

PLA/NR/C30B3. The averaged drop size of the dispersed phase decreased in the order 

of PLA/NR/C30B, PLA/NR/C20A and PLA/NR/C10A. The NLR value match the 

change in drop size of each blend well.  

Accordingly, NLR is found to be correlated with the inverse of the drop size of the 

PLA/NR blends for each parameter in this work (concentration of clay, mixing 

condition, and types of clay).  
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Figure 4.4.13. (a) I3/1 as a function of strain amplitude, (b) comparison between 

[Q0(ϕ)/Q0] and [G*(ϕ)/G*(0)] for each blends (PLA/NR, PLA/NR/C30B3, 

PLA/NR/C20A3 and PLA/NR/C10A3). All clay (C30B, C20A, C10A) is added 3wt% 

on PLA/NR blends. 
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Figure 4.4.14. (a) NLR value and (b) inverse volume-to-surface averaged drop 

diameter (1/Dvs) of PLA/NR blends with 3wt% of different types of clay (C10A, 

C20A, C30B). 
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Table 4.4.6. List of Q0/Q0(0), G*/G*(0) and NLR value of PLA90/NR10 blends with 

3wt% of different types of clay (C10A, C20A, C30B) measured 1 rad/s at 190°C. 

Samples Q0/Q0(0) [-] G*/G*(0) [-] NLR [-] 

PLA/NR/C30B3 322.4 ± 12.1 1.09 ± 0.03 288 ± 18.1 

PLA/NR/C20A3 2538 ± 151 4.57 ± 0.51 489.5 ± 6.38 

PLA/NR/C10A3 5030 ± 528 8.12 ± 1.01 625.1 ± 11.9 
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4.4.4. Relation between NLR and drop diameter 

 

The relationship between the NLR and inverse of drop size is depicted in Figure 

4.4.15. The inverse of drop diameter approximately increased linearly with increasing 

NLR value for all cases (Figure 4.4.15(a)). Thus, an empirical relationship between 

those two parameters is suggested: NLR	 = a	/D  + b. Some data points show 

deviation from the linear plot (R2=0.8625) and the NLR at the 10wt% of C20A 

content highly diverges from linear relation. These deviations might be attributed to 

size distribution of droplets and increased interaction between PLA and C20A due to 

effect of clay as a reinforcing filler in the matrix phase (Figure 4.4.2(l)). These results 

suggest that drop size could be approximately estimated for the PLA/NR/clay system 

when the NLR value is obtained. When the relation between the NLR and the inverse 

of drop diameter is observed within linear-log scale (Figure 4.4.15(b)), the NLR value 

seems to reach a certain saturated level with the decrease of drop diameter. Thus, the 

trend for NLR in wider range of drop diameter needs to be examined as a follow up 

work. Additionally, slope ‘a’ and intercept ‘b’ might be determined by the nature of 

the matrix polymer and the dispersed polymer. The details regarding this empirical 

equation and the physical meaning of each parameter should be investigated further 

using a theoretical model. 

Overall, a strategy in which the NLR value can be applied to characterize the 

PLA/NR blend compatibilized by the organoclays was developed. The importance of 

NLR value as a characterization tool to detect morphological development of polymer 

blends was verified by this study. 
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Figure 4.4.15. 1/Dvs vs. NLR (solid line represents fitted results). (a) linear-linear plot 

and (b) linear-log plot. 

 

 

 

 

 

 

 



97 

 

 

 

 

 

 

 

 

 

Chapter 5.  

Conclusion 

 

 

 

 

 

 

 

 

 

 

 



98 

 

In this thesis, the role of organoclay as a compatibilizer when added to an 

immiscible PLA/NR blend system was investigated. The blends exhibited a different 

morphological and physical properties depending on the location and contents of the 

clay. Below the critical amount (3wt%), the clay acted as an effective compatibilizer. 

All the clays were localized at the interface (or dispersed phase) reducing the 

interfacial tension and decreasing the drop size of NR. In contrast, when an excess 

amount above 3wt% was added, the clays appeared in the matrix phase as well. In 

addition, the size of the dispersed phase was almost constant. Analysis of the 

rheological properties – especially the increase of the modulus in the terminal region- 

revealed that the blend formed a strong network with the addition of the clay. When a 

clay content of 2~3wt% was incorporated, the blend showed strong strain hardening 

behavior. However, the strain hardening behavior disappeared at higher clay contents. 

This trend was similar to the trend of the mechanical properties. When the clay existed 

only at the interface, the elongation at break increased due to the clay as a 

compatibilizer, while the tensile strength showed a significant reduction. At 

concentrations higher than 3wt%, where the clay was also present in the PLA phase, 

the elongation at break was significantly decreased. In conclusion, it is possible to 

improve the performance of a polymer blend system by localizing clay at the interface 

with an appropriate material composition. 

Next, the nonlinear viscoelastic properties of poly(lactic acid) (PLA) and natural 

rubber (NR) blends compatibilized with organoclay according to clay contents, 

mixing conditions and types of clay were examined. The drop size of the dispersed 

phase decreased with increasing clay (C20A) concentration up to 3wt%, above which 
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it became constant. Nonlinearity (I3/1) reflected the internal structure of the blends 

more sensitively than the linear viscoelastic properties. The nonlinear-linear 

viscoelastic ratio (NLR) represented the change in drop size of NR according to the 

C20A concentration. The effects of mixing rates were also examined via linear and 

nonlinear rheological analysis. As mixing rate increased, the drop deformed and its 

size decreased, whereas the morphology of the PLA/NR blend did not change 

significantly under the same conditions. The NLR value of PLA/NR/C20A according 

to mixing rates represented the reduction in drop size well. The effects of types of clay 

(C10A, C20A, C30B) for structure and property changes in the PLA/NR blends were 

also investigated. The drop size of the dispersed phase decreased most with C10A, 

followed by C20A and C30B, corresponding to the compatibilization efficiency. The 

NLR value displayed a similar trend as the drop size reduction and was related to the 

inverse of the drop size for all variables (clay concentration, mixing condition and 

types of clay). Taken together, these results demonstrated that the NLR value could be 

used to estimate the compatibilizing effect of organoclay in immiscible polymer 

blends. The correlation between NLR value and drop size of the dispersed phase in 

polymer blends was clearly demonstrated in this study. 
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